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1 Preface  

The projects described in this thesis were performed in the laboratory of Dr. Franz Herzog 

from January 2019 to December 2022 at the Gene Center Munich, LMU. In the second half 

of my PhD (June 2021 to December 2022) I was additionally supervised by Prof. Dr. Axel 

Imhof (Faculty of Medicine, LMU).  

I have worked on different topics throughout my PhD. In this thesis I am going to present 

two topics and start with a general introduction followed by the results section and the 

discussion. My overall aim in this thesis was to characterize the role of novel centromere 

interactors and how these interactors might have an impact on centromere identity. The 

characterization of novel centromere interactors is based on a previous unpublished work 

of our group by Dr. Götz Norman Hagemann (doctoral thesis, LMU, 2020). Key findings of 

the thesis were presented at the Chromatin Day on 21st of July 2022 under the title ñZBTB9 

ï a new centromeric componentò.  

In addition, I was interested in investigating the influence of O-linked glycans attached to 

nuclear proteins and how this modification alters the chromatin environment including 

centromere chromatin. Here I collaborated with Prof. Anja Hoffman-Röder (Chemistry and 

Pharmacy Department, LMU) along with the PhD student Stefan Marchner to synthesize a 

O-glycan enrichment matrix. Moreover, in a second collaborative project with the group I 

performed cytotoxicity assays and in vitro enzymatic assays to characterize novel synthetic 

glycolabels. The latter project is not part of this thesis. 

Notably, I worked on a third project in Dr. Herzogs group to investigate the general 

applicability of our novel quantitative cross-linking coupled to mass spectrometry method to 

measure apparent binding affinity constants of complexes. The method was originally 

developed by the former colleagues Dr. Victor Solis-Mezarino and Dr. Götz Norman 

Hagemann. In a current reviewing process, I performed experiments to demonstrate if the 

method can be applied to different biological systems to underline its general application, 

which earned me a co-first authorship. The results are part of the revised manuscript entitled 

ñQuantitative Crosslinking and Mass Spectrometry Detects Phospho-Induced Kinetochore 

Stabilizationò, which is under review and got pre-published in bioRxiv (01.04.2022). 
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Publications (under revision or manuscript in preparation) 

1) Hagemann G*., Solis-Mezarino V.*, Kumar  C.N.*, Singh S., Potocnjak M., Herzog 

F. (2020) Quantitative Crosslinking and Mass Spectrometry Detect Phospho-

Induced Kinetochore Stabilization. (under Revision, first version published on 

bioRxiv 01.04.2022) 

2) Chandni Natalia Kumar *, Götz Normen Hagemann*, Victor Solis-Mezarino*, Sylvia 

Singh, Jeannette Koch, Hartmann Harz, Thomas Fröhlich, Gregor Witte, Nikolina 

Sekulic, Heinrich Leonhardt, Axel Imhof and Franz Herzog. (2022) A novel insight 

into human centromeric transcription by mass spectrometry (not finished title, 

manuscript in preparation). 
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2 Summary  

The eukaryotic cell cycle is a fundamental process in life, which ensures the genomic 

integrity by passing on the replicated DNA to the daughter cells. One major regulator of the 

cell cycle is the accurate and timely-regulated protein phosphorylation performed by various 

kinases:cyclin complexes at individual cell cycle stages. In mitosis, the faithful segregation 

of sister chromatids depends on the correct order of events from chromosome compaction, 

alignment and sister chromatid separation which are tightly controlled through regulatory 

feedback mechanisms. The centromere is a specialized chromatin region that promotes the 

assembly of the kinetochore that links the microtubules of the mitotic spindle to 

chromosomes and has a central role in chromosome alignment and segregation. 

The centromere is harbouring a histone H3 variant called CENP-A and is the primary mark 

for kinetochore recruitment. Moreover, the centromere consists of higher order repeats of 

171 bp long alpha-satellite sequences in a highly repetitive manner, which can lead up to 

several mega bases in length. The link between the centromere and the microtubules is 

established by the kinetochore. The kinetochore is a macromolecular complex and 

composed of more than 80 proteins, which assembles in stable subcomplexes and follows 

a conserved hierarchy of assembly: the complexes associated with the inner centromere 

organization are called the Constitutive Centromere Associated Network (CCAN) and builds 

the foundation for the outer kinetochore microtubule building block, the KMN network 

(KNL/Mis12/NDC80) followed by the fibrous corona. Among eukaryotes, several 

kinetochore proteins are conserved. In addition, a multitude of stable complexes as well as 

regulatory post-translational modifications are involved in the process of dividing sister 

chromatids.  

Researchers are interested in understanding the underlying mechanisms of faithful 

chromosome segregation, since aberrant or incorrect attachments of microtubules to 

centromeres lead to segregation defects and aberrant chromosome numbers, known as 

aneuploidy. These severe genomic alterations are associated with tumorigenesis and 

inherited genetic diseases. One field of chromosome research focuses on understanding 

the specific centromeric marks and their interplay with other complexes to ensure the timely 

and correct assembly of stable kinetochore complexes. Such marks include known 

modifications such as phosphorylation or ubiquitination on histones or other chromatin 

associated proteins.  
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Yet another important modification gained importance in recent years: O-Glycosylation. 

Glycosylation is the covalent attachment of a saccharide moiety to the amino acid side chain 

of serine or threonine by glycosyltransferases and is one of the most abundant post-

translational modifications. In recent years this specific modification gained attention, since 

the modification alters fundamental cellular signalling processes such as the regulation of 

transcription, cell proliferation and differentiation. Glycosylation has been reported to 

modulate the function of key cell cycle regulators. However, a comprehensive molecular 

understanding of its role in cell cycle regulation or its contribution to centromere identity 

remains elusive. Notably, recent research has shown that glycosylation and 

phosphorylation are interlinked in a cellular ñcross-talkò, since the same serine or threonine 

can be glycosylated or phosphorylated. Therefore, it is believed that the interchangeable 

modifications lead to alterations in signalling cascades depending on the cellular situation.  

Besides modifications found on histones or other chromatin associated proteins, latest 

research in this field observed that CENP-A incorporation and replenishment are 

additionally dependent on the transcription of centromeric sequences. The transcriptional 

process is important since the resulting transcripts are required for stability of the 

centromere. Deletions or alteration in transcriptional levels of this highly regulated and 

discrete process leads to segregation defects. In the last decade studies have uncovered 

important mechanisms on how the centromere turnover is orchestrated by several 

complexes and how transcription interplays with these complexes. Nonetheless, it remains 

elusive how the centromere changes over the course of the cell cycle and which complexes 

are associated specifically at certain stages. A previous study conducted in the Herzog 

group applied a ChIP-MS approach and highlighted the CENP-A proteome changes over 

the course of the cell cycle. Here novel interactors were identified which have not been 

linked to the centromere before. Besides the enrichment of known centromere associated 

proteins, other complexes involved in splicing or transcriptional regulation were identified. 

In addition, some of the identified interactors have been suggested to be O-glycosylated. It 

was of interest whether the identified proteins are indeed novel centromere interactors and 

if so, what is their potential role mediating identity and maintenance of the centromere.  

The work presented in this thesis aimed at characterizing these novel centromere-

associated proteins and establishing the path of direct interactions that mediate their 

recruitment to the centromere by binding to the close interactor of the CENP-A 

Nucleosomes, CENP-B. CENP-B binds to the CENP-B box at the entry side of the alpha-
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satellite DNA sequences wrapped around CENP-A containing histone octamers and may 

directly links the novel interactors to the centromere. In addition, potential binding partners 

of these proteins could be determined by mass spectrometry and resulted in the 

identification of complexes involved in transcription, RNA-binding and mRNA splicing 

events. One of the novel centromere-associated proteins was further implicated in 

heterochromatin formation, chromatin condensation and nuclear import.  

The combination of biochemical, biophysical, and mass spectrometric experimental 

approaches paved the way to propose a model, where the novel transcription factor might 

be involved in centromere maintenance and stability by interacting with proteins associated 

in heterochromatin formation, transcriptional processes and splicing or chromosome 

compaction at mitosis onset. These processes might ensure centromere identity over the 

course of the cell cycle and have to be further studied to confirm their importance in 

centromere integrity. Furthermore, another novel centromere associated chromatin 

remodeler complex have been implicated in CENP-A replenishment process at G1-Phase, 

since mass spectrometry analysis revealed the novel interaction with other classes of 

chromatin remodeler families and transcription to facilitate CENP-A incorporation by 

possible eviction of H3 placeholder by the possible formation of a novel chromatin 

remodeling complex. The third chromatin remodeler complex might play a role in late S-

Phase centromere replication process and facilitates CENP-A incorporated at the newly 

replicated centromere of the duplicated DNA strand.     

Notably, the preliminary data obtained by the O-glycan enrichment experiments show the 

tendency that kinetochore and centromere associated proteins can be O-glycosylated as 

well. Moreover, the initial analysis of this data further provided information on how the O-

glycosylation modification might be associated with processes involved in ribosomal 

biogenesis, mRNA metabolism, gene silencing or cell cycle regulation. The O-glycosylation 

pulldown shows the identification of proteins and complexes which have been identified in 

the ChIP-MS CENP-A Pulldowns or in the Nuclear Fishing pulldowns of the novel 

centromere associated transcription factor. These identified proteins were associated with 

chromatin remodelling, DNA methylation or splicing factors. How this modification alters 

specifically the centromeric chromatin remains to be answered in future studies.  

In summary, based on protein interaction data, in vitro reconstitution of wild-type and mutant 

complexes and mass spectrometric analysis, the findings in this thesis suggests a model 

on how novel centromere interactors shape the centromeric environment by establishing 
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important structural features such as heterochromatin marks, regulating transcriptional 

processes and being involved in splicing events of centromeric transcripts. Testing the 

physiological relevance of the proposed pathway in the given model will contribute to the 

understanding of mechanism that establish and maintain centromere identity and build up 

stable kinetochore structures for faithful chromosome segregation.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



- 12 - | P a g e 
 
 

 

3 Main objective of the thesis   

In the last decade many efforts have been made to study the centromere proteome and its 

complexes to understand the mechanism driving the accurate segregation of chromosomes 

to the progeny. The stability and architecture of the centromere is an integral part ensuring 

the correct inheritance of the replicated genome to the daughter cells. Although recent 

studies shed light on specific complexes known to interact with the centromeric chromatin 

to maintain and regulate centromere function, a global quantitative and time resolved survey 

of the CENP-A proteome as well as modifications guiding this process remains elusive.  

The main objective of my PhD work was to investigate and characterize a subset of novel 

centromere interactors identified in a previous protein interaction study, which 

systematically analysed the CENP-A proteome by mass spectrometry from different cell 

cycle stages. In particular, the initial goal was to identify protein complexes that are involved 

in distributing CENP-A between the leading and lagging strand after DNA replication.   

By using mass spectrometry, the novel interactors and their binding partners can be 

identified leading to a better understanding of the centromeric chromatin formation/ 

maintenance. A second layer of information on how centromere maintenance occurs is 

provided by studying post translational modifications, since these alter the chromatin state. 

An additional task of my PhD project was the development of an O-glycosylation enrichment 

matrix coupled to mass spectrometric analysis to identify possible post-translational 

modified centromere associated proteins, which might have been modified by O-

glycosylation. 

The main objectives of this PhD thesis aimed at addressing the following questions:  

¶ What is the direct interaction partner of ZBTB9 responsible for its recruitment to 

the centromere? 

¶ What is the possible role of ZBTB9 at centromeres?  

¶ How could ZBTB9 contribute to the stabilization of centromere formation?  

¶ Are the ISWI chromatin remodeler WICH-5 or the CHRAC1-5 complex specifically 

recruited to the centromere? 

¶ What is the direct interaction partner of the WICH-5 complex at centromeres? 

¶ What could be the possible role of WICH-5 and CHRAC1-5 at the centromere? 
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¶ What are the possible roles of WICH-5 and ZBTB9 in centromere function? How 

could mechanisms mediated by WICH-5 and ZBTB9 be integrated in a model for 

maintaining centromere identity? 

¶ Does the enrichment-matrix specifically enrich O-GlcNAc/ O-GalNAc specific 

peptides? If so, which nuclear proteins could be identified? 
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4 General Introduction  

4.1 The mammalian  cell cycle  

An organism can only live and fully develop by passing on its genetic inheritance to the next 

generation over an extraordinary amount of time. One key element in eukaryotes helping to 

pass on the genetic material is the cell cycle, a highly regulated process enabling cell 

growth, duplication of genetic material and subsequently cell division resulting in an identical 

daughter cell1. The progression of one full circled cell cycle to the next is driven by the core 

cell-cycle machinery, having its óheadquarterô in the nucleus. This machinery is composed 

of cyclins and their catalytic interacting partner cyclin-dependent kinases (CDKs)1,2. The 

activity of these cyclin/CDK complexes is cell cycle specific and their major task is to 

phosphorylate other target proteins contributing to the progression of the next cell cycle 

stage1. Cells with a normal cell cycle regulation tightly regulate the activity of cell-cycle 

specific proteins by controlling the transcription processes and protein degradation of these 

complexes as well as by activating CDK inhibitor proteins3,4. A closer look in cancer cells 

reveal an aberrant regulation of this machinery, where cell-cycle proteins are constantly 

activated leading to genetic lesions and the development of most tumor types1,4. The human 

genome contains at least 30 different genes encoding for a plethora of different cyclins 

whose product contain an amino acid domain called the cyclin box4,5. Further studies 

characterized some of the subfamilies and their defining features where cyclins oscillate in 

their abundance level during the cell cycle and their activities are tight to the steps in cell 

cycle progression. These few characterized subfamilies are A-, B-, C-, D- and E-cyclins, 

whereas their alphabetical name does not imply their order of appearance in the cell cycle 

stage, rather represent their time of discovery4. 

The cell cycle is subdivided into four stages, the Gap 1 (G1-), DNA synthesis (S-), Gap 2 

(G2-) and mitosis (M-) phase. An overview is provided in Figure 1.  
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Figure 1: General schematic representation of the cell cycle and its CDK -Cyclin partners 

linked to major cellular processes.  The overview was recreated from Diego Martinez-Alonso, 

Marcos Malumbres, (2020) and current knowledge in this field. The expression levels of each Cyclin 

Family members are shown with their respective CDK complex partner. The start is initiated by Cyclin 

C and Cyclin D upon binding to CDK 1-3 and CDK 4 and 6. The cell synthesises the necessary 

proteins to enter the next stage (S-Phase). At S-Phase, levels of Cyclin C/D decreases through 

degradation or inactivation mechanisms and Cyclin E has its peak and binding to CDK1 or 2 and 

promoting Transcription and DNA/ Centromere duplication. In late S-Phase the levels of Cyclin A rise 

and reach their optimum in G2-Phase, where the cell checks for any DNA errors. If there are 

duplication errors, DNA repair pathways are activated, and the cell is halt in this specific phase until 

all checkpoints have been passed. Lastly, in mitosis CDK1 binds to elevated levels of Cyclin B and 

with other mitotic checkpoint complexes (SAC, CPC, PLK1) the cell breaks down the nuclear 

envelope and facilitates correct bioriented (amphitelic) attachment of microtubules to the centromere 

region through the correctly built kinetochore complex. In late mitosis (cytokinesis) the process of 

Cyclin B degradation is executed, and levels of Cyclin C rise again, initiating another round of cell 

cycle by starting at G1-Phase. In the blue highlighted box, some other kinases/ checkpoint complexes 

are present, important for the mitotic progression and having an influence on the strength/ 

connectivity between the Centromere-Kinetochore-Microtubule axis.   

In G1 the cell increases in size, translates proteins, and actively transcribes genes for cell 

cycle control. In addition, a series of DNA checkpoints are executed before entering S-
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phase6. The progression into G1-Phase is mainly guided by cyclin C- and D-type, where C-

type cyclins are still in debate of their importance in G1-Phase progression. In mouse 

models it has been shown that depletion of C-type cyclins resulted in embryonic lethality or 

severe developmental retardation4,7. The role of these specific type of cyclin has to be 

further investigated, since alteration of cyclin C were associated with the development of 

acute lymphoblastic leukaemia, prostate cancer and osteosarcoma4,8. Upon receiving 

mitogenic signals during G1-phase, D-type cyclins (D1-3) are upregulated and bind to CDK4 

and CDK6. Furthermore, this complex is accompanied by KIP/CIP proteins (p21, p27, p57), 

which serve as inhibitor proteins for other CDK complexes (CDK2, CDK1)3. The task of 

CDK-cyclin complexes is the phosphorylation of their target proteins, in this case CDK4/6-

cyclin D complex targets various cellular proteins, one among of them RB1 (retinoblastoma 

protein), p107 and p130. RB1 represses E2F transcription factor in its dephosphorylated 

form. Upon phosphorylation by CDK4/6-cyclin D complex, RB1 gets partially inactivated 

leading to the transcription of E2F and leading to a cascade of other transcriptional 

expressions e.g. E-type cyclins (E1, E2), which later on bind to CDK2. The CDK2-cyclin E 

complex completes the phosphorylation status of RB1 and leads to the transcriptional 

cascade of E2F, resulting in the synthesis of proteins required for S-Phase initiation9.       

The major task of the S-phase is the replication of the entire genome6. In the late G1-Phase, 

transcriptional target proteins by EF2 assemble on the origins of DNA replication and form 

pre-replication complexes. These complexes compose of ORC1-6, CDC6, CDT1 and the 

MCM2-7 DNA Helicase. As soon as the S-Phase is reached, DNA replication is triggered 

by a series of sequential phosphorylation events performed by DBF4-CDC7 and CDK2-

cyclin E complex1,10. These phosphorylation events mediating the binding of DCD45 and 

GINS to the MCM2-7 DNA Helicase complex resulting in the formation of the CMG complex 

(CDC45-MCM2-7-GINS) and helps to activate the DNA Helicase10. Shortly after CDK2 

switches its cyclin E to cyclin A and fires the DNA replication origins. Cyclin A binds to CDK1 

and CDK2 and activates them to ensure proper S-Phase execution and has a role in G2-M 

transition too1. The complex of CDK-Cyclin E promotes the phosphorylation of DNA 

replication factors, factors involved in centrosome duplication, DNA repair proteins and 

regulators of histone synthesis 9,11.      

In G2, the cell prepares for the final stage of cell division and examines the size and DNA 

duplication errors. In M-Phase, consisting of Pro-, Meta-, Ana- and Telophase, the 

chromatin is condensed and compacted into chromosomes before the nuclear envelope 
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breaks down6. The function of cyclin A in G2/M transition is the activation of CDK1-Cyclin B 

complex, where Cyclin B accumulates in the nucleus at mitosis onset and gets prior 

phosphorylated by the kinase PLK1. The complex then phosphorylates proteins intertwined 

with the processes in mitotic progression, cytoskeleton reorganization, nuclear envelope 

breakdown, chromosome condensation/ segregation, mitotic spindle assembly/ function 

and cytokinesis4. One of the major drivers of the cell-cycle progression are the so called 

CDK-activating kinases (CAK), which consists of Cyclin H, CDK7 and RING containing 

protein MAT1. This CAK complex is capable of phosphorylating other CDKs therefore 

stabilizing CDK-Cyclin complexes (e.g., CDK1-CyclinB). Moreover, it has been shown that 

CAK can me a member of the TFIIH transcription factor family and recruit RNA Polymerase 

II to gene promotors and activates it by phosphorylating the C-terminal domain by the 

subunit CDK7 and facilitate transcription1,12.     

Cytokinesis generates two diploid daughter cells. After complete division, cells enter G1 

again for another cell division cycle or arrest in the quiescent state G06.  

Besides their timely regulated appearance during the different cell cycle stages, the 

proteasomal degradation of key cell-cycle regulators is an important aspect in the regulation 

of the cell cycle. This process is supported by multi-protein E3 ubiquitin ligase complexes 

(e.g., APC/C, BRC, Skp-Cullin-F box-containing complex)13,14. Target proteins containing 

specific degron motifs are recognized by E3 ligase complexes, for instance CDC20, CHD1, 

cyclin F or SKP2 leading to ubiquitination and subsequently proteasomal degradation. The 

anaphase-promoting complex or cyclosome (APC/C) with CDH1 stabilizes G1-Phase where 

it maintains mitotic and S-Phase specific Cyclins at low levels to prevent premature S-Phase 

initiation2. The complex gets inactivated upon entering S-Phase by CDK2-Cyclin E complex 

and is further maintained by EMl1. Cyclin E is degraded by BCR (BTB-Cul3-Rbx1 complex) 

or can be degraded by FBXW17, mediating its ubiquitination during S-Phase1,15,16. Cyclin F 

inactivates E2F upon G2-Phase to stop/ prevent the synthesis of replicative histones 

therefore contributing to the regulation of centrosomal duplication and mediating the 

degradation of CDH113. After bypassing G2, the cell enters the mitotic phase, where Cyclin 

A is degraded by APC/C CDC20 complex so it cannot reach the metaphase but also helps 

to break down the nuclear envelope. After this event, Cyclin B and securin are degraded 

with the aforementioned complex to promote anaphase onset 4. When the cell is ready for 

the next round, the APC/C CDH1 complex appears again, starting in anaphase, modulating 
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the stability of mitotic key players (Aurora A, PLK1) to subsequently continue its task in the 

next G1-Phase13.  

4.2 Accompanying the cell cycle: The rising importance of 

glycosylation as post  translational modification in cellular 

processes  

Carbohydrate moieties (glycans) play a key role in generating energy for the metabolism of 

the cell and serve as a nutritional storage in a structural and biophysical context. Glycans 

provide a platform for symbionts but also for pathogens to interact in a highly specific 

manner with the host cell as seen in the antigen and antibody recognition pattern17. In the 

1980s the discovery of glycosylated nuclear and cytoplasmic proteins, emphasised its 

importance as a specific post-translational modification (PTM)18,19. It has been shown, that 

altered glycosylation states in mammals causes the development of cancer17. 

Uridine diphosphate N-acetylglucosamine (UDP-GlcNAc) serves as the universal substrate 

for the attachment of different N- and O-glycosylation modifications and is derived from the 

hexosamine biosynthetic pathway (HBP). Moreover, UDP-GlcNAc is the most abundant 

nucleotide-based structure after ATP and serves as a nutritional sensor. The HBP is 

involved in known metabolic pathways such as glucose, fatty acid or nucleotide 

metabolism20.  

 

Figure 2: The transfer of U DP-GlcNAc onto a serine/threonine/tyrosine side chain . The glyo-

transferase transfers the GlcNAc onto a side chain of serine, threonine or tyrosine by using UDP-

GlcNAc as substrate. The glycosylation mark is removed by glyco-hydrolases. 

The role of glycans in the cell ranges from structural and modulatory functions to intrinsic 

and extrinsic recognition, including correct protein folding, protease protection and tissue 
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elasticity. Other pathways include intracellular signalling, fertilization, and reproduction17,21. 

There are two different types of glycosylation: N- and O-glycosylation. N-glycosylation has 

been studied extensively, whereas O-glycosylation still poses a challenge to analytical 

strategies and has not been comprehensively analysed so far22. In humans, O-glycosylation 

is built by six different monosaccharide attachments, which can be further extended to even 

more complex structures: O-Glucose, O-Fucose, O-Mannose, O-Galactose, O-N-

acetylglucosamine (O-GlcNAc) and O-N-acetyl-galactosamine (O-GalNAc). The 

modification occurs on serine or threonine of nuclear, cytoplasmic, or mitochondrial proteins 

by an enzymatically catalysed glycosidic bond formation between the hydroxyl group of the 

sugar moiety and the hydroxyl group of the respective amino acid side chain (Figure 2). For 

O-glycosylation several glycosyltransferases and -hydrolases are involved in the catalysis 

of the reaction. In case of O-GlcNAcylation, this modification is regulated by only two 

enzymes: O-GlcNAc transferase (OGT) and O-GlcNAcase (OGA)21. For mucin-O-type-

glycosylation (O-GalNAc), 20 polypeptide N-acetylgalacto-saminyltransferases (ppGALNT) 

are known with their tissue- and substrate-specific activities. Up to date the consensus 

sequence for most O-glycosylation sites (except O-Fucosylation and O-Glucosylation) are 

unknown, impeding their site identification6,23. 

Glycosylation is implicated in the modification of transcription factors, RNA Polymerase II, 

histones, and histone deacetylase complexes, thus involved in the regulation of gene 

expression (e.g., C-terminal domain of RNAP II, TET, HDAC, MLL5, HIRA, HCF1 or 

Myc)20,24. Furthermore, previous studies indicated, that O-glycosylation, in particular O-

GlcNAcylation, plays an important function in cell cycle regulation, in addition to the 

prominent role of protein phosphorylation25.  
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Figure 3: The cross talk of glycosylation and phosphorylation alters the cellular environment.  

The same serine or threonine side chain can be subjected to O-glycosylation modification or 

phosphorylation depending on the cellular status of the cell.  

Both modifications are mutually exclusive, in targeting the same or neighbouring amino acid 

residues (Figure 3). The competitive occupancy through both modifications is derived from 

their distinct biophysical features. O-GlcNAcylation represents a bulky modification with a 

stroke radius four to five times larger than phosphorylation, whereas phosphorylation 

introduces negative charges. Either modification causes a conformational change of the 

target protein and therefore alters its structure and activity6. Moreover, it is known that O-

GlcNAc regulates various protein kinases and phosphatases and hence, links the 

glycosylation pathway with the phosphorylation machinery6. It has been shown that the 

levels of O-glycosylated nuclear and cytoplasmic proteins rise, when the cell progresses 

into G1-phase but its role in S-Phase in unclear26,27. OGA inhibition in HeLa and 3T-LI cells 

delays the progression into S-Phase. O-GlcNAc modification of histone H3 is elevated in 

G2-Phase but decreases upon entry into M-Phase27. Moreover, a study described the 

increase of O-GlcNAcylation levels in mitosis, which decreases upon onset of cytokinesis. 

Overall, the reports on global changes of O-GlcNAcylation levels during the cell cycle events 

are controversial, since other studies found elevated O-GlcNAcylation during G2 or G2/M-

Phase transition28. O-GlcNAcylation has been described to impose an important function in 

regulating mitotic progression as gain or loss of function mutants of OGT and OGA severely 

alters M-Phase progression leading to a delayed mitotic exit. Moreover, a recent report has 

indicated a direct interplay between OGT, OGA, aurora B and protein phosphatase 127,28. 

Further evidence for regulation of gene expression through OGT and O-GlcNAcylation 

came through the investigation of TET (Ten-eleven translocation) proteins. The TET family 
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comprises of 5-methylcytosine hydroxylase members, which reverse the gene silencing 

mark mediated by DNMT enzymes (DNA-methyltransferases). The dialog between TET and 

OGT proteins lead to TET-promoted recruitment of OGT to CpG-rich transcription start sites, 

which corresponds to transcriptionally active genes20,29,30. Another interesting aspect of O-

GlcNAcylation involves its assistance in protein translation. In several studies it has been 

shown that nearly half of ribosomal proteins are O-GlcNAcylated and both enzymes 

catalysing the reaction (OGT and OGA) are strongly associated with ribosome. Notably, 

overexpression of OGT or OGA (HepG2 cell line) affects the homeostasis of ribosomal 

subunits, thus maybe O-GlcNAc modification is important for the maturation and assembly 

of ribosomal subunits20,31. In conclusion, the modification by O-GlcNAc and their associated 

pathways have an impact on metabolic and cellular processes and provide an insight on 

the changes at the chromatin level.     

4.3 Sharing neighbourhood in the Nucleus : The different types of 

Chromatin  

Our genetic material is not a loose string; hence it is a compact fibre that occupies the 

nucleus. In fact, the DNA is in total 205 cm long32, whereas the nucleus is only about 5 to 

10 µm in diameter33. The question arises how this DNA fibre in its entire length can occupy 

such a small sphere? The answer is that our genome is compacted and consisting of 

different chromatin regions. The following paragraph provides an overview, how the human 

genome has three characteristic chromatin types and what makes them distinguishable 

from each other.  

Around the 1880s Walter Flemming was one of the first scientists to describe the observed 

stainable threads in the nucleus during mitosis, which later lead to the term chromatin. 

chromatin adopts many functions such as packaging genetic material, regulating gene 

expression and consists of a complex formed of DNA and histone proteins34,35. After 

discovering DNA as ñtransforming principleò and therefore genes correlated with 

chromosomal bands, the interest in chromatin structure rose. From there, over one century 

later Kornberg proposed in 1974 the repeating unit of chromatin, which was made of two 

copies of each four canonical histone proteins known as H2A, H2B, H3 and H4 and about 

200 bp long DNA35,36. Shortly after Olins and Olins visualized chromatin structure as a 

óbeads on a stringô which is termed now as nucleosomes37. The first actual glimpse of a 

nucleosome structure was obtained in 1997, where X-ray crystal structure (2.8 Å) revealed 
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a 146 bp long DNA wrapped around a histone octamer in a 1.65 turn in a left-handed super 

helical fashion38. Depending on the higher-order packaging of nucleosomes, post-

translational modification on histones and histone variants, chromatin can be divided into 

versatile categories39,40. The histone tails are subjected to modifications such as methyl or 

acetyl groups transferred by specific enzymes35. Other modifications include 

phosphorylation, ubiquitination, glycosylation, SUMOlyation as well as rare modifications 

41,42. For a comprehensive overview of these modifications, the review of Huiwen Xu et.al, 

2021 is recommended 42 . 

The silencing of genes is often associated with DNA methylation marks, whereas histone 

acetylation is often interlinked to actively transcribing DNA. The latter one reduces the 

affinity of histone octamer to the corresponding wrapped DNA, facilitating transcription 

processes40,43,44. At specific genomic locations histone variants are incorporated to replace 

canonical histones in nucleosomes and thus modifying chromatin structure and functions. 

For instance, H3 is commonly replaced by the variant H3.3 in active gene regions, whereas 

H3 is replaced by CENP-A (Centromeric Protein A) at the centromere region45,46. The major 

three categories of chromatin are heterochromatin, euchromatin and centromeric 

chromatin. Heterochromatin takes up the majority of chromatin and is characterized as 

condensed chromatin structure which is less transcriptionally active and present at 

pericentric regions, in general transcriptionally repressed regions and telomeres. In 

contrast, Euchromatin states a more open environment and are present in gene-rich 

genomic loci and marked by high transcription levels. The centromeric chromatin is marked 

by the histone variant CENP-A and has a more compact formation but not as seen in 

Heterochromatin35,47,48. Each chromatin type is associated and regulated by its specific 

chromatin modifying enzymes and architectural complexes, altering the chromatin 

compaction. 

The chromatin can be further subdivided as shown by a publication in 2010. The 

investigators wanted to address if besides the known HP1 and PcG chromatin type finer 

subclassification can be found within the Drosophila genome49. Therefore, they generated 

genome-wide location maps of 53 broadly selected chromatin proteins and in addition four 

key histone marks (H3K9me2, K27me3, K4me2, K79me3) in embryonic Drosophila 

melanogaster cell line Kc167. In total they could define three more (in total five finer 

subclassifications of chromatin types) chromatin types with unique combinations of proteins 

by applying the DamID technology. The different regions that could be captured were 
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divided into five major different colour schemes: Blue and Green chromatin corresponds to 

the known heterochromatin types already depicted for Drosophila. The Black chromatin type 

exhibits repressive chromatin traits, whereas Red and Yellow subdivide the Euchromatin 

with a distinctive difference in histone mark H3K36me3 which has been specifically linked 

to the Yellow euchromatin type. Why this mark is absent in the Red euchromatin type has 

to be further investigated. The authors emphasize that his five subtypes are only a broader 

classification and one can even subdivide in even more finer classifications49.     

A simplified overview of the complex chromatin organization with its subtypes is depicted in 

Figure 4.  
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Figure 4: Overview of the different chromatin found within the Nucleus . Details for each 

chromatin type can be found in their respective section. 
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4.3.1 The Characteristics  of  Euchromatin  

As described earlier, euchromatin has a characteristic open state by showing a wider space 

between nucleosomes and is present at active gene sites. This open conformation allows 

the transcription machinery a higher accessibility. In addition, histone variants and 

modifications present facilitate this process. The predominant histone PTM marks found at 

these sites are H3K4me3, H3K27ac, H3K36me.  

A characteristic histone feature of chromatin present at promotor regions near transcription 

start sides (TSS) is Histone 3 lysine 4 trimethylation (H3K4me3). In mammals, this process 

is catalysed by six homologs of yeast histone lysine methyltransferases SET1 (SETD1A, 

SETD1B, MLL1, MLL2, MLL3 and MLL4). RNAPII associates with yeast SET1 and deposits 

SET1 in a co-transcriptionally manner50ï52. The varying levels of H3K4me3 show 

enrichment for MLL2 and the SETD1 subunit CFP1. This subunit is capable of reading 

H3K4me3 mark by its PHD finger domain and thus mediates the interaction between SETD1 

and the histone mark53. A closer look at Gene bodies of transcriptionally active genes shows 

an enrichment for H3K36me3, mediated by yeast SET2 (human SETD2). This mark is 

associated with RNAPII elongation process, where serine 2 of RNAPII is phosphorylated. 

Furthermore, this histone modification serves as a binding platform for histone deacetylases 

complexes (HDAC) and thus suppress excessive transcription initiation54,55. In yeast it has 

been shown that this mediated histone modification prevents the hyperacetylation and 

histone exchange and hence leading to well-spaced nucleosomes over coding regions. 

Another mark is the acetylation at lysine 27 on H3 (H3K27ac). It stands for active but not 

yet ready enhancers and are deposited by histone acetyltransferases complexes (HAT)56,57. 

It exists a competitive situation between H3K4me3 and H3K27ac, where the acetylation 

alone does not determine the enhancer activity. Moreover, H3K4me3 readers were 

identified in HAT complexes (e.g. SGF29) and it is suggested that at TSS H3K27ac bridges 

the transition between the mechanisms from transcriptional initiation to elongation58,59. 

Furthermore, histone variants of H2A.Z, H3.3 and H2A.B can be found. The incorporation 

of H2A.Z in yeast is mediated by the chromatin remodeler Swr1, a Snf2 family of ATPases. 

Moreover, this variant is replication-independent and in yeast its C-terminal region interacts 

with RNAPII and therefore promoting its recruitment to promoters 60,61. The mechanism of 

incorporation has been shown in yeast, where Swr1 acts first as a histone chaperone and 

delivers H2A.Z-H2B dimer to the nucleosome and partially unwarps the DNA from the 

histone core62,63. After incorporation, the acetylation of H4 recruitsô yeast Brd2, a double-
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bromodomain containing protein, which is known to function in transcriptional activation. In 

addition, the yeast SAS complex (something about silencing) has acetyltransferase activity 

and can stimulate H2A.Z deposition and therefore suggesting a role of acetylation in 

facilitating H2A.Z deposition64,65. In contrast, histone variant H2A.B has a preference to H4 

hyperacetylated regions66,67. In studies with ectopically expressed H2A.B it has been 

associated with active genes involved in transcriptional activation and mRNA processing 

and its appearance correlates with new DNA synthesis during replication and repair 

sites68,69. The incorporation of the conserved H3.3 histone variant happens throughout the 

cell cycle at euchromatic actively transcribed regions, unlike the deposition of canonical 

histones restricted to deposition during replication70,71. Its incorporation is mediated by HIRA 

(Histone regulator A) during the cell cycle stages but can also occur at telomeres and 

pericentric heterochromatin by the chaperone dimer ATRX/DAXX 72ï74.   

The associated proteins functioning as histone chaperones are Asf1, CAF-1, HIRA, NAP1 

and FACT, which act in a replication-independent or replication-dependent nucleosome 

assembly fashion35. They bind to soluble histones and regulate nucleosome assemblies. 

When following the synthesis of newly H3-H4 molecules, they interact throughout the 

course of its assembly onto nucleosomes with different chaperones, which regulate free 

histone levels and nuclear import of these and thus impacting the deposition of H3-H4 onto 

DNA35. H3.1 is newly synthesized and interacts with Hsc70 and later assembled into a larger 

complex consisting of histone chaperone t-NASP, histone H4, chaperone Hsp90. When the 

H3/H4 dimer is assembled the complex interacts then with Hat1-RbAp46 (lysine 

acetyltransferase), histone chaperone Asf1 and importin-475. This ensures the import of new 

H3/H4 into the nucleus. By interacting with CAF-1, which is a central replication-dependent 

chaperone, it deposits H3/H4 onto newly synthesised DNA due to its recruitment by PCNA 

(proliferating cell nuclear antigen) to the replication fork 76. In non-dividing cells the 

predominant mechanism of histone replacement is the replication-independent nucleosome 

assembly. The histone chaperone HIRA is one of them. It assembles H3.3/H4 onto 

nucleosomes and HIRAs absence results in reduced localization of H3.3 on genic regions. 

Another chaperone is the complex formed by ATRX and DAXX, where absence of ATRX 

leads to defects in H3.3 at pericentric regions and telomeres77ï79. As a complementary 

mechanism, H2A/H2B dimer have a chaperone called Nap1 and helps to incorporate these 

so the nucleosome can be completed. Nap1 facilitates the import of H2A-H2B, its 

incorporation by disrupting non-productive histone-DNA interactions80. Furthermore, H3/H4 

and H2A/H2B can be incorporated into the nucleosome by Nap1s versatile association with 
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ATP-dependent chromatin and remodeler factors to regularly space and assemble 

nucleosomes. The chaperone FACT (facilitates chromatin transcription) is another species 

of histone chaperones and is capable to bind both oligomers of H2A/H2B and H3/H4 and 

facilitates their incorporation. Moreover, it is proposed that through partial DNA unwinding 

FACT can bind to both H2A/H2B dimers simultaneously during reorganization process81ï83. 

The euchromatin contains the highest fraction of exact positioned nucleosomes relative to 

the underlying DNA sequence and adopts an important role in transcription regulation near 

the transcription initiation sites. The genomic regions associated with euchromatin are 

actively transcribing genes and regulatory elements like promotors and enhancers. Latter 

one regulates the access of transcription factors and chromatin remodelers to facilitate 

opening the chromatin and leading to active transcription 39,84ï87.  

A minor fraction of the genome is harbouring transcriptionally active genes and are located 

at the interior of interphase nucleus where euchromatin resides. The gene body displays 

the transcriptional region (introns, exons) in conjunction with activating histone 

modifications to ensure open chromatin state. Moreover, gene bodies are enriched for DNA 

methylation marks (80-90%). It is believed that DNA methylation on gene bodies prevents 

intragenic transcription initiation at highly expressed genes. The positioning of 

Nucleosomes becomes weaker within the gene bodies compared to the transcription 

initiation sites and decreases gradually along the gene bodies length88ï91. 

Transcription is initiated at promotors, regions found typically upstream or at 5ô end of a 

protein-coding or non-coding gene. RNA polymerase II (RNAPII) promotor contains a core 

promotor with minimal sequence motif such as TATA box and additional motifs to properly 

initiate transcription92. So called general transcription factors (GTFs) bind to the core 

promotor (TATA-binding protein, TFIIB/E/F/H). The RNAPII and these GTFs form to pre-

initiation complex (PIC) and is sufficient to initiate transcription but with lower basal activity. 

Activating histone modifications in interplay with ~150-bp nucleosome depletion region 

(NDR) adjacent to the transcription start site are associated with promotors. Recent studies 

NDRs were shown to contain highly dynamic nucleosomes with histone variants H3.3 and 

H2A.Z, whereas NDRs are flanked by well positioned nucleosomes87,93ï95. The localization 

of H3.3 to active promotors and transcribed gene bodies is mediated by HIRA. A 

characteristic trait of promotors is the presence of CpG islands, GC-rich DNA regions. The 

exact role of DNA methylation in transcription is not yet fully understood but studies in mice 
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showed that promotors need a specific methylation pattern and lack of DNA 

methyltransferases (DNMT) led to lethality in early development96ï98.  

Transcription can be independently activated by a DNA element called Enhancer 

irrespective of their distance or orientation with regards to the promotors of transcribed 

genes.  These Enhancer elements serve as a binding platform for a variety of transcription 

factors. Enhancers are frequently transcribed into non-coding RNAs (ncRNAs, regulating 

transcription) in a bidirectional fashion. The current model for long-range transcriptional 

regulation assumes a physical proximity of distal enhancers to their target promotor by 

chromatin looping mechanisms, but it has been shown in a differentiation experiment of 

embryonic stem cells to neural progenitors, that other chromatin structural conformation has 

to be encompassed to explain this phenomenon99ï103. Enhancers are characterized by the 

inclusion of histone variants H3.3 and H2A.Z and activating histone modifications. The 

deposition of these histones is replication-independent, and it has been shown, that 

nucleosomes flanking the transcription factor binding sites of Enhancers are less flexible 

compared to H3.3/H2A.Z containing nucleosomes, which show hypermobility 56,77,95.  

In summary, the euchromatin is transcriptionally active and poses an open conformation, 

which enables an easier access to promotors and enhancer regions facilitating the 

transcription of active genes. These processes are guided by histone marks and histone 

variants and the interaction with transcription factors and chromatin remodelers. 

4.3.2 The Characteristics  of  Heterochromatin  

Emil Heitz was the first to coin the term of óheterochromatinô when he saw the compacted 

state within the nucleus spatially segregate from Euchromatin. When staining chromatin in 

cytological samples at different cell cycle stages, he observed regions strongly stained and 

others became invisible during interphase. It has been shown that heterochromatin is less 

accessible than compared to Euchromatin and associated with gene silencing due to 

decreased transcriptional activity. Moreover, heterochromatin localizes towards the nuclear 

periphery and regions around the nucleolus104ï107. heterochromatin is mostly defined by 

sequence independent epigenetic mechanisms35. One of many known histone variants 

associated with heterochromatic regions is MacroH2A and is considered to be 

transcriptionally repressive and associates with inactive genes. It has been shown. Another 

interesting observation was made where heterochromatin demonstrated its ability to form 

phase-separated liquid condensates108ï112.  
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There are two categories of heterochromatin: facultative and constitutive heterochromatin. 

The latter one occurs at same genomic regions in every cell type and is propagated 

throughout the lifetime of an individual once it has been established. This type of 

heterochromatin is more static in structure, providing a condensed and transcriptionally less 

active chromatin conformation. Furthermore, constitutive heterochromatin is characterized 

by the histone mark H3K9me3, mostly found at highly repetitive and gene-poor regions such 

as pericentric, sub-telomeric regions or transposable elements. The histone mark is 

deposited by histone methyltransferases (HMTs) such as Suv39H113ï116. It has been shown 

that pericentric regions consist of repetitive tandem satellite repeats and fulfil an important 

role in accurate chromosome segregation by preventing premature chromatid separation. 

Furthermore, satellite DNA underlying in constitutive heterochromatin are not conserved 

and greatly vary between different organisms or even within one organism, proposing an 

epigenetically control35,117. In S.pombe the formation of the constitutive heterochromatin has 

been well characterized and will be here briefly depicted. The RNAi pathway with its core 

machinery (Dicer, Argonaute and RNA-dependent RNA polymerase) are required for this 

process. The absence or loss of the RNAi machinery resulted in reporter gene silencing; 

accumulation of transcripts derived from heterochromatin repeats or loss of H3K9 

methylation and defects in chromosome segregation118ï121. The pericentric regions have 

specialized repeats (dg, dh, see section 4.4) which transcribe into ncRNAs, spliced into 

siRNAs (small interfering RNAs) which recruits the RNA-induced transcriptional silencing 

complex onto pericentric regions122. To prevent spreading of heterochromatin into 

Euchromatin (having their own histone modification marks), the pericentric regions are 

surrounded by boundary elements35. As referred earlier, heterochromatin is more compact 

compared to Euchromatin and the constitutive heterochromatin is densely packed and 

influences variety of functions such as heritable gene expression or maintenance of 

chromosome integrity. It has been shown that HP1 oligomerizes in vitro and compacts 

chromatin into phase-separated condensates but in vivo studies suggest the involvement 

of additional factors, which condense H3K9me heterochromatin in the nucleus 109,123ï126. 

Moreover, it has been shown that mammalian HP1 contains an RNA-binding domain and is 

therefore required to localize to pericentric regions residing in the heterochromatin127. 

Recent studies suggest a role of RNA and RNA-binding proteins in the compaction event 

of constitutive heterochromatin, and it cannot be ruled out that similar mechanisms can be 

found at facultative heterochromatin sites compacted by PRC1 complex 126ï131.  
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In contrast to constitutive heterochromatin, the facultative heterochromatin assembles at 

regions regulating genes in development and differentiation by switching between 

transcriptionally active and inactive chromatin states35. Since cells differentiate differently 

the overall facultative heterochromatin will not display identical pattern. This specific region 

is regulated by polycomb group (PcG) proteins and mediate H3K27me3 marks. Moreover, 

this specific subtype of Heterochromatin can be found on the entire silenced X-chromosome 

or discrete domains that are distributed genome-wide. The histone marks present at the 

facultative heterochromatin are H3Kme2, H3K27me and DNA methylation pattern on 

inactive alleles found in imprinted autosomal genes. It has been shown that the CTCF 

protein (multiple zinc-finger containing architectural protein CCCTC-binding factor) serves 

as a gatekeeper between facultative heterochromatin and euchromatin is able to bind to 

RNA and therefore regulates chromatin looping132ï137.  

4.3.3 The Characteristics  of  Centromeric  Chromatin  

The centromere serves as the nucleation site of spindle pole-microtubule binding to faithfully 

segregate chromosomes. The high evolution rate of DNA and centromeric components 

across eukaryotes may serve as explanation in the reproductive isolation of emerging 

species138.  

Since the centromeric sequences vary among the species (from ~100 bp point centromere 

in S.cerevisiae up to several megabases of repetitive centromeres in plants and mammals) 

this specific region consists of hypoacetylated and lacking H3K9me2/me3 Chromatin 

marks. The centromeric Chromatin is characterized by the histone variant CENP-A, which 

replaces canonical H3 at these sites. Most of the histones are similar and have common 

structural features but in case of CENP-A it is highly divergent, and CENP-A interacts with 

centromeric DNA unlike seen with H3. This specific histone variant is the foundation for the 

kinetochore assembly, which later attaches to the microtubules at the spindle pole. Upon 

applying tension, the sister chromatids can be separated to each opposite site and ensure 

faithful chromosome segregation. Till today the repetitive nature of centromeric sequences 

makes it difficult to study the mammalian centromere35. First studies by Furuyama and 

Henikoff (plasmid-based genetic assays) in S.cerevisiae showed that CENP-A containing 

nucleosomes undergo positive supercoiling by possible right-handed wrapping of 

centromeric DNA superhelix around the histone octamer 139. The nature of this observation 

has to be determined in other species, since S.cerevisiae contains a so called ñpointò 

centromere and all higher eukaryotes are classified as ñregionalò or ñholoò centromeres35. 



- 31 - | P a g e 
 
 

 

The histone marks observed at the centromere are diverse (Figure 4). Some of them are 

known to modulate the accessibility of CENP-A Nucleosome and thus facilitates the binding 

of centromere/ kinetochore associated proteins.  

The human genome project was completed in 2003 and the information gained over the 13 

years of research including the identification of ~20,500 genes and subsequently analysing 

the underlying sequence, helped to understand causes in cancer or heritage derived 

diseases140. However, it could not cover the centromeric regions due to its repetitive nature 

it still proposes a major challenge to modern sequencing methods. Latest research put an 

effort to overcome the limitations and just recently published the genomic and epigenetic 

landscape of the human (peri)centromere141. Before this paper got published, researchers 

used a bottom-up-functional genomics-based approach to address this specific question. 

By using CENP-As binding capacity to centromeric alpha satellites, the large majority of 

CENP-A bound human functional centromeres could be detected and found to be tandem 

arrays of dimers. These native alpha satellite dimeric arrays served as linear maps to profile 

CENP-A and other centromeric proteins. It has been shown that besides CENP-A also 

CENPB, CENP-T and CENP-C were tightly bound142ï144. Results of these studies suggested 

a tight association of CENP-A containing nucleosomes and other centromeric proteins and 

are more tightly packed as compared to euchromatin35.  

A research article141 publishing the complete sequence of the human centromere region 

stated out that satellite repeats constitute 6.2% of T2T-CHM13 genome assembly where 

alpha-satellite represents the single largest component of about 2.8% of the genome. By 

studying alpha-satellite repeats and their sequence relationship across each centromere, 

the researchers found that centromeres evolve through ñlayered expansionsò. There are 

distinct repetitive variants within each centromeric region. Moreover, these expand through 

a mechanism that resembles as successive tandem duplication. In contrast, older flanking 

sequences decrease and differ over time. The most recent expanding repeats within an 

alpha satellite array are more likely to interact with CENP-A, coinciding with regions of 

reduced CpG methylation. Taken together these findings point towards a strong relationship 

between local satellite repeat expansion, DNA hypomethylation and subsequently 

kinetochore positioning. In addition to these findings, they found unexpected large structural 

rearrangements affecting multiple satellite repeat types including active centromeric alpha 

satellite arrays. As a last finding, the comparison of 1600 individualsô X chromosome 

revealed that recent African ancestry possesses the greatest genetic diversity in the region 
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surrounding the centromere and lead to the evolution of African alpha satellite sequence 

variants141.   

Now the sequence of the human centromere is uncovered, researchers in the future can 

address the still open questions in the centromere biology field and draw conclusions on 

the molecular mechanisms between centromere, alpha satellite expansion, inner 

kinetochore architecture and DNA hypomethylation.   

4.3.4 A new player at the Centromere: Centromeric Transcription and its 

impact on Centromeric Chromatin  

The transcription of the centromere is a critical factor whether the centromere is a ñpointò or 

ñregionalò centromere. Most higher eukaryotes have a regional centromere, commonly 

comprised of tandem repeat arrays and transposable elements, whereas Saccharomyces 

cerevisiae has a point centromere. If holocentric species such as Caenorhabditis elegans 

and lepidopteran Bombyx mori have this kind of transcription is not known, since there is 

an anti-correlation between active transcription and localization of CENP-A and CENP-T 

chromatin145ï147. It has been shown that RNA transcripts are strictly regulated and need 

maintenance in all cellular processes. IncRNAs have been implicated in cellular functions 

such as: chromatin architecture, chromatin remodeling, transcriptional and translational 

regulation, formation of nuclear bodies, formation of heterochromatin, inner centromere 

signalling and CENP-A recruitment145. Genes can be embedded in centromeric chromatin, 

but it is not known whether the repetitive centromeric DNA encode for proteins145. In order 

to obtain mature mRNA, the pre-mRNA is processed whereas other RNA species are 

actively degraded. Like mRNA the cenRNA species are processed in similar way, since 

they also undergo splicing events to produce mature transcripts148,149. It has been shown 

that centromeric RNA associates with splicing factors such as DHX38, which plays an 

important role in pre-mRNA splicing150. This provides a hint that cenRNAs interact with 

various RNA processing components. 

It has been shown that the dynamic balance between euchromatin and heterochromatin at 

centromeric region is essential for establishment of an active kinetochore as well as the 

transcription of these regions. Latest publications described in D. melanogaster as well in 

human, the distinct set of histone modifications occurring at the centromeric region such as 

the demethylation of H3 Lysine 4, presenting an open chromatin yet not active. Moreover, 
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the centromere lacks the mark for heterochromatin (H3 Lysine 9 dimethylation) or 

euchromatin (H3 Lysine 9 acetylation)151,152.  

Recent work describes two centromeric transcripts (cenRNA): long non-coding RNAs 

(IncRNA) which are greater than 200 nucleotides whereas small RNAs comprise of smaller 

transcripts < 200 nucleotides145. The IncRNAs are further processed based on its nuclear 

localization, which can result in siRNAs (silencing RNAs) produced by the Dicer 

machinery153. The role of IncRNAs include modulating the mRNA cleavage, translational 

repression, and regulation of alternative splicing153ï155. The rapid evolution of centromeric 

DNA leads to limited conservation among closely related species. Since the conservation 

is limited, the IncRNAs might be conserved based on their function rather than their 

sequence, therefore one aspect could be facilitating the centromere repositioning on 

chromosomes156,157. In human the transcription of the alpha satellite, which is the 

centromere core region, happens during early G1 and mitosis145,158. The length of the 

transcripts is between 0.5 to 2.45 kilo base pairs (kbp). It has been shown that centromere 

specific proteins such as CENP-A, CENP-B, CENP-C, HJURP, SGO1, Aurora B, DHX38 

and Suv39H1 interact with centromeric transcripts145. Furthermore, the transcripts are 

polyadenylated as can act as cis or trans145. In contrast, in Drosophila melanogaster the 

satellite III (core region of centromere) is transcribed during mitosis and has a length of 

about 1.3 kbp159,160. CENP-C has been shown to interact with these transcripts, whether the 

transcripts are polyadenylated or act in a cis or trans way is not known yet145. Centromere 

transcription is also found in Saccharomyces cerevisiae, where the cenRNA is transcribed 

ruing S-Phase and has a transcript length of 462-1754 nucleotides. It is neither known which 

proteins bind to these shorter transcripts nor if these transcripts are polyadenylated or act 

in a trans or cis configuration161ï163.    

One of the better understood model organisms for centromeric transcription is 

Schizosaccharomyces pombe. There the centromere structure is different compared to 

other plants or animals. The centromeric core is flanked by a pericentric inverted repeats 

and these repeats are transcribed. Moreover, it has been shown that these repeats and 

their transcription is essential for the pericentric heterochromatin formation. Here the distinct 

separation of the functional centromere and its neighbouring pericentromere is in higher 

eukaryotes difficult due to their repeat-rich regional centromeres122,145,164.  
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4.4 The Evolution of the Centromere and how DNA methylation 

helps to shape the Chromatin  

The centromere is characterized by the centromere-specific histone H3 variant CENP-A/ 

CENH3145,151. This distinct mark helps to recruit the kinetochore components to faithfully 

segregate the chromosomes during mitosis/ meiosis and ensure proper propagation of the 

genome to the daughter cell152,165. Centromeres vary in their occupation site across different 

organisms. In general centromeres are metacentric (in the middle of chromosomes) but 

there are cases where they are acrocentric (separate chromosome arms of different length) 

or telocentric (positioned at chromosomeôs end)166. Due to the fast evolving and rapid 

evolution of centromeric and kinetochore associated proteins, the fast evolution of 

centromeric DNA and its associated transcripts result out of this process. Moreover, the 

centromeric DNA is highly repetitive in its nature and is highly diverse even in closely related 

eukaryotes. This is summarized in the term ñcentromere paradoxò. The ñcentromere 

paradoxò138,145,151 describes the discrepancy between the essential function of the 

centromere but also its rapid evolution of its components138. Having a closer look, the 

variation in sequence and structure of the centromere has emerged as a common theme.  

The rapid evolution of centromeres happened through homologous recombination between 

stretches of tandemly repeated sequences. These can vary within one organism and 

centromeric sequences differ significantly between its chromosomes167.  

Starting off in understanding centromere characteristics, the simplest model organism is 

Saccharomyces cerevisiae. It has a so called ñpointò centromere (Figure 5). It is made of 

120 bp containing three DNA elements (CDEI, CDEII and CDEIII) wrapping around a single 

centromeric nucleosome. The centromeric histone H3 variant here is called Cse4. The 

CDEIII element consisting of alternate stretches of A and T nucleotide residues causes DNA 

bending. Moreover, this element is flanked by palindromic motifs of CDEI and CDEII. It has 

been shown that CDEI is not essential for kinetochore activity, but its mutations caused 

chromosome loss, therefore the centromeric sequence per se defines the centromeric 

identity152,168ï170.  

In Schizosaccharomyces pombe the situation at the centromere becomes more complex. 

Here the centromere comprises of 40-110 kb in length and has been designates as 

ñregionalò centromere (Figure 5). The core (4-7 kb) named cnt encloses multiple 

centromeric nucleosomes with its centromeric histone Cnp1. The core is flanked by inverted 
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and 6 kb long innermost so called imr repeats and contains tRNA clusters. These three 

elements form the central domain which are further flanked (left and right) by outer repeats 

(otr) called dg and dh152,168,171.  

In Drosophila melanogaster the centromere with its centromeric histone CID comprises of 

200-500 kb and made of up to 10 bp repeats (AATAACATAG)n followed by 11 to 12 bp 

tandem repeats (CCCGTACT[C]GGT)152,172 (Figure 5). Nevertheless, in moths, butterflies, 

arachnids, and nematodes (Caenorhabditis elegans) the centromere is labelled as 

ñholocentricò where the entire chromosome, except the telomere ends, are one centromere 

region. Moreover, in C.elegans only few tandem repeats are found and about 50% of the 

genome is with CENP-A associated in 20 centromeric domains varying in size173ï175.  

Most eukaryotes are monocentric, containing only one centromere at each chromosome. In 

higher eukaryotes the centromeric repeats are about 150 bp in length152,176.  

In mice (Mus musculus) the alpha-satellite consist of homogenous arrays of 120-bp minor 

satellite repeats (MinSat), which are flanked by less ordered 234 bp major ɔ-satellite 

sequences (MajSat)177.   

In human (Homo sapiens) the centromere (with centromere histone CENP-A) is more 

complex (Figure 5). It contains alpha-satellite monomers of A and B-type178. Both differ in a 

17-bp sequence (A-box or B-box), which has not been described for mice centromeres. The 

B-box is known for the binding of CENP-B179. It is not clear whether there are proteins 

binding to the A-box. Furthermore, the alpha-satellite sequences organize in a back-to-back 

fashion and forming higher-order repeats (HOR). Within these HOR the alpha-satellite 

monomers are 50-70% identical. The arrays are 2-5 Mb long which consists of 100-1000 

times of repeated HOR152,180,181.  
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Figure 5: The Evolution of the centromere . Each model organism is depicted with its respective 

centromere organization. The centromeres were designed as described in the text based on current 

knowledge. 
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The repetitive elements in the genome are known for their DNA methylation status as seen 

for example at transposable elements, which are repressed by DNA methylation marks and 

therefore impede their mobility. Mammalian CpG dinucleotides (~70-80%) present at 

satellite/ repetitive and non-repetitive intergenic DNA are associated with transcriptional 

repression 182,183. A closer look within the centromere, the alpha-satellite sequence contains 

three methylatable CpG di-nucleotides, where two of them are present in the CENP-B-

box179. Since the nature of the centromere composes of these repetitive sequences it is 

tempting to hypothesize a role of DNA methylation in centromere biology. The mechanism 

of DNA methylation might be evolved as a protection mechanism as well as ensuring 

genomic integrity by defending the eukaryotic genome from random insertion by parasitic 

elements184,185. Moreover, DNA methylation might have a bi-functional role such as 

regulation of gene expression and chromatin architecture186,187. The DNA methylation 

epigenetic mark is associated with transcriptionally inactive region in the genome but is 

essential for homeostasis and development185. Possible consequences of aberrant DNA 

methylation at (peri)centromere could be a) increased rate of recombination processes at 

centromeric repeats; b) increased centromere breakages; c) changes in centromere-protein 

associated network due to displaced methyl-binding partners; d) increased rates of alpha-

satellite transcripts leading to genomic instability185. CpG dinucleotides often occur as 

repetitive dinucleotides and the primary methyl modification happens at 5-methylcytosine 

(5mC) by a covalent attachment of a methyl group to the C-5 position of cytosine182,187. 

Specific methyltransferases enzymes are known to catalyse this reaction by cooperating to 

maintain the DNA methylation pattern: DNMT1, DNTM3A, DNTM3B. The enzymes 

DNMT3A and DNTM3B are responsible for de novo methylation by targeting newly 

integrated host sequences, which can be unmethylated or hemimethylated CpG substrates. 

Both enzymes have their prime time during early development specifically after global 

demethylation of the genome in the pre-implantation embryo188,189. In case of DNMT1, it 

acts on pre-existing DNA methylation marks and maintains these patterns over course of 

the cell division and has a high affinity towards hemimethylated DNA sequences. Moreover, 

it has been shown that DNMT1 might have a role in de novo methylation in the context of 

repetitive elements. In a DNA methylation pattern analysis by high-resolution sequencing 

of repetitive elements including major satellites unravelled a de novo methylation activity of 

DNMT1 in these specific regions190. Additionally, DNMT1 has been shown to be associated 

with heterochromatin in a replication-independent manner, therefore is maintains of the 

centromeric heterochromatin191. Nonetheless, DNMT3A and -3B might be additionally 
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required to preserve established methylation patterns192ï194. Both enzymes have been 

shown to be involved in global methylation maintenance in mouse embryonic stem cells 

(mESC). It is possible that both enzymes might have an additional role in methylation 

pattern maintenance at the centromere195. Besides mastering gene transcription, DNA 

methylation is capable of modelling chromatin structure and therefore influencing the 

accessibility of DNA damage machinery and recruitment of DNA methyl-binding proteins. It 

has been shown that CpG within centromeric DNA sequence are strongly marked by DNA 

methylation and tightly regulated during the cell cycle stages196,197. Furthermore, it remains 

elusive if different DNMT enzymes act in a specific or more redundant way on the 

(peri)centromere to deposit the DNA methylation epigenetic marks185. In several studies the 

link between CENP-B and methylated DNA sequences have been established. CENP-B is 

currently the only known centromeric protein bearing a sequence specific DNA binding 

property to the 17 base pair long CENP-B (CBB) box present in ~30% of all human alpha-

satellites179,198,199. A closer look at the sequence of the CENP-B reveals the presence of two 

out of the three CpG di-nucleotides in the whole alpha-satellite consensus sequence179. 

Moreover, CENP-Bôs association with the CBB is methylation-sensitive, since a steric clash 

between the DNA methyl group and the side chains of CENP-B (T44, R125) occurs200. 

Okada, T. et.al (2007) showed in their study, that once CENP-B is chromosomally integrated 

in human artificial chromosome carrying alphoid DNA, it enhances CpG methylation and 

H3K9 trimethylation deposition and thus preventing CENP-A incorporation. Nonetheless, 

the methylation mark at native CENP-B binding sites remained unaltered201. These 

observations lead to a possible role of CENP-B and its involvement in establishing precise 

DNA methylation patterns of centromeric sequences185. Some studies hint towards a 

functional link between CENP-C and DNMT3B but has to be further investigated if both 

share a role in overall maintenance of centromeric methylation. One study used Yeast two-

hybrid screening and immune-precipitation assays and associated DNMT3B to CENP-C. 

However, knock-down of CENP-C induced a ~20% DNA methylation reduction at alpha-

satellite and pericentromeric satellite 2. In addition, the reduction of CENP-C resulted in 

altered DNMT3B localization and increased centromeric loci transcription202. Other factors 

of centromeric chromatin assembly maybe involved in DNA methylation maintenance. One 

of these is Mis18Ŭ, which mediates the recruitment of de-novo synthesized CENP-A and 

has been shown to interact directly with DNMT3A and -3B in mouse cells. It might be 

possible that Mis18Ŭ tether DNMT3A/-3B to centromere and help to maintain DNA 

methylation levels, but further studies are required to investigate this relationship185,203,204. 
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The DNA methylation process is influenced by the nucleosome modification pattern of 

pericentromeric chromatin. Evidence has been shown in a study where deletion of Suv39h1 

and Suv39h2 resulted in altered methylation pattern of major satellites in mESCs. These 

methyltransferases are required for H3K9 di- and trimethylation. In addition, DNMT3B and 

Suv39h interact and Suv39h proteins are required for DNMT1 and UHRF1 recruitment to 

cooperatively maintain DNA methylation at major satellites in mouse, whereas de-novo 

DNMT3A and -3B recruitment was unaffected. Another interesting observation was the 

favoured tethering of DNA methylated major satellites to the nuclear lamina by chromatin 

reorganization upon depletion of all three DNMT enzymes simultaneously205,206. The 

interplay between DNA methylation and H3K9 trimethylation (H3Kme3) at (peri)centromere 

can be reinforced by the activity of the ISWI chromatin remodelling complex NoRC 

(nucleolar remodelling complex). It has been shown that a subunit (TIP5) of this complex is 

able to stimulate H3K9me3 deposition at minor and major satellite repeats in mouse and 

can interact with CENP-A207. A member of the SNF2 family of helicase/ATPases, the ATRX 

protein, has been linked to centromere chromatin composition and DNA methylation 

pattern. ATRX is involved in several cellular processes including H3.3 deposition at the 

(peri)centromere by interacting with DAXX. ATRX has been affected in ATRX syndrome (X-

linked Ŭ-thalassaemia mental retardation). Patients with this disorder show aberrant 

methylation at satellite repeats at centromeric and sub-telomeric regions(ref58). ATRX is 

known to bind MECP2, which contains a methyl-l-CpG-binding domain (MBD), and this 

domain mediates MECP2 localization to the (peri)centromere as well as its interaction with 

ATRX77,208,209. The genomic stability relies on the maintenance of DNA methylation pattern 

since DNA hypomethylation results in the formation of micronuclei, which are formed from 

chromosome segregation errors, defective nuclear envelope formation or hypomethylation 

of (peri)centromere regions210ï213. 

In some studies, the relation between DNA methylation and chromosome condensation 

have been addressed. Indeed, upon depletion of condensing complex resulted in chromatin 

decondensation which represents a similar effect as seen in AC-induced DNA 

demethylation185,214,215. DNMT3B and condensin complexes interact with each other leading 

to the assumption that condensin might be involved in DNA methylation maintenance and 

stability of (peri)centromeric regions185. Furthermore, a correlation between hypo- or 

demethlation of pericentromeric region and lack of centromeric cohesion has been assumed 

and propose that DNA methylation might interfere with chromatid cohesion and therefore 

regulating interaction between condensin, cohesion and DNA216. The precise mechanism 
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of action regarding DNA methylation and its influence altering the structure and accessibility 

of chromatin are not yet well described but it has been shown that DNA methylation is 

capable to induce closed chromatin conformation and a sequence-independent manner. 

This influences nucleosome stability and dynamics which are described in changes in 

nucleosome positioning and assembly217ï219 . In addition, DNA methylation might cooperate 

with histone post-translational modifications (PTMs), which differ at centromeric and 

pericentromeric chromatin. The abundance of histone marks H3K9me2/me3, H4K20me3 

and H3S10ph resemble to heterochromatin landscape by low levels of histone acetylation 

marks. In contrast, centromeric chromatin is densely packed but devoid of H3K9me3 but 

enriched in H3K4me2, which is permissive for gene transcription. This specific mark is 

proposed to facilitate HJURPs task in CENP-A assembly as shown by assembly assays on 

synthetic human kinetochore. This specific transcription process at the centromere is 

required for proper functionality of the centromere and builds a link between DNA 

methylation, histone marks and centromere transcription but still is in its infancies185,220ï222.  

In conclusion, DNA methylation has been shown to play a part in the (peri)centromere 

stability and several complexes involved in maintaining DNA methylation pattern as well as 

disease association, draws a link between centromere functionality, histone marks, 

centromere transcription and DNA methylation but have to be further studied to understand 

its implication and how the relationship between these biological processes ensures proper 

chromosome segregation and chromatin integrity.  
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4.5 Linking Centromere to the Microtubules: The Kinetochore as 

bridge for faithful Chromosome Segregation  

For many decades, scientists have been dedicated unravelling the mechanisms of cancer 

development. One field of cancer research is interested in the mechanism of accurate 

chromosome segregation and its regulation. By understanding the process of chromosome 

segregation, novel regulatory proteins might serve as potential targets in drug development, 

leading to new therapeutic cues. One major aspect of chromosome segregation is the load-

bearing attachment of microtubules to the centromere, mediated by the proteinaceous multi-

subunit formation, called the Kinetochore. In the last decades biochemical reconstitution, 

immunofluorescence microscopy, structural biology and mass spectrometric approaches 

provided detailed insights into the kinetochore assembly and its mechanism to ensure 

proper chromosome segregation.166,223,224  

The Kinetochore (Figure 6 C, 7) functions as a mechanosensory, controlling the stability of 

microtubule attachment to the centromere in a bi-orientated fashion. The incomplete or 

erroneous configurations seen in mono-orientation, merotelic attachment or syntelic 

attachment are corrected before the cell executes the segregation processes225 (Figure 6 

A). Before the cell can exit the mitotic state and ensuring the faithful segregation of sister 

chromatids to each side of the opposite spindle pole, the Kinetochore ensures proper 

attachment by applying tension and by regulating the spindle assembly checkpoint (SAC, 

metaphase checkpoint) as a feedback mechanism to favour the bi-orientation of sister-

chromatids and initiate the mitotic exit166,226ï228. An additional checkpoint complex, the 

Chromosome passenger complex (CPC) is actively involved in mitotic progression and error 

correction229. As described earlier the cell cycle is controlled by different Cyclin-CDK 

complexes, having their peak at specific cell cycle stages. By the proteasomal degradation 

of these specific mitotic associated complexes, the cell paves the path towards exiting 

mitosis and entering G1-Phase166,230.   

A recent study identified SENP6 as a critical factor for maintaining centromere and 

kinetochore integrity. SENP6 is a small ubiquitin-like modifier (SUMO)-protease231. The 

depletion of SENP6 leads to hyper-SUMOlyation of CENP-C and CENP-I leading to a 

reduction of centromere bound CENP-C, CENP-T and CENP-A. Moreover, a reduction of 

the KMN network (KNL1, Mis12 complex, Ndc80 complex) components NNF1, DSN1 and 

HEC1 was observed. The loss of SENP6 showed a phenotype in losing old and newly 
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deposited CENP-A and SENP6 is required throughout the entire cell cycle to prevent CENP-

A from being removed from the centromere as well as for stabilizing the centromere and 

kinetochore232. This example shows how little is known till today, which proteins associate 

with the Kinetochore and shape their relationship towards the microtubule-spindle pole 

bodies. Moreover, it shows a prime example on the interplay between the CCAN and KMN 

network to achieve faithful chromosome segregation.  

In the following paragraph the human CCAN as well as the KMN will be described in more 

details. In Figure 6 C, the CCAN bound to a centromeric CENP-A Nucleosome is depicted 

and provides a unique insight on how the centromere and the kinetochore modules interact 

with each other. A more summarized schematic model containing the latest findings is 

depicted in Figure 7. Recent structural studies uncovered the structural inheritance of the 

human CCAN bound to a centromeric CENP-A Nucleosome, providing an interesting insight 

on how the Kinetochore assembles on the centromeric CENP-A site. It has to be mentioned, 

that the human Kinetochore members have homologs in buddying yeast, which will not be 

elicited here in detail. For further details and a comprehensive summary of the buddying 

yeast kinetochore, the review of Kixmoeller K, Allu PK, Black BE, 2020165 is recommended. 

Here the authors compare the known structure of the buddying yeast Ctf19 complex to the 

structural knowledge gained over the human CCAN and compare these.   
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Figure 6: The different attachment of the spindle poles to the centromere and the structural 

features of the CENP -A Nucleosome in comparison to H3 . A) The different attachment styles of 

the spindle poles favouring the amphitelic attachment which bi-orientates the sister chromatids. Other 
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attachment styles lead to aneuploidy and chromosome miss-segregation. B) The structural 

differences of the CENP-A containing Tri-Nucleosome in comparison to canonical H3 Tri-

Nucleosome (here H3.2). The structure with H3 contains the histone linker H1. CENP-A Nucleosome 

do not bind H1 and depict the difference between both Nucleosome structures, the DNA-termini are 

in case of CENP-A to flexible/ apart and cannot be connected by H1. C) It is assumed that CENP-N 

takes over the role of H1 in CENP-A containing Nucleosomes, as seen in the structure of the CENP-

A stacked Nucleosome with CENP-N (right; PDB: 7u47). The recent structure of the centromeric 

CENP-A Nucleosome in complex with the human CCAN has been published. Here the subcomplexes 

are coloured in similar colour to show the architecture of the CCAN. All structures were loaded into 

ChimeraX program and re-coloured for visualization purposes tailored to this doctoral thesis. For 

further information, the original publications are recommended. 
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4.5.1 The Constitutive Centromere Associated Network (CCAN)  

4.5.1.1 Centromeric chromatin shaped by CENP -A containing Nucleosomes  

By incorporating CENP-A into the nucleosome, it actively marks the centromere and 

neocentromeres. Moreover, most centromeric nucleosome contain histone H3 (~97%) and 

only three to four percent are assembled with CENP-A. Looking closer, per centromere 200 

CENP-A containing nucleosomes are present. There have been several different models 

described for the structure of CENP-A containing nucleosomes233. The first model describes 

the CENP-A nucleosome as the known conventional octameric nucleosome with two 

molecules of CENP-A, H4, H2A and H2B, which resembles similar to the known H3 

containing chromatin 234ï236. Another structure was described as a hemisome, where only 

one molecule of each histone is present. The model of a tetrasome where H2A and H2B 

are lacking was proposed, as well 237ï239. In some cases, a heterotypic nucleosome where 

one molecule of H3 and one molecule of CENP-A have been proposed 240,241. In another 

model combining the previous described structures describes the oscillation between two 

forms. During G2, M and G1-Phase the CENP-A Nucleosome is present as a hemisome, 

whereas in S-Phase as an octameric complex242. Using different approaches over the past 

years, the majority of CENP-A molecules assemble as a homotypic, octameric nucleosome, 

which contains two molecules of CENP-A, H4 and H2A and H2B at all cell cycle points. 

Nevertheless, the heterotypic CENP-A/H3 containing nucleosomes comprised at most two 

percent of CENP-A containing chromatin 243,244. Recent Cryo-EM structures (Figure 6 B) 

revealed the unique feature of CENP-A Nucleosomes compared to H3 containing 

Nucleosomes. The DNA ends are highly flexible at the entry and exit sites of CENP-A and 

helps to change the chromatin structure by transient DNA unwrapping at these specific sites 

at all cell cycle points167,245ï247. The flexible linker at the entry/ exit side of the Nucleosome 

shows no cross above the dyad and therefore histone H1 cannot accommodate the binding 

at this region (Figure 6 B, left side compared to H3.2 bound to H1)248. In comparison to 

canonical nucleosomes containing H3 and H4 histones, CENP-A forms a more rigid contact 

with H4. Moreover, the alpha satellite DNA sequence providing another dimension of 

flexibility/ rigidity into the CENP-A Nucleosome-Kinetochore formation process165.This 

specific feature is mediated by the CENP-A N-terminal tail as well from its targeting domain 

(CATD), which consists of a first loop (L1) and a second alpha helix (Ŭ2) and is sufficient 

for CENP-A centromere targeting165. This leads to a more global condensed chromatin state 

but allows accessibility for centromere binding proteins by loosening CENP-A Nucleosome 
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DNA superhelical termini. Sequence alignment of CENP-A with H3 has shown that CENP-

As histone fold domain only shares 62% sequence identity whereas its N-terminal tail does 

not share sequence identity with H3 N-terminal tail. What is shared between both in the N-

terminal tail is the basic character, where lysine residues of H3 have been replaced by 

arginine residues in CENP-A165.    

The more lose DNA superhelical termini at CENP-A Nucleosome entry/ exit side provides 

the Kinetochore complexes a platform to build on. Since the Kinetochore is a several Mega 

Dalton big complex, consisting of several subcomplexes, the Kinetochore can be divided 

into inner Kinetochore and outer Kinetochore layer, based on the localization of the 

subcomplexes in proximal distance to the centromere. The inner Kinetochore is called 

CCAN (Constitutive Centromere Associated Network) and building the very inner axis of 

Centromere Proteins (CENP) binding to the CENP-A Nucleosome directly, whereas the 

outer Kinetochore (KMN network) binds to the most outer layer of the CCAN and to the 

microtubules of the spindle pole bodies (Figure 7). Most of the kinetochore proteins have 

orthologs in S.cerevisiae but are lacking, with the exception of CENP-C, in certain lineages 

such as D.melanogaster or C.elegans. The subcomplexes making up the CCAN and rely 

on reciprocal interactions of their cognate complexes are CENP-B, CENP-T/W/S/X, CENP-

C, CENP-N/L, CENP-H/I/K/M and CENP-O/P/Q/R/U166.  

4.5.1.2 CENP-A loading and recruitment are dependent on Centromere 

Transcription  

CENP-A is loaded onto the centromeric chromatin in a cell-cycle specific manner249. During 

the cell division the total number of centromeric CENP-A is halved250. Hence, CENP-A levels 

have to be maintained to guarantee kinetochore formation and centromeric CENP-A pool 

must be replenished by new CENP-A. In recent studies, it has been shown that nascent 

CENP-A loading is dependent on centromeric transcription145. First clues were discovered 

by studying Schizosaccharomyces pombe, where mutation of RNAPII machinery in initiation 

and elongation factors reduced the overall level of CENP-ACnp1  251,252 . Following this 

observation other works in mammalian cell lines and Xenopus oocyte extract showed the 

knock-down of centromeric transcripts resulted in reduced CENP-A levels at the 

centromere253ï255. By chemically inhibiting active RNAPII, centromeric CENP-ACID was lost 

as shown in mammalian and Drosophila cell lines256,257. The elongation factor Spt6 

facilitates the maintenance of centromeric CENP-ACID 232. Furthermore, inhibition of RNAPII 

during mitosis lead to decreased centromere transcription therefore resulting in anaphase 
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lagging and abnormal chromosome splitting257,258. This active transcription process is 

required to facilitate replacement of placeholder H3.3 histone by new CENP-A259,260. The 

recruitment of CENP-A/H4 is mediated through the specific CENP-A chaperone interaction 

(in humans HJURP and RbAp48261ï263; in fruit flies CAL1264 and fission/buddying yeast 

SCM3265,266). These chaperones have been shown to interact with centromeric transcripts. 

In fruit flies the knock-down of 359 bp satellite RNA reduced the levels of CAL1 at the 

centromere267. Similar in human, HJURP shows direct interaction with alpha satellite 

IncRNAs. The levels of CENP-A and HJURP reduced at the centromere when IncRNAs 

were knocked down257.  

Since the incorporation of ectopic CENP-A leads to chromosomal instability, the deposition 

of CENP-A has to be tightly regulated and its assembly onto centromeric chromatin is 

restricted once per cell cycle. Therefore, the replication of the centromeric chromatin is 

uncoupled from centromeric DNA replication167. In humans the process of replication 

happens in late S-Phase268,269. The active deposition and assembly of CENP-A occurs after 

the exit from mitosis, when HJURP activity rises (late anaphase/ telophase and is restricted 

to the early G1-Phase270,271. The presence of the Mis18 complex, consisting of Mis18Ŭ, 

Mis18ɓ and M18BP1, is a prerequisite to target CENP-A and HJURP to the centromeres. 

In anaphase the complex localizes to the centromere and remains associated till G1204,272. 

Depletion studies on any of the Mis18 complex subunit resulted in chromosome segregation 

defects, misaligned chromosomes, and interphase micronuclei formation204,273,274. Besides 

the contribution of the Mis18 complex, the global regulation of CDK1/2 kinase activity is 

detrimental for CENP-A deposition and restricts this process for the G1 Phase. The highest 

activity of CDK1/2 is during S-, G2- and M-Phase until the mitotic exit. CDK1/2 

phosphorylate M18BP1 and HJURP, leading to inactive complexes until at anaphase onset 

the CDK activity drops and M18BP1 gets dephosphorylated275. In parallel the 

phosphorylation of Mis18Ŭ, Mis18ɓ and M18BP1 by PLK1 promotes its assembly and 

centromeric localization. This is the signal for the recruitment of HJURP and possible the 

incorporation of CENP-A in early G1276ï278. After successful deposition, CENP-A 

incorporation is stabilized by the RSF complex and MgcRacGap279,280. A recent study268 

described how CENP-A inheritance at the centromeric DNA replication fork is maintained. 

CENP-A has been reproducibly localized to the same centromeric sequences before and 

after DNA replication. On one hand, the DNA replication machinery replicates the DNA but 

on the other hand it maintains the epigenetically defined centromere identity by mediating 

the precise reassembly of centromere-bound CENP-A chromatin onto the exact same 
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centromeric DNA sequence within the replicating daughter centromere. Moreover, CCAN 

and CENP-C were essential during DNA replication to retain CENP-A at the centromere. A 

rapid degradation experiment of endogenously tagged CENP-C at early S-Phase provided 

evidence that its importance during S-Phase for CENP-A is essential, since upon deletion, 

CENP-A gets lost in G2-Phase. During late S-Phase where centromeric DNA replication 

happens, CENP-A has been associated with MCM2, a core subunit of the DNA replicative 

helicase MCM2-7 complex. The complex recycles old histones at the replication fork281. A 

current model for CENP-A centromere during S-Phase could be described as followed: The 

retention of CENP-A depends on the presence and physical interaction of CENP-C and 

CCAN members with CENP-A but is additionally coupled with coordinated actions of MCM2, 

HJURP and CAF1. They enable the precise assembly of CENP-A into the chromatin within 

each daughter centromere and thereby maintaining epigenetically defined centromere 

identity268. It has been shown that the histone variant H3.3 serves as a ñplaceholderò for 

CENP-A during S-Phase282. In G1 this mark gets replaced by new CENP-A, which has been 

observed in fission yeast283.  

Recent studies in human and mice showed the importance of centromeric RNA in 

heterochromatin formation284,285. The influence of pericentromeric heterochromatin have 

been extensively studied in fission yeast164. In flies, CENP-ACID prefers to seed out at 

euchromatin-heterochromatin boundaries, therefore suggesting that CENP-A chromatin 

prefers to be right next to heterochromatin domain286. In paternal mouse pronucleus the 

pericentric transcripts created supresses SUV39H2 activity therefore resulting in reduced 

H3K9me3 levels, which might be caused by the formation of RNA-DNA triplexes near the 

nucleosomes285. In contrast, in human SUV39H1 needs to bind to alpha satellite RNA to 

establish constitutive heterochromatin in a dicer-mediated pathway284.     

This overexpression of centromeric transcripts caused genome instability leading to the 

development of various cancer types287. In another study in mouse and human breast 

tumours, lacking BRCA1, which facilitates monoubiquitination of histones associated with 

satellite DNA, lead to increased expression of satellite RNA288,289. In presence of BRCA1 

overexpression of satellite transcripts is supressed. Since overexpression of cenRNA 

shows an influence on heterochromatin formation and causes segregation defects, these 

might function as good predictors for cancer prognosis289. A recent study investigated the 

role of ZFAT in centromere transcription290. ZFAT binds to a specific DNA sequence, which 

is present in each centromere. ZFATôs presence at the centromere increases the level of 
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centromeric histone acetylase KAT2B and produces the histone mark H4 Lysine 8 

acetylation. This leads to the recruitment of RNAPII through BRD4 to the centromere, 

therefore providing evidence for the direct control of ZFAT in centromere transcription290.  

Since Transcription plays a role in centromere integrity, some factors associated with the 

process have been identified. The FACT (transcription-associated chromatin remodeling 

factors) and Mediator complex have been shown to be located at the centromere152,159. In 

S.cerevisiae, FACT promotes RNAPII elongation and is important to correct ectopic CENP-

A loading by mediating its proteasomal degradation. FACT weakens the histone core-DNA 

contact and protect the nucleosome from falling apart before the remodelling of new CENP-

A has been terminated291. Moreover, it has been shown FACT binds to CENP-T/W and 

might promote their deposition as well292. FACT can resolve R-loops as shown in yeast and 

humans. This removal of R-loops prior to mitotic entry could lead to a stimulation of 

centromeric remodelling and transcription293. The Mediator complex functions as a bridge 

between regulatory factors and general RNAPII machinery. In S.pombe the components of 

the Mediator complex form a submodule and moderating RNAPII to mediate the 

transcription, ensuring precise CENP-A loading294,295. Itôs not clear if this module is 

conserved in higher eukaryotes.   
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Figure 7: Schematic representation of the human Kinetochore organization assembled on a 

centromeric CENP -A containing Nucleosome . The schematic organization of the human 

Kinetochore is based on current knowledge in the field. For further understanding, details about each 

complex can be found within the text. 
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4.5.1.3 CENP-B as part of the Centromeric Organization  

CENP-B is a 65 kDa big protein, consisting of a N-terminal DNA H-T-H (Helix-Turn-Helix) 

binding motif and a C-terminal dimerization domain. CENP-B is the only known CENP-

protein to bind a 17 bp specific centromeric DNA sequence called CENP-B box in 

metazoans of which only 9 bp are essential for CENP-B binding as determined by in vitro 

assays. Moreover, CENP-B is capable to modify the DNA by inducing kinks and changes 

the shape of a given DNA sequence 179,296. The CENP-B boxes are present at all 

centromeres in a ~340 bp periodicity except at Y-Chromosomes297. Through its ability to 

dimerize, it is believed that CENP-B might be capable of bringing two separate CENP-B 

Boxes at different alpha satellite monomers, therefore bringing them in proximity and 

influencing the higher order architecture of the centromeric region. CENP-B is localized to 

the centromere throughout the cell cycle298  but little is known about its temporal regulation 

of loading at the centromere at a given time point199. It has been observed a fast turnover 

rate during G1- and S-Phase, while during G2- and M-Phase its stability increases. The fast 

turnover rate was linked to its dimerization ability. Therefore, it is believed that CENP-Bs 

dimerization might stabilize the centromere when CENP-A levels are halved at G2- and M-

Phase to ensure Kinetochore stability and CENP-C maintenance198,299. The binding 

capabilities of CENP-B to its DNA substrate depends on the protein Nap1, where studies 

show that this additional factor improves the affinity to the CENP-B box, while it negatively 

effects CENP-Bs association with non-centromeric DNA 300. Other proteins associated with 

CENP-B are INMAP and ATAC histone acetyltransferase complex and might regulate 

CENP-B301,302. Furthermore, CENP-B is post translationally modified and could have an 

additional impact on its regulation. The acidic domain in CENP-B has been shown to be 

phosphorylated in vitro303 and its N-terminal Glycine is trimethylated by NRMT 

methyltransferase (also seen with CENP-As N-terminal tail at Glycine 1) positively 

influencing the binding to the CENP-B box304. SUMOylation on CENP-B has been linked to 

its stability at the centromere and prevents the interaction between DAXX and CENP-B and 

therefore the incorporation of H3.3. This proposes an additional role for CENP-B in 

heterochromatin architecture and pericentromeric formation305,306. Alteration of CENP-Bs 

binding capabilities towards the DNA is influence by DNA methylation marks. The CENP-B 

box contains two CpG methylation sites and in vitro studies showed decreased affinity of 

CENP-B towards methylated CENP-B box200. Recent studies proposed an inhibiting role of 

CENP-B in RNAi-dependent heterochromatin silencing, hence conferring it with a role of 

negative transcriptional and epigenetic modulator role199,200. Besides the binding of CENP-
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B to the CENP-B box, it binds in addition to the N-terminal region of CENP-A and to CENP-

C by its acidic domain198,307. The interaction towards CENP-A stabilizes the CENP-A 

Nucleosome and promotes incorporation of CENP-B into the Centromeric Chromatin, since 

in vivo depletion experiments of CENP-Aôs N-terminal domain led to decreased CENP-B 

levels198. Similarly, depletion of the acidic domain of CENP-B led to altered CENP-C 

assembly at the centromere as well as cell cycle delay. When CENP-B was completely 

depleted, the CENP-C level decreased 2-fold at the centromere 198,307. Although CENP-Bs 

role in mice has been shown to be redundant, in human CENP-B shows that high levels of 

it at centromeres contribute to less mis-segregation events upon rapid removal of CENP-

A199. Moreover, CENP-B has been implicated in replication initiation and stability of 

replication fork at centromeric sites308. As elevated in previous paragraphs, the formation of 

heterochromatin marks at the pericentric region is important for the stability of the 

centromere and subsequent chromosome segregation. CENP-B might play a role in the 

formation of this specific chromatin organization.  

A recent study309 provided an insight on how CENP-B is capable to mediate/alter between 

the pericentromeric heterochromatin mark and supresses its invasion into centromeric 

regions. The investigators set up a screen with tetR-EYFP-CENP-B as a bait protein to find 

specific partners of CENP-B at the centromere. Besides finding CENP-A and CENP-C, they 

found Suv39h1, a histone methyltransferase responsible for heterochromatin mark 

formation. Moreover, other factors such as ASH1L, NSD1, KMT2A, KDM4D, KDM68, 

KDM7A, PHF2, DAXX, Mis18BP1 and HP1 were identified. The authors chose to further 

investigate ASH1L and HP1 role in the binding to CENP-B. Both proteins bind at the same 

acidic region in CENP-B (aa 403-556). Moreover, the acidic domain was sufficient to recruit 

the other mentioned factors, hence leading to an important role for this domain on the overall 

centromeric chromatin formation. Assays showed ASH1L might act on CENP-B containing 

Chromatin by supressing excessive assembly of HP1, which maintains heterochromatin 

formation. Similarly, HP1 has been shown to act in a similar manner to supress the influence 

of ASH1L on chromatin. The authors conclude through CENP-Bs acidic domain ASH1L 

and/ or HP1 are recruited in a mutually exclusive fashion to óbidirectionallyô generate an 

alternative epigenetic chromatin, whose balance maintain centromere function. ASH1L 

function and localization at centromeres were not previously reported. ASH1L is known to 

methylate H3K36 and mutually exclusive with polycomb group-mediated H3K27-methylated 

facultative heterochromatin310,311. CENP-B might be able to alter chromatin formation by 

recruiting other centromere-related proteins to replace histones by e.g. H3.3, which have 
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been shown to be a placeholder or CENP-A replenishment but also important for 

heterochromatin maintenance282,312,313. Therefore, CENP-B can switch actively depending 

on the presence or absence of functional centromere. Since H3.3 localizes to 

transcriptionally active chromatin and centromeric transcription have been shown to 

maintain centromere integrity and histone marks such as H3K27 methylation inhibits the 

transcription process leading to CENP-A impaired assembly. Hence, transcriptional marks 

might provide further direction of CENP-B to ñswitchò between chromatin states. The 

authors conclude with a model, where binding of CENP-Bôs acidic domain with ASH1L 

promote CENP-A incorporation, whereas binding of HP1 promotes H3.3 incorporation and 

trimethylation at K9 by Suv39h1 and therefore the alternative chromatin state can be 

switched by CENP-B309.  

Another recent publication314 shed light on how CENP-B can contribute to higher order 

chromatin architecture by performing DNA loops. CENP-B originates from the 

domestication of pogo-like transposases. It is the only known centromeric DNA-sequence-

specific binding protein known till date, which associated with the alpha-satellite of all 

centromeres except at the Y-Chromosome. The centromere containing AT-rich DNA is 

known to have diverse structures, ranging from DNA dyad symmetries to non-B form DNA 

such as hairpins, Z-DNA or intercalated motifs. However, these secondary structures are 

not predicted in centromeres containing the CENP-B boxes. Therefore, this provides an 

implication, that CENP-B itself could promote secondary structures once it is bound to its 

target sequence. Since CENP-B is also able to introduce DNA-bending (kinks), leading to 

a translational position of the nucleosome, the positioning of centromeric nucleosomes and 

the overall chromatin fibre architecture might be influenced by CENP-B. By applying optical 

tweezer methods, the human centromeric DNA could be shown to self-organizes into non 

B-form secondary DNA structures. These preferentially form local double-stranded hairpins 

and complex secondary structures. It could be ruled out that the addition of Mg2+ ions 

present in the buffer induced the hairpin accumulation. The binding of CENP-B to the CENP-

B box reshapes the centromere and forms submicron sized DNA loops between repeats. 

This leads to compacting and clustering of centromeric chromatin. In living cells, Chardon 

et al. (2022), showed the importance of these specific features, since these loopings 

preserve centromere positioning and DNA integrity. Upon binding to the CENP-B box, 

CENP-B and the DNA form a tetrameric complex, where a homodimeric CENP-B molecule 

binds two molecules of DNA. Further investigation showed the formation of compact 

centromeric DNA in secondary structures of defined size of 350-550 bp sized DNA loops. 
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The dimerization domain of CENP-B plays a crucial role, since a mutant unable to dimerize 

reduced the loop formation to 17-23%, whereas the full-length protein produced loops from 

36-65%. Next the investigators examined the role of CENP-B in vivo. Here, depletion 

experiments with the auxin system showed, when CENP-A and CENP-C are depleted and 

subsequently activated by IAA removal, reloading of CENP-C failed, when the cells had 

downregulated CENP-B levels. The levels could be restored by induction of doxycycline 

inducible CENP-B wildtype but not in the case of CENP-B dimerization mutant. Therefore, 

the dimerization domain maintains centromere by promoting CENP-C association and aids 

to deposit CENP-A. In another experiment CENP-B has been shown to create a certain 

distance between sister chromatids. This observation seems to be significant, since 

disruption leads to centromere fragility due to chromosome breakage or decondensation of 

centromeric regions, which are further supported by the accumulation of DNA-damage 

marker yH2AX in mitosis and protein 35BP1 following in G1- Phase. When CENP-B was 

overexpressed, the accumulation of 35BP1 could be rescued, whereas the dimerization 

mutant was less efficient. Interestingly, CENP-B dimerization mutant was still able to 

compact the chromatin to a certain degree, therefore it could be that other domains of 

CENP-B are likely involved in heterochromatin formation and/ or transcriptional regulation.  

Taken all results together, CENP-B facilitates CENP-A deposition by forming these specific 

structures at the centromere and bridges centromere binding proteins (CENP-C and CENP-

N) to the CENP-A Nucleosome. These specific structures also might be important for 

HJURP, which recognizes cruciform structures built by CENP-B. Another structure at the 

centromere has been observed: RNA-DNA triplexes such as R-loops, which were 

associated with ATR kinases, safeguarding the genome stability. The possibility exists, 

where these secondary structure formation by CENP-B and other centromere proteins lead 

to its organization314.  

Taken together current findings suggest a more prominent role of CENP-B at the 

centromeric chromatin organization. Future studies have to address the importance of 

CENP-B at the human centromere region and what structural features does CENP-B inherit 

to maintain or alter the (peri)centromeric chromatin.  

4.5.1.4 The corner stone of the CCAN formation: CENP -C 

The first CENP proteins binding to the CENP-A Nucleosome are CENP-C and CENP-N by 

a discrete binding fashion. The CENP-A Nucleosome can be seen as the root of a tree 

where the tree trunk is built upon CENP-C harbouring binding sites for several Kinetochore 
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components, serving as a óblueprintô for CCAN assembly and organization. CENP-C is an 

elongated protein with several unstructured regions and two nucleosome binding domains, 

a central domain and the CENP-C motif followed at the C-terminus with a cupin fold, known 

for dimerization. The CENP-C motif is conversed from S.cerevisiae. In contrast, the central 

domain is only conserved in mammals and is characterized by a high specificity for CENP-

A over H3, when compared to the less specific CENP-C motif inherited from previous 

ancestors165,315. The speciality of the central domain has been directly linked to DNA 

replication process, where CENP-C directs structural transition in the CENP-A Nucleosome 

and stabilizes it 316ï318. Within the last two years, incredible biochemical and structural 

biological insights could have been gained in understanding the assembly mechanism of 

the CCAN onto CENP-A containing Nucleosomes. A recent study319 provided a closer look 

at CENP-Cs contribution to the very inner Kinetochore axis. Since CENP-C is intrinsically 

disordered and hard to express and purify recombinantly, the investigators used a 

SpyTag/SpyCatcher method, to covalently fuse two recombinantly expressed and purified 

polypeptide chains through the formation of an isopeptide bond and linking therefore CENP-

C1-600 with CENP-C601-943. After obtaining a functional fusion construct of full-length CENP-

C, they subjected fused CENP-C for several biochemical assays to assess if it behaves as 

the wildtype form. Indeed, it showed CENP-A Nucleosome, CCAN and outer Kinetochore 

binding abilities. Next, the investigators were interested in the question, if human CENP-C 

would adopt a similar conformation as seen with S.cerevisiae ortholog Mif2, where Mif2 

adopts an autoinhibited conformation at the N-terminal region, which supresses the binding 

of ortholog Mtw1 complex (in human Mis12 complex) before it binds to Cse4 (CENP-A) 

Nucleosomes. The investigators could not determine such a conformation for the human 

ortholog since binding of CENP-C to Mis12 complex or Ndc80 complex were not altered 

and additional phosphorylation by CDK1 did not show any phenotype in this direction. 

Therefore, it is assumed, that this mechanism observed in buddying yeast might be special 

to the point centromere. CENP-C has a dimerization domain at the C-terminal part of the 

protein and the fused CENP-C product showed stable formation of a dimer as judged by 

AUC and SEC analysis. Through its ability to form dimers, CENP-C is capable to bind at 

least two CENP-A Nucleosomes and simultaneously provide further binding sites for other 

Kinetochore members, thus stabilizing the CCAN at the centromeric site319. Another study 

biochemically and structurally investigated the behaviour of phosphorylated CENP-C 

central motif on CENP-A Nucleosomes320. By phosphorylating chicken CENP-C fragment 

601-846 with CDK1 they observed a tighter binding to the CENP-A Nucleosome. Moreover, 
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they found out that extended regions around the central motif are required to stabilize the 

binding to CENP-A Nucleosomes but also specifies this region for binding only CENP-A. 

Furthermore, structural details highlighted how the interaction is coordinated by three 

elements of the CENP-A Nucleosome ï C-terminal tail, RG loop in CENP-A as well as the 

acidic patch of H2A/H2B ï. In addition, their structure could provide an explanation how 

CENP-C and CENP-N might bind at the same region without steric clashing, where they 

show that other studies used to short constructs to see a reach out to the RG loop of CENP-

A. Since the used construct stretch is well conserved between chicken and human 

(including CDK1 phosphorylation site) it is likely, that this might reflect how the binding mode 

of the central motif of CENP-C in respect to CENP-N binding might be319.    

4.5.1.5 Building up the CCAN: CENP -N/L, CENP-H/I/K/M and CENP -O/P/Q/U/R 

CENP-N/L complex 

The N-terminal portion of CENP-N binds CENP-A by its CATD domain (centromere-

targeting domain) at the flexible L1 loop and the Ŭ2 helix. The binding tights CENP-A to the 

nucleosomal DNA and stabilizes CENP-As surface bulge which might add additional 

stability to the centromere chromatin165. In addition, the CATD region is required as an 

interaction hub for HJURP deposition of CENP-A into centromeric chromatin(ref135,139)166. 

A recent study by Keda Zhou et.al (Nature structural & molecular biology, 2022)321 shed 

light on how CENP-N might interact with CENP-A in a specific manner (Figure 4 C, right 

panel). The construct of CENP-N spanning form residue 1 to 289 promoted with centromeric 

CENP-A Nucleosome a stacking like behaviour. About 30% of the particles on a cryo-EM 

grid showed stacking ranging from 2 to 10 Nucleosomes. The same behaviour was seen 

with CENP-A Nucleosomes wrapped around a Widom601 sequence. To exclude cryo-EM 

artefacts, sedimentation-velocity analytical ultracentrifugation experiments were conducted. 

It showed that single CENP-A Nucleosomes behaved as canonical H3 containing 

Nucleosomes. But when incubated with CENP-N1-289, the sedimentation coefficient was 

determined between 13S to 30S, similar values seen for dinucleosomes or 12mer 

nucleosome arrays. The same experiment was conducted with H3 Nucleosomes but there 

were no such species observed. In addition to exclude any artefacts of the used construct, 

the complete CENP-N/L module was used and showed the same outcome, therefore 

promotes CENP-A Nucleosome oligomerization. Another interesting observation was the 

dependency of salt concentration used to observe stacking behaviour. When the 

experiments were conducted with 200 mM salt, the stacking could be observed but with 
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increasing salt concentration the stacking disappeared although CENP-N remained bound 

to the CENP-A Nucleosome. Another aspect of this study was, if CENP-N can promote the 

stacking of CENP-A and H3 Nucleosomes. Therefore, they applied FRET experiments and 

obtained signals for this theory. Moreover, CENP-N seem to promote similar structural 

chromatin features as H1 linker histone but using a different mechanism321. Besides this 

interesting study, another study322 promoted a big contribution on how the human 

interphase CCAN assembles onto a centromeric CENP-A Nucleosome (Figure 4 C, left 

panel). Structural details of the assembled CCAN with and without CENP-A Nucleosome 

revealed interesting insights, on how the CCAN interacts with each other, promote a stable 

conformation of the subunits and how they interact with the alpha satellite DNA. As a short 

notice aside, the presented structure might show how the interphase CCAN assembles onto 

the centromeric CENP-A Nucleosome. The structure does not include any mitotic 

phosphorylation states or any known modifications on the CENP-A Nucleosome. Similarly, 

another study323 published a cryo-EM structure of the human interphase CCAN but without 

a CENP-A Nucleosome. Both studies had similar conclusion on how the CCAN assembles. 

As already described in previous studies, when CENP-A wraps around an alpha-satellite 

DNA, the DNA termini are flexible and unwarp about 22 bp at both ends mostly324ï326. When 

assembly the CCAN onto the centromeric CENP-A Nucleosome the authors observed how 

a 24 bp DNA duplex channels through the CENP-N/L complex322. Here the first time it is 

reported that the contact is made by the extranucleosomal DNA to the inner axis of the 

CCAN. Since they did not include full length CENP-C into the structure, the structural 

features just mentioned for CENP-C could not be structurally determined here. 

Nonetheless, the DNA phosphate backbone was tightly gripped by the conserved basic 

residues in the CENP-N/L channel. The tight grip to the DNA is further extended by the 

raised head conformation of the CENP-H/I/K/M module322. 

It has to be mentioned, that the authors did not mention any stacking formation of CENP-N 

to the CENP-A Nucleosome used. By comparing both Cryo-EM structure preparations it 

became evident why this phenomenon could not be seen. Since stacking of CENP-N in the 

previous study321 can only be observed at Ò 200 mM salt concentration, the current structure 

of CCAN bound to centromeric CENP-A were conducted at 300 mM salt conditions, 

therefore the formation was perturbed. Taken both observations together, it could be, that 

maybe at similar salt concentrations a similar effect could have been seen or upon binding 

of CENP-N/L to the CCAN, its structural behaviour changes completely, which have to be 

addressed in further experiments.   
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CENP-H/I/K/M complex 

The recruitment of the tetrameric CENP-H/I/K/M complex is mediated by CENP-C and 

CENP-N/L, which have been prebound to the centromeric nucleosomes327. It has been 

shown, that CENP-H/I/K/M contributes to the CENP-A nucleosome binding affinity of CENP-

C and CENP-N/L but as a single unit it is not selective for CENP-A nucleosomes compared 

to canonical H3 Nucleosomes 328. The subunit member CENP-M has been shown to contain 

a pseudo-GTPase unit, which is required to stabilize the binding to CENP-I and is essential 

for the stability of the entire complex. In vivo studies have shown that CENP-M:CENP-I 

interaction is disrupted, it leads to defective kinetochore assembly and chromosome 

alignment329. In an initial study322, the investigators were interested in how CENP-C would 

fit in the CENP-N/L and -H/I/K/M binding, they tried to determine the structural features of 

CENP-C PEST domain upon binding to CENP-N/L and CENP-H/I/K/M. Former obtained 

biochemical data shows that his region is required to bind both modules. In their obtained 

structure, they can see an additional density but cannot assign any structural features. 

Therefore, they applied AlphaFold predictions to model how the PEST domain interacts with 

each module individually322.  

AlphaFold is a computational method capable predicting the 3D-protein structure of any 

given protein sequence near experimental accuracy in the majority of cases. This 

computational prediction by a neural network revolutionized the structural biological field. It 

does not do a template bases search, rather predicts the 3D coordinates of all heavy atoms 

given in a protein primary sequence and aligned sequences of homologues as an input. 

After training the network, predicted structures of different scores can be viewed. By 

comparing the prediction with the actual experimental dataset, the majority of the predicted 

structure fit near perfectly into the experimental determined one. Therefore, AlphaFold can 

provide valuable insights in a proteinôs domain architecture but also intrinsically disordered 

regions, allowing to study the protein of interest without doing actual structural experiments 

in the first place330,331.  

After obtaining the AlphaFold prediction for the PEST-Domain binding to CENP-N/L module 

they found the conserved DEFxIDE motif (aa 301-307) would from an edge ß-strand with 

the CENP-N ß-sheet, corresponding to the observed density and the amino acid residues 

Phe and Ile within this conserved motif dock into a hydrophobic pocket of the CENP-N/L 

interface, whereas these are flanked by acidic residues forming an electrostatic interaction 
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with the conserved Arg and Lys residues of the CENP-N/L module322. In agreement with 

previous studies, mutation in EFxID motif abolishes the interaction with CENP-N/L in vitro 

and shows in vivo impaired recruitment of CENP-N to the centromere, without perturbing 

the localization of CENP-C at the centromere332. Similarly, the FxxLFL motif (aa 262-267) 

is known to bind CENP-H/I/K/M. Here the prediction shows an alpha helix binding to a 

hydrophobic site in the combined CENP-H/K/M interface, which corresponds to the 

observed extra density. Previous studies investigating the binding to this motif described 

that the mutation of LFL residues resulted in loss of CENP-H/I/K/M in vitro and in vivo333. 

Moreover, the overall structure of the CENP-N/L and CENP-H/I/K/M module back-faces the 

CENP-A Nucleosome, suggesting how CENP-C might tethers the Kinetochore 

subcomplexes to the Nucleosome. In additional assays it became clear, that the 

extranucleosomal DNA is required for stable CCAN association with the CENP-A 

Nucleosome, since shorter construct resulted in impaired CCAN-CENP-A Nucleosome 

association. Comparing the results with previous structural studies of CENP-N alone with 

CENP-A Nucleosome, they found out, that the CENP-N/L module behaves differently when 

it is associated with the complete CCAN. As a standalone module, it has been shown to 

interact with the L1 loop of CENP-A and the adjacent DNA gyre but when it is in complex 

with the other members, this interaction could not be observed, rather it was linked to the 

extranucleosomal DNA and the interaction to the L1 loop of CENP-A was not 

established322,334.  

CENP-T/W/S/X complex 

Another complex, the tetrameric CENP-T/W/S/X complex has been shown to be part of this 

Mega Dalton Kinetochore complex too. It consists of two-unit CENP-T/W and CENP-S/X 

and each component contains a histone fold domain327,335. The turnover of CENP-T/W 

happens frequently throughout the cell cycle, and its incorporation into the centromere 

occurs at late S-Phase and G2-Phase336. The N-terminal tail of CENP-A and the CENP-

H/I/K/M complex tethers the recruitment of CENP-T to the Kinetochore165,337. CENP-S/X 

does not seem to be essential, since in vertebrates CENP-T/W are more important338,339. 

Since structural data of CENP protein complexes are rare, it has been proposed that CENP-

T/W/S/X form a tetrameric structure and organizes the DNA in a nucleosome-like 

complex166. The ability to bind DNA relies on the histone fold domains of each protein 

member, but in case of CENP-T and -W it does not exhibit sequence specificity. Moreover, 

the binding of CENP-T/W/S/X induces a positive DNA supercoiling340. Another interesting 
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observation was made, when ablation of CENP-T/W or CENP-S/X lead to distinct effects 

on the outer kinetochore stability 338,339. It seems that CENP-T/W/S/X might have a dual role 

at the kinetochore. In a very recent publication, the investigators addressed in their 

publication the role of CENP-T/W/S/X in the context to centromeric CENP-A Nucleosome 

binding322. The CENP-T/W/S/X module interacts as well with the extranucleosomal alpha 

satellite. In contrast to the structural findings, the module does not change the fundamental 

mechanism of the CCAN assembly. Electromobility Shift Assays revealed the module 

increases the overall affinity of the CCAN towards the Nucleosome but does not 

discriminate between CENP-A or H3 containing Nucleosomes. The histone folds present in 

each of the subunit members resemble in their structural feature as histone H3-H4 tetramer, 

which forms multiple interaction with neighbouring CCAN subunits and the DNA. Upon 

binding of the module, the H/I/K/M module gets slightly repositioned mediated by the CENP-

T/W subcomplex and CENP-W contacts CENP-N. The extranucleosomal DNA gets 

topologically entrap upon binding of the CENP-T/W/S/X module, since they mediate the 

linkage of the H/I/K to CENP-N and CENP-Q/U forming an enclosed chamber. The extrusion 

of extranucleosomal DNA through the CENP-N/L channel is taken up by the CENP-T/W/S/X 

module, where the DNA wraps around the CENP-T/W histone fold domain, similar to H3-

H4 wrapping mechanism, where the binding is augmented by the CENP-H/I/K/M module322. 

In previous studies the CENP-T member was proposed to have an additional role in 

recruiting the KMN network through a distinct pathway341. This additional function has been 

investigated in chicken DT40 cells and human RPE-1 cells342. They showed that in chicken 

DT40 cells the CENP-T-K/M/N recruitment is essential for cell viability, emphasizing that 

this could be crucial in chicken. CENP-T has been shown to bind one KMN complex and an 

additional copy of Ndc80 directly making up to 3 copies in total bound by CENP-T. 

Moreover, they show that CENP-T is crucial for KMN assembly, since its flexible N-terminal 

region binds two distinct Ndc80 molecules through a motif encompassing CDK1 

phosphorylation sites (T11, T85, S201). In combination with another CDK1 phosphorylation 

at T195 mediates the binding an entire KMN complex through binding to Mis12 complex342. 

In contrast, CENP-C has been shown to bind only through Mis12 complex and therefore 

recruits only once the KMN at this site343. An interesting finding was the binding of CENP-T 

to the Mis12 complex but in future studies the regulatory mechanism of Mis12 complex 

recruitment onto the CENP-T pathway have to be investigated.   

Taken together, the CENP-T/W/S/X module acts at both extreme ends: a) at the centromeric 

region, where it interacts with the extranucleosomal DNA of the CENP-A Nucleosome and 
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b) in the recruitment of the KMN network to the Centromere and thus reveals its multifaceted 

function at the centromere. 

CENP-O/P/Q/U/R complex 

As another important connector between CCAN and KMN network seems to be the five-

subunit CENP-O/P/Q/U/R complex344,345. The recruitment is mediated by the CENP-C-

CENP-N/L-CENP-H/I/K/M complex, preassembled on CENP-A Nucleosomes166. The 

binding occurs at a joint interface of CENP-N/L and CENP-H/I/K/M. The five units can be 

divided into three standalone subcomplexes: CENP-O/P, CENP-Q/U and CENP-R 346. The 

recruitment of CENP-O/P/Q/U is interdependent and can localize to the Kinetochore without 

the need of CENP-R. CENP-R is interacting mainly with CENP-Q/U subcomplex and in vivo 

data showed that CENP-R might not be important for spindle damage recovery, as seen for 

the other components 346. As seen in the study322,  the architecture of the CCAN resembles 

the buddying yeast one reported325,347. The CENP-O/P/Q/U/R module assembles on one 

flank, whereas the CENP-H/I/K/M lope assembles at the other flank of the central CENP-

N/L module. The channel formed by CENP-N/L is further extended by one side with the N-

terminal coiled coil domain of CENP-Q/U. In conjunction with the RWD domains of CENP-

O/P, the C-terminal region of CENP-Q/U and with CENP-R, these structural features form 

into a cap domain above CENP-N. Moreover, a flexible linker within the CENP-O/P/Q/U/R 

module links the N-terminal alpha helix of CENP-O with the module but also interacts with 

a conserved pocket build by CENP-I/K. Upon depletion of the N-terminal 35 residues leads 

to destabilization of the entire CCAN. As the investigators studied further the role of CENP-

O/P/Q/U/R in the context of CCAN assembly by in vitro assays, they concluded that the 

module contributes very little to the attachment of vertebrate kinetochores to the 

Centromere. These findings suggest that the module might have an additional functional 

task. Indeed, a previous study346 and links the CENP-O/P/Q/U/R module to the binding of 

Ndc80 complex, which belongs to the outer layer of the Kinetochore, the KMN network. 

Specifically, CENP-Q plays an important role in binding to the KMN. By performing 

microtubule binding assays, they distinguished that the CENP-Q/U subcomplex is 

responsible for decorating microtubules, whereas the CENP-O/P does not have such a 

function and is more likely carried along by CENP-Q/U. The Ndc80 complex act at hight 

concentration cooperatively with the microtubule lattice and interacts along the 

protofilaments by alternating Ŭɓ and ɓŬ tubulin interface. At 100 nM Ndc80 decorated the 

microtubule lattice. By titrating in 400 nM CENP-O/P/Q/U, Ndc80 complex got removed and 
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the module decorated the microtubule lattice. The experiment was performed in a reverse 

order and when titrated in Ndc80 (400 nM) the same could be observed, where CENP-

O/P/Q/U was displaced by Ndc80 complex. The authors found out that CENP-Q has an N-

terminal 67 residue stretch of basic nature, which is required for binding to microtubules, 

explaining partially its competitive behaviour towards Ndc80 microtubule binding. In vivo 

studies showed strong accumulation of chromosomes near spindle poles, when CENP-Q 

was depleted, hinting towards congression errors. Moreover, this phenotype showed 

reduced levels of CENP-E, an additional factor in the fibrous corona. The phenotype could 

be rescued upon overexpression of CENP-Q to a wildtype scenario. Further studies showed 

that CENP-O/P/Q/U/R is required for chromosome alignment and microtubule interaction. 

The authors found two major differences in the binding mode of CENP-Q in comparison to 

Ndc80 towards the microtubules.  The interaction in Ndc80 tail is accompanied by the 

presence of the calponin homology (CH) domain, contributing to microtubule binding. In 

contrast, CENP-Q/U do not have such a domain. Furthermore, the second difference is the 

regulation of Ndc80ôs tail by phosphorylation events mediated by Aurora A, Aurora B or 

CKD1, whereas CENP-Qôs tail might have two possible phosphorylation sites for Aurora 

Kinases but not for CDK1346.  

In summary, the outermost CCAN module, CENP-O/P/Q/U/R is recruited by CENP-N/L and 

CENP-H/I/K/M and links the CCAN to the KMN network.  

4.5.2 The KMN network connect s the CCAN to the Microtubules  

4.5.2.1 The KMN member Ndc80 links to the Microtubules  

The primary microtubule receptor at the Kinetochore is the four-subunit Ndc80 complex, 

consisting of two heterodimers Ndc80, Nuf2 and Spc24 and Spc25 (Ndc80:Nuf2, 

Spc24:Spc25)166. The microtubule binding is mediated through a N-terminal globular 

domain as well as a C-terminal coiled coil domain of Ndc80:Nuf2. The basic N-terminal tail 

contains a calponin homology domain, facilitating the interaction with the acidic E-hook on 

both alpha- and beta-Tubulin. The calponin homology domain is required for its high-affinity 

binding of the complex to the microtubules but it has been shown that this domain does not 

provide a direct contact to the tubulin monomers 348ï350. The heterodimer Spc24:Spc25 

complex consists of a C-terminal globular region containing paired RWD domains, as well 

as a N-terminal coiled coil domain. Each protein pair interacts via their coiled coil domain 

through the process of dimerization and forming the tetrameric complex165. The overall 
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dumbbell-like shape characterizes the Ndc80 complex where the outer parts have globular 

domains and the interior the dimerization by the coiled coil domains. Due to its elongated 

shape of Ndc80, a full complex formation could not be determined structurally, but modified 

constructs lead to the óbonsaiô and the ódwarfô form of the complex, enabling important 

insights on how this complex executes its function as a part of the outer kinetochore351. One 

of the inner Kinetochore components, the N-terminal disordered part of CENP-T, has been 

shown to interact with the RWD domains of Spc24:Spc25 allowing to recruit two Ndc80 

complexes for each copy of CENP-T341,352,353.  

4.5.2.2 The Mis12 complex as additional stabilizer for correct CCAN -Microtubule 

attachment  

Another component of the KMN network is the four-subunit Mis12 complex, consisting of 

the proteins Dsn1, Nsl1, Mis12 and Pmf1, which come together as subcomplexes as 

Dsn1:Nsl1 and Mis12:Pmf1343,354,355. It has been shown that Mis12 complex interacts with 

CENP-C and CENP-T, hence bridging the KMN with the CCAN. Furthermore, the complex 

contains binding motifs for Ndc80 complex and Knl1 to form the KMN network. As previously 

described, CENP-T can bind two Ndc80 complexes. Now CENP-T is capable of binding 

Mis12, which in conclusion provides an additional Ndc80 molecule to bind through the Mis12 

complex, making in total three Ndc80 complexes bound only by CENP-T356,357. Since also 

CENP-C with its N-terminal domain can bind the Mis12 complex, it has been proposed that 

with this pathway two Mis12 complexes can be recruited to a single CCAN358. In theory, one 

CCAN harbouring one CENP-T and one CENP-C sites (other side binding to CENP- N/L, 

CENP-H/I/K/M) can bind up to four Ndc80 complexes165. The N- and C-termini of all four 

subunits cluster at opposite ends of the rod and at the C-termini the linear motif of Nsl1:Dsn1 

subunits provide the binding interface for the RWD domain in the Spc24:Spc25 subcomplex 

of the Ndc80 complex359. The Mi12 complex looks like a Y-rod-shaped complex with high 

helical content and linear motifs343,359.  

4.5.2.3 The KNL1 complex as additional proof -reader for  correct Kinetochore -

Microtubule Attachment  

The KMN network is completed when the KNL1 complex, composed of Knl1 and ZWINT, 

joins the network. Knl1 is the largest subunit in the outer kinetochore sphere with 2316 

amino acid residues in human. Knl1 is largely intrinsically disordered, except the last ~500 

residues165,359. Moreover, the protein contains an array of protein docking motifs such as in 



- 64 - | P a g e 
 
 

 

the N-terminus a canonical PP1 phosphatase binding site or multiple MELT (Met-Glu-Leu-

Thr) repeats that after phosphorylation serve as docking sites for the SAC (Spindle 

Assembly Checkpoint) protein complex (Bub1:Bub3)166. The C-terminal part of Knl1 

contains coiled-coils and tandem RWD domains, where the latter one function as interaction 

domain for Mis12 complex binding. ZWINT binds at an extended domain, comprising of 

coiled-coil regions. ZWINT has a central role in recruiting the SAC to ensure proper 

chromosome alignment and correct KT-MT attachment before mitosis onset360ï363.  

4.5.3 The regulation of the Kinetochore -Microtubule Axis  

Chromosome loss or gain at the end of mitosis is linked to erroneous Kinetochore-

Microtubule attachments. These defects lead to aneuploid or micronuclei formation. The 

attachment state of chromosomes is monitored by SAC before anaphase onset364. The 

miotic progression is delayed as long as the incorrect attached Kinetochores are not 

resolved and correctly linked to spindle microtubules. If the correct KT-MT attachment have 

been created, the SAC is silenced, and chromosome segregation can be executed. Notably, 

the SAC cannot discriminate between correct and erroneous KT-MT attachment365. In 

humans, the microtubule turnover fastens during prometaphase and decreases in 

metaphase, modulated by CDK1:CyclinA complex levels. Following the degradation profile 

of this complex, reaching its peak in metaphase, it might contribute to indiscriminate 

regulation of KT-MT end-on attachments by maintaining this interaction in relatively 

unstable state. Furthermore, by applying gradual tension throughout the different mitotic 

states, the correct attachment (amphitelic) can be achieved and favourably stabilized366.     

The binding of microtubules through the Ndc80 complex only partially depicts the true 

situation at this interface. Many other proteins further mediate or physically connect or 

support the interaction. One of them is the Ska complex, consisting of the trimer Ska1, Ska2 

and Ska3 forming a W-like shape formed from dimer association of helical bundles367ï369. 

The C-terminal winged-helix domain in Ska1 interacts with tubulin and tracks both 

polymerizing and depolymerizing microtubules. Ska3ôs unstructured C-terminal region also 

facilitates the interaction between the complex and microtubules370ï372.  

During mitosis an extended fibrous structure, known as the fibrous corona, radiates from 

the distal surface of the outer kinetochore plate without attached microtubules. Its 

morphology changes upon attaching kinetochore to microtubules during mitosis373,374. 

Proteins associated with this fibrous corona are Dynein, Kinesin, CENP-E, CENP-F, Rod-
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Zw10-Zwilich complex (RZZ) and SAC proteins. The localization of RZZ depends on Knl1, 

Bub1 and Spindly. Depletion of Spindly or RZZ components resulted in defects in SAC 

signalling and prevents the formation of extended outer kinetochore suggesting a role in 

kinetochore expansion165,366.  

In order to ensure correct chromosome segregation, the correct attachment of microtubules 

to the kinetochore has to be carefully monitored. One of the surveillance systems is the 

CPC (Chromosome passenger complex)165. CPCs function correlates with the mitotic 

progression, where its localization alters dynamically from chromosome arms to spindle 

midzone via centromeres. The spatiotemporal activity of CPC lies in its localization during 

the cell division. First it is recruited to the kinetochore and centromeres in early mitosis and 

gradually shifts to an occupation state at the centromere at late prometa- and metaphase.  

The Aurora B kinase, a key regulator and catalytic subunit of the CPC phosphorylates sites 

at the N-terminal tail of Ndc80, leading to a neutralizing of its positive charge and thus 

decreasing its microtubule affinity. This way, a post-translational modification, here 

phosphorylation, serves as a negative regulator for kinetochore-microtubule 

attachment373,375ï378. 

Another kinase, Aurora A, involved in spindle pole separation in early mitosis, shows also 

similar regulatory mechanisms by also phosphorylating sites in the N-terminal tail of 

Ndc80379ï381. If the precise bi-polar attachment has been achieved, the Aurora B substrates 

are physically separated from the Aurora B activity gradient and are dephosphorylated for 

instance by protein phosphatase 1 (PP1)382. This dephosphorylation states is kept upon 

mitotic progression. Another mitotic kinase, Mps1, is a critical orchestrator of SAC signalling 

and is implicated in error-correction by phosphorylating key players involved in this process. 

Mps1 can directly phosphorylate Ndc80 to waken KT-MT interaction independently of 

Aurora B382ï386.  

Moreover, another important kinase, PLK1 shows a positive and negative regulatory 

function towards KT-MT attachment387. How this is executed by PLK1 remains elusive. 

PLK1 is a crucial mitotic regulator with diverse functions like timely mitotic entry, centrosome 

maturation, mitotic spindle assembly, cohesion dynamics, KT-MT attachments, and 

cytokinesis366.  

Taken all together, the cell has found sophisticated mechanisms to ensure correct 

Kinetochore-Microtubule attachment and established feed-back mechanisms and 
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surveillance checkpoints to ensure correct chromosome segregation and subsequently 

genetic integrity to the next daughter cell.  

4.6 The novel Transcription factor BTB/POZ zinc finger protein 

family (ZBTB)  

The work of Jacob and Monod in 1961 paved the way of key principles in gene regulation. 

They postulated the existence of trans-acting factors controlling gene transcription by 

binding to specific DNA elements near genes388. In human cells, there are more than 100 

so called DNA-binding transcription factors known, which modulate gene expression by 

influencing RNA polymerase II activity and most of these factors consists of distinct 

structural domains, necessary for their regulatory function. One domain is required for 

sequence-specific DNA-binding (e.g. leucine zipper, helix-loop-helix or zinc finger) and 

additional another domain required for transcription activation/ repression, which binds 

other cofactors enhancing/ decreasing transcriptional activation or repression. Such 

cofactors can directly activate or inhibit RNA polymerase II or influence local chromatin 

architecture to allow increased/ decreased gene transcription rate. Some of these 

transcription factors have dimerization domains in common388.    

One class of transcription factors are the Broad-complex, Tramtrack and Bric-à-brac (BTB) 

zinc-finger-domain-containing protein (ZBTB) family members. Each of the family members 

contain an N-terminal residing BTB domain, known for dimerization/ oligomerization389 and 

mediating protein-protein-interaction, whereas at the C-terminal zinc fingers (ZFs, present 

in ~25% of all BTB-domain-containing proteins) often with the C2H2 type are found 

responsible for binding to specific DNA elements390,391. Both domains are joined by a flexible 

linker modulating the stability and versatile interaction mechanism of ZBTB protein 

complexes (Figure 8) 392,393. Since zinc finger motifs exhibit less sequence conservation, 

they emerged as a specific class of DNA-binding proteins capable of binding unique DNA 

sequences. Moreover, it is believed that BTB with zinc fingers acquired their additional role 

as a transcription factor in higher eukaryotes in a late evolutionary phase391,394.  

There are 20 different zinc finger domain types known and categorized by their structure of 

their zinc ion stabilized by specific amino acids; the most common type is the C2H2 type 

(Cys2-His2). This type is mostly referred as the ñclassicò zinc finger, containing the 

consensus sequence (F/Y)-X-C-X2-5-C-X-(F/Y)-X5-ɣ-X2-H-X3-4-H, where X can be any amino 
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acid and ɣ represents any hydrophobic residue. This motif self-folds into a ɓɓŬ structure, 

where the zinc ion is coordinated by two conserved cysteine and histidine residues395,396. 

Originally, C2H2 type zinc fingers were identified in Xenopus laevis TFIIIA transcription 

factor and it is estimated, that approximately 3% of genes in human encode for C2H2 

proteins, marking them the second most prevalent protein motif within the human 

genome397,398. The zinc fingers are capable of binding to DNA or RNA but also mediating 

protein-protein interaction either by using the same DNA binding interface or more complex 

combination of zinc finger elements395. Consequently, these proteins serve in a variety of 

different biological functions such as differentiation/ development processes, metabolism, 

(post) transcriptional regulation or signal transduction399. As an example for a ZBTB protein 

binding to DNA but also mediating protein-protein interaction by the zinc finger region, PLZF 

or ZBTB16 is known to bind with its zinc finger 3-7 the DNA consensus sequence 

GTACAGTT(C/G)CAT but findings implicated that zinc finger 1-3 is the main binding 

interface for RARŬ (receptor for retinoic acid395,400. In combination with N-terminal BTB 

these ZBTB proteins have a versatile functional role within the cell.   

Besides transcriptional regulation, the BTB containing proteins are involved in cytoskeleton 

dynamics or ubiquitin mediated protein degradation 391,401,402. Other functions include DNA 

damage response, cell-cycle progression, and developmental processes such as 

gastrulation, organ formation and hematopoietic stem cell fate determination392,403,404. 

This novel class of transcription factors have been identified in species ranging from 

Saccharomyces cerevisiae and Arabidopsis thaliana to Mus musculus and Homo 

sapiens391. In human 49 ZBTB proteins are known and some of these members are listed 

in Table 1394. The name came from the initial discovery in Drosophila melanogaster and pox 

virus zinc finger proteins391. Through structural studies the BTB core could be structurally 

defined of five alpha helices, where helix Ŭ1 and Ŭ2 in conjunction with helix Ŭ4 and Ŭ5 form 

an alpha-helical hairpin and three beta strands (ɓ1,2 and 3) form a beta sheet. The ɓ-sheets 

1&2 with Ŭ-helix 1&2 as well as ɓ-sheets 3 connect to the Ŭ-helix 4&5 by the Ŭ-helix region 

3 and a variable linker region (Figure 8). 
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Figure 8: General architecture of a ZBTB protein.  At the N-term the BTB domain is responsible 

for dimerization/ oligomerization and mediating Protein-Protein-Interactions to influence cellular 

processes. As structural example (details see text) the crystal structure of the BTB domain from 

ZBTB17 (human, PDB 3m52) is shown405. At the C-terminus the zinc finger region comprising of 

C2H2 type can be found, mediating DNA specific contact but also Protein-Protein-Interactions. As 

example the zinc finger region of ZBTB24 bound to a methylated DNA sequence is shown (front and 

side few; mus musculus, PDB: 6ml6)406. Both domains are spaced by a flexible linker, known to be 

disordered and often post-translationally modified to alter the function of the ZBTB protein.   

In Figure 8 the general architecture of a ZBTB protein is depicted. The N-terminal BTB 

domain (here PDB 3m52) of ZBTB17 shows the characteristic fold as described. The C-

terminal C2H2-type fingers (here PDB 6ml6) of ZBTB24 shows how the DNA (major groove) 

is contacted by the zinc fingers. A special note here, the depicted structure shows the 

binding to a methylated DNA sequence. Notably, a complete structure of a full-length ZBTB 

protein has not been reported yet, since the structural determination due to the very flexible 

linker region is difficult. Moreover, researchers were sometimes more interested in one or 

the other domain and did not include in their observation the influence of each domain 

towards the other. Further studies have to be conducted to determine the influence of the 

BTB domain towards the Zinc finger region and vice versa. Other domains which are 

frequently associated with BTB containing proteins are Kelch, T1 and MATH domains. It 

has been shown that these domains function as recognition substrate for Cullin 3 based 

ubiquitin ligase complexes or voltage-gated potassium channels, thus expanding the 

functional context of the BTB domains within the cell391,401,407. Moreover, the BTB domain 
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recruits transcriptional coregulators, mediating rapid epigenetic changes in chromatin 

structure through histone methylation or acetylation394. 

Table 1: A selection of ZBTB proteins and their associated phenotype/ cellular function 394,408. 

*The phenotype described here is when the protein is mutated leading to certain diseases. 

ZBTB in human  Synonym  How many Zinc 

fingers present  

Phenotype */ cellular 

function  

ZBTB1 ZNF909 8 Hematopoietic/ 

Lymphoid 

development 

ZBTB2 ZNF437 4 ? / Cell proliferation 

ZBTB4 KAISO-L1, ZNF903 6 ? / Cell cycle 

regulation, repression 

of p21 

ZBTB7A pokemon 4 Hematopoietic, 

embryogenesis, 

tumorgenesis/ Cell 

cycle, survival 

ZBTB9 ZNF919 2 ? 

ZBTB14 ZnF478 5 ? / Cell cycle 

regulation, dopamine 

transporter regulator 

ZBTB17 Miz-1, ZNF151, 

ZNF60 

13 Hematopoietic, 

embryogenesis / 

Gastrulation, cell 

cycle progression 

ZBTB22 ZNF297A 3 ? 

ZBTB28 Bcl6b 6 Hematopoietic/ 

activation T-Cell, 

angiogenesis 

ZBTB32 PLZP 3 Hematopoietic/ T-Cell 

proliferation, cytokine 

secretion 

ZBTB40 ZNF923 12 ? / Bone mineral 

density 

ZBTB49 ZNF509 7 ? 
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The dimerization of ZBTB proteins is an important feature to regulate the activity and DNA 

specific recognition to repress or activate transcriptional processes394,409. It has been shown 

that ZBTB proteins can facilitate DNA loop formation to mediate enhancer-promotor 

interaction, hence broadening their structural/ organizational role in chromatin 

architecture394,410,411. As a complementary result, recent findings described how ZBTB7b 

specifically targets DNA sequences to the inner nuclear membrane by interacting with 

HDAC3 (Histone deacetylase) and Lap2ß (lamina-associated protein), which results in 

transcriptional silencing or particular regions in the genome394,412. Notably, the BTB domain 

mediates the association with different corepressors and histone modifying enzymes (e.g. 

BCoR, NCoR-1/2, NuRD and HDAC), which remodel chromatin architecture and 

accessibility394,412. All these findings suggest an important role of ZBTB proteins within the 

chromatin organization and many members of the ZBTB family have been studied in the 

context of several cancer types. In case of ZBTB7A, it has been classified as therapeutic 

target and has been associated with cancer types in brain, lung, or prostate413. ZBTB 

proteins are associated in many different cellular processes and are till today poorly 

understood. The following study will shed light on a member of the ZBTB family, ZBTB9 

which might be connected to the centromeric chromatin.    

4.7 Chromatin Remodelers  facilitate Chromatin access: The ISWI 

Chromatin Remodelling family  

The DNA dependent biological processes rely on the accessibility of Chromatin and can be 

achieved by Chromatin remodelers. These complexes can catalyse reactions concerning 

nucleosome restructuring such as nucleosome sliding, conformational changes in 

nucleosomal DNA and histone exchange35,414. These changes regulate the transcriptional 

activity and accessibility of DNA for the fundamental processes in DNA recombination, DNA 

replication, transcription, histone variant deposition, and DNA repair415. The general 

architecture of a remodeler contains an ATP hydrolysing-DNA translocase unit, required to 

perform nucleosomal DNA translocation and therefore disrupting the contact between 

histone and DNA by utilizing the hydrolysis of ATP to ADP. There are four distinct families 

of ATP-dependent chromatin remodelers, which have distinct modes of remodeling35,415: 

¶ Family 1: Switch/ sucrose-non-fermenting (SWI/SNF) 

¶ Family 2: Imitation switch (ISWI) 

¶ Family 3: Chromodomain-helicase-DNA binding (CHD) 
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¶ Family 4: Inositol requiring 80 (INO80) 

Moreover, each remodeler type has their specific domains such as bromodomain in 

SWI/SNF, HAND-SANT-SLIDE (HSS) domains in ISWI, chromodomains in CHD 

remodelers or HAS domains in INO80 remodelers415.  

The following paragraph will highlight the ISWI chromatin remodler family since the project 

worked on characterizing these. For a comprehensive review on other chromatin remodeler 

families the reviews of Monica Tyagi et.al (2016) and Markert J, Luger K. (2021) are 

recommended415,416.   

The ISWI remodeler family is known for their regular spacing and assembly mechanisms, 

hence limiting chromatin accessibility and gene expression. In contrast, the NURF complex 

(nucleosome remodeling factor complex) associated with other subunits resulting in altered 

functioning, where it is active in transcription 35,417. Chromatin remodelers are grouped in 

two categories based on their mode of action: 1) mediating histone posttranslational 

modifications on histones and 2) alter DNA-histone contact within the nucleosome through 

ATP hydrolysis. The latter action utilizes the energy to reconstruct the nucleosome from 

ATP hydrolysis (~7.3 kcal/mole) 418, hence disrupting the contact between histone and DNA 

to regulate the dynamic access to Chromatin415. In comparison, ISWI chromatin remodelers 

are smaller in organization, since they only compose of two to four subunits, each having 

the nucleosome-dependent ATPase ISWI. As described earlier, besides possessing a 

highly conserved ATPase domain, which is the engine of the chromatin remodeling 

complex, it possesses a HANDSANT-SLIDE domain with DNA activity 419.  

The ISWI family is a well conserved ATPase family and possesses high conserved 

SWI2/SNF2 family ATPase domain, which belongs to a superfamily of DEAD/H-helicases. 

Some of the chromatin remodelling complexes with an ISWI ATPase were originally 

identified in Drosophila homologs and have been shown to be highly conserved in yeast 

and mammals. Complexes belonging to this family are NURF, ACF, CHRAC, NoRC, RSF 

and WICH. It has been shown, that CHRAC and ACF complexes assist in nucleosome 

sliding, whereas NURF is involved in epigenetic regulation (higher-order chromatin 

structure)415. A closer look in mammals reveal, the organization of ISWI complexes. One of 

the ATPase unit (SMARCA5 or SMARCA1) forms a stable complex with one up to three 

non-catalytic subunits interchangeably, therefore leading up to 16 complexes (Table 2). 
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Table 2: All ISWI complexes build with either ATPase subunit SMARCA5 or SMARCA1 . The 

table summarizes the different complexes, which can be built upon binding either to SMARCA5 or 

SMARCA1420. 

ATPase subunit  Subunit  Complex  

SMARCA5 BAZ1B WICH-5 

 BAZ1A ACF-5 

BAZ1A, CHRAC1, DPOE3 CHRAC-5 

BAZ2A NoRC-5 

RSF1 RSF-5 

BAZ2B BRF-5 

BPTF NURF-5 

CECR2 CERF-5 

SMARCA1 BAZ1B WICH-1 

 BAZ1A ACF-1 

BAZ1A, CHRAC1, DPOE3 CHRAC-1 

BAZ2A NoRC-1 

RSF1 RSF-1 

BAZ2B BRF-1 

BPTF NURF-1 

CECR2 CERF-1 

 

The organization in different subunits possess different functional domains, assisting in 

performing different tasks at the Nucleosome level 420,421. The ISWI proteins contain different 

functional domains, facilitating its diverse function at the chromatin site. The SANT domain 

is a unique histone-interaction module, which links histone binding to enzyme catalysis and 

is an important domain for nucleosome sliding activity and regulation of nucleosome 

spacing. The WAC domain specific to the ACF complex, helps the complex to bind to DNA 

but also mediates the binding of ACF-related factors to the DNA. The Bromodomain is a 

conserved motif, enabling the recognition of acetylated lysine residues on histones ore 

interacting partners. Some complex members harbour a MBD (methyl-CpG-binding) 

domain responsible for recognizing and binding methylated CpGs. The binding to these 

elements triggers the methylation of H3K9 and induced transcriptional repression. The 

PHD-type zinc finger binds to specific epigenetic marks on histone tails, hence leading to 

the recruitment of transcription factors and nucleosome-associated complexes. In other 
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subunit members a C-terminal NegC domain can be found, which binds to the core2 domain 

and functions as an allosteric element in response to extranucleosomal DNA length420. 

As previously mentioned, centromeric transcript are involved in the recruitment and loading 

of CENP-A. Recent studies in the field of chromatin remodelers described the role of non-

coding RNAs (ncRNAs) interacting with ISWI or other chromatin remodeling complexes to 

regulate chromatin modification and gene expression. The direct binding of ncRNAs to ISWI 

subcomplex members guides the complex to its anchoring site. Notably, these ncRNAs can 

also be incorporated into the complex formation and function as a scaffold in chromatin 

remodelling420,422. It remains elusive, if centromeric transcripts might also regulate/ influence 

ISWI complexes. Many of the known ISWI complex members have been implicated in 

cancer development and invasion and serve as prognostic markers. Therefore, the 

recruitment, function, and regulation of the ISWI chromatin remodeler family is an active 

area of research to facilitate the development of new therapeutic cues of different cancer 

types. The following study investigates the role of two ISWI remodelers (WICH-5 and 

CHRAC1-5 complex) in the context of centromere chromatin organization.        

4.8 Cross -linking and Mass spectrometry (XL -MS) sheds light on 

protein connectivity  

Due to the complexity and size of the kinetochore the interaction and changing conformation 

between each subcomplex becomes difficult to study. One way to overcome the limitations 

is by applying hybrid structural approaches. In general, are protein-protein interactions 

(PPIs) a fundamental process in biology and methodological advancements and 

developments paved the path to study the interactome of a given complex. There are many 

sophisticated methods such as co-immunoprecipitation, affinity purification combined with 

mass spectrometry (AP-MS), proximity-dependent biotin identification (BioID) or yeast two-

hybrid screening (Y2H). All methods provide a good interaction resolution of a protein of 

interest but have their deficiencies423. Either the methods are time consuming or require 

tedious genetic alteration to study the subject. Moreover, information regarding structural 

and quantitative properties to complexes of interest are limited. One way to obtain structural 

and quantitative information is by chemical cross-linking and mass spectrometry (XL-MS). 

It is a versatile tool enabling the identification of protein connectivity and topology424. Mass 

spectrometry (MS) has become the method of choice for in-depth protein analysis near 

physiological conditions and characterization of macromolecular complexes in a cellular 
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environment425. MS enables to investigate the composition, regulation, and function of 

molecular complexes, resulting in discoveries of novel pathways426. The study of the cell 

proteome can be either achieved by Top-down or by Bottom-up proteomics. Top-down 

approaches analyse the protein in its entirety. The Bottom-up strategies follow the peptides 

generated by an enzymatic digest of the protein (e.g. trypsin) 426. The peptides are ionized 

and transferred to the vacuum of a mass spectrometer, where fragmentation of peptides is 

initiated to generate a fragmentation spectrum (MS2) to facilitate peptide identification. 

These spectra provide information on sequence identity and quantity of peptides, which can 

be referred to the actual protein427. The identification process of a peptide is built upon 

creating an in-silico library of theoretical peptides following the cleavage rule of used 

endopeptidase. The experimentally obtained spectra are matched against the theoretical 

database to identify the best massesô fit for a given protein identity428. An additional 

information can be drawn from the MS1 scans, where relative abundance of a peptide 

corresponds to the spectral intensity observed429. Notably, the peak intensity is not direct 

proportional to the protein abundance, hence MS is not a quantitative method perse. 

Therefore, several quantification methods have been developed such as SILAC (stable 

isotope labelling by/with amino acids in cell culture), which is a metabolic labelling 

technique, whereas TMT (tandem mass tag) is an isobaric labelling on a peptide level429,430. 

These methods do not provide information on protein complex connectivity and topology. 

The rise of chemical cross-linking coupled to mass spectrometry paved the way to study 

multiple conformations of a given protein complex and its protein-protein interactions sites. 

In combination with native MS methods, the information gained provide a low-resolution 

insight into composition, stoichiometry, heterogeneity, and subunit assembly. Mostly XL-

MS complements other structural methods such as X-ray crystallography, small-angle X-

ray scattering (SAXS) or Electron (Cryo) Microscopy (Cryo-EM)431,432.    

Cross-linking of proteins can be achieved under near physiological conditions with 

homobifuntional reagents, such as Bis [SulfoSuccinimidyl] Suberate (BS3)433. Amino acids 

in near spatial proximity are physically connected by a covalent bond with the reagent. This 

connection enables the localization of side chains involved in an interaction434. For XL-MS 

to provide information on proximity is restrained by the length of the reagentôs spacer arm.  

For most cross-linkers this range from 7-30 Å434. 

In order to cross-link a protein complex, the cross-linker has to react and form covalent 

bonds with amino acid side chains. Many reagents target primary amine groups such as 
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those on lysine (K) side chain433. Nevertheless, other cross-linker form covalent bonds with 

carboxylic acids (aspartate, D; glutamate, Q) or thiols (cysteine, C)435. A cross-link reaction 

with lysine residues is preferred, since they are frequently exposed at physiological 

conditions with a positive charge on the protein surface and therefore easily accessible.53 

BS3 consists of two reactive groups (Sulfo-N-hydroxysuccinimide (NHS) esters), which are 

separated by a spacer sequence. The primary amine on lysines side chains is nucleophilic 

and react with the NHS ester under a nucleophilic substitution reaction433, to form a covalent 

amide bond435. The byproduct Sulfo-N-hydroxysuccinimide (NHS) leaves the reaction and 

a second nucleophilic attack can be performed on the opposing reactive group to form K-K 

bond435.   

The cross-link reaction could include incomplete or nonspecific reactions, leading to various 

cross-linked species436. There are four types of cross-linked peptides known: a) dead-end 

crosslinks (or mono-link) occur when one NHS reactive group formed a covalent bond with 

an amino acid residue, but the opposing group did not, due to hydrolysis of the reactive 

group437. b) loop-links occur when two residues within a peptide reacted with the cross-link 

reagent. c) inter-crosslinks occur, between residues of different proteins in spatial 

proximity436. d) intra-crosslinks occur when two residues within a peptide reacted with the 

cross-link reagent. The two latter types provide information on the conformational status of 

a protein and its interaction interface to other proteins, respectively 434,436. 
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5 Characterization of Novel Centromere associated    

Proteins and their Role in Centromere Transcription  

5.1 Results  

5.1.1 WICH-5 complex, CHRAC1 -5 complex and ZBTB9 might be novel 

interactors of the Centromere  

In an unpublished study (doctoral thesis, Dr. Götz Hagemann, 2020, LMU) novel 

centromeric interactors, which have been loosely associated with the centromere, were 

identified by ChIP-MS. The dataset ranges over hundreds of novel candidates in various 

cell cycle stages and need to be further validated to declare them as novel centromere 

interacting proteins. This study has chosen three proteins/ complexes for further 

investigations:  ZBTB9 (Zinc finger and BTB domain- containing protein 9), the ISWI 

chromatin remodelers WICH-5 complex and CHRAC1-5 complex (Figure 9). The study was 

conducted as followed (Figure 9 A; a detail description can be found in the respective 

thesis): A stable HeLa T-Rex FlpIN of N-terminally tagged CENP-A or H3.3 was created. 

After confirmation of induced expression of CENP-A or H3.3 by addition of Doxycycline, the 

experiment for each timepoint was set. The cells were seeded out and expression of CENP-

A or H3.3 was induced with Doxycycline post arrest state 48 h. Afterwards the cells were 

synchronized with a Thymidine Arrest to have the majority of cells in the beginning of G1-

/S-Phase transition. By the addition of Lovastatin, the cells could be kept in G1-Phase. By 

releasing the cells in short time periods of 2 h, the different stages of S-Phase and lastly 

G2-Phase could be captured. After harvesting each timepoint (3 biological replicates of 

each), the cells were lysed, and the nuclei was enriched and pelleted. Afterwards the 

Chromatin was released with Micrococcal nuclease to obtain Oligo-Nucleosomes. The 

FLAG-tagged proteins were captured by anti-FLAG-beads and after subsequent washing, 

the FLAG-eluate was loaded onto Nickle-NTA beads and the resulting pulldown was 

digested on beads and subjected to LC-MS/MS Analysis. 

The following plots were generated from the dataset presented in the mentioned thesis. 

This does not represent the complete dataset. Only the WICH complex, CHRAC1 complex 

and ZBTB9 were depicted here.  
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In Figure 9B and C a bar plot showing ZBTB9, CENP-B and the chromatin remodelers with 

their respective -log10 adj. p-values at each time point. In the following bar graphs the 

abundance of CENP-A and CENP-B is presented to depict the fluctuations at the 

centromere during the different cell cycle stages and to understand the abundance of the 

novel interacting proteins. Starting off with timepoint 0 (G1-/S-Phase transition), the 

abundance of CENP-B and ZBTB9 seem to be the same compared to CENP-A levels. 

When the cell enters the S-Phase the abundance of ZBTB9, CENP-B/A changes. In early 

S-Phase the abundance of CENP-B/A rises. When comparing the values to ZBTB9, then it 

seems that ZBTB9 levels rise more than CENP-A or CENP-Bs.  During mid S-Phase CENP-

Bs abundance is decreased, whereas ZBTB9 stays moderately the same with a slight 

decrease compared to early S-Phase. Afterwards in late S-Phase CENP-As abundance 

rises and obtains its peak compared to all timepoints. The abundance for CENP-B and 

ZBTB9 at this specific state are declining further but rises when the cell progresses towards 

G2-/M-Phase. After entering the S-Phase both change their occupancy. ZBTB9 seem to be 

slightly more enriched than CENP-B, whereas CENP-A and CENP-B share nearly same 

values. During mid S-Phase CENP-B ZBTB9 seem to be down regulated, followed by the 

same trend in late S-Phase. Upon entering G2-Phase, the levels of ZBTB9 and CENP-B 

recover, and CENP-A levels decrease slightly again. After the cell successfully finished one 

round of cell cycle and created its daughter cell, in G1-Phase the levels of CENP-A/B and 

ZBTB9 rise again. ZBTB9 has shown to be always associated with the centromere, where 

it has its highest occupation at early S-Phase and its lowest at the G1-/S-Phase transition.   

The same analysis was performed for the Chromatin Remodelers of interest: WICH-5 and 

CHRAC1-5 complex (Figure 9C). Both complexes share the same ATPase (SMARCA5) 

and could be therefore interchangeable by just switching binding partners at certain cell 

cycle stages, whereas SMARCA5 remains associated with the centromere. At timepoint 0 

only the subunit of CHRAC1 complex, DPOE3 has a high occupancy at the centromere. 

These levels could be explained that the cell primes for the replication process and DPOE3 

is an important Polymerase subunit. Upon entering S-Phase the occupancy of the CHRAC1 

complex becomes prominent. This does not change in the complete S-Phase, except that 

levels of BAZ1A do rise after late S-Phase and peak in G1-Phase. An explanation can be 

given by the fact that BAZ1A forms another complex with SMARCA5 (ACF-5) and 

SMARCA1 (ACF-1) without the subunits of CHRAC1 and DPOE3. In contrast to CHRAC1 

complex, the WICH-5 complex subunit members peak in G1-Phase specifically. The 

abundance of BAZ1B has been low over the time of the cell cycle timepoints, it only peaks 
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in G1-Phase. As proposed in the unpublished study, WICH-5 complex might be a specific 

chromatin remodeler for the centromere specifically at G1-Phase. In case for CHRAC1 

complex it can be a specific centromeric chromatin remodeler in S-Phase.  

As described in this section, the novel centromere interactors do have a cell-cycle specific 

association with the centromere and were identified exclusively in the CENP-A Proteome 

screen. The next questions which shall be addressed in the next section are if the WICH 

and CHRAC1 complex bind to known centromeric proteins and if they have a link to the 

CENP-A containing Nucleosome.  
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Figure 9: ChIP-MS of CENP-A proteome  at diverse cell cycle time  point s. Original Data was 

kindly provided by Dr. Götz-Norman Hagemann, visualization and partial analysis was performed by 

Chandni Kumar. A) Experimental Design of the ChIP-MS Experiments conducted at different 
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timepoints. B) Barplot of -log10 adjusted p-values of ZBTB9, CENP-B and CENP-A at different cell 

cycle time points. C) Barplot of -log10 adjusted p-values of CHRAC1 and WICH complex components 

at different cell cycle stages.   

5.1.2 The ISWI Remodelers WICH -5 complex and CHRAC1 -5 complex can be 

linked to the Centromere  

As described in the previous paragraph, the ISWI Chromatin Remodelers WICH-5 and 

CHRAC1-5 complex can be linked to the centromere and have a cell cycle dependent 

association with it. The first step in characterizing these remodelers, lies in the molecular 

weight determination and the stoichiometry of the complex. Each of the complexes were 

cloned into a Multi-Bac system to express them in insect cells. By subsequent purification, 

these complexes were further characterized. Therefore SEC-RALS experiments 

(collaboration with Gregor Witte) were conducted to determine the molecular weight of 

these complexes. In Figure 10 A, B for each complex a tabular description of the measured 

molecular weight is given. For CHRAC1-5 complex a molecular weight of 372.326 kDa has 

been measured. The complex consists of four complex components. If a stoichiometry of 

1:1:2:2 (BAZ1A:SMARCA5:CHARC1:DPOE3) is assumed, then the resulting theoretical 

molecular weight would deviate about + 8 kDa. This result implies that this complex exists 

as a heterotetrametric complex and that CHARC1:DPOE3 exist in a tetrameric complex 

within the complex. Since CHRAC1 has been observed at S-Phase at CENP-A 

Nucleosomes, it was of interest whether this complex can bind CENP-A containing 

Nucleosomes. As shown at the right panel of Figure 10 A, the EMSA (Electro Mobility Shift 

Assay) shows a shift of CENP-A Nucleosome upon titrating in the CHRAC1 complex. The 

CENP-A Nucleosome wrapped around a Widom601 sequence was set at a concentration 

of 450 nM. With various concentrations of CHRAC1-5 complex (100-500 nM) the shift could 

be observed, by forming a higher molecular weight complex upon binding under non-

denaturing conditions on a native gel. As a confirmation but also gaining more detailed 

insight into the binding of CHRAC1-5 or WICH-5 complex to the Nucleosome, cross-linking 

and mass spectrometry (XL-MS) enables a dynamic view on the conformational changes a 

protein complex can adopt. Therefore, XL-MS experiments were conducted where each 

chromatin remodeler was incubated with CENP-A Nucleosome Widom601 and cross-linked 

using the homo-bifunctional crosslinker BS3. The network plots for each complex are 

depicted in Figure 10 A and B for each chromatin remodeler. The crosslinks were obtained 

by using the xQuest/xProphet software and crosslinks were filtered with 1% FDR and were 
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manually validated if the spectra apply to a manual validation system. Cross-links passing 

this validation step were taken and visualized in xVis.  

The smaller subunits CHRAC1 and DPOE3 interact specifically with each other, and it has 

been shown that there are some existing cross-links showing a formation of dimers of each 

and supporting the findings seen in the molecular weight determination by SEC-RALS. 

Moreover, the map shows that DPOE3 is the main connector between the bigger subunits 

and the smaller ones. Only three cross-links were observed between CHRAC1 and BAZ1A 

(aa K10 to aa K1517, aa K102 to aa K197 or aa K102 to aa K28). The cross-links at the C-

terminal domain of DPOE3 direct to two distinct domains at BAZ1A (DDT and Bromo 

domain). In case of CHRAC1, the cross-links at the C-term direct towards the N-term of 

DPOE3. The cross-links between SMARCA5 and BAZ1A are more versatile, implying the 

complex is highly dynamic upon binding to the Nucleosome. In a previous study, the binding 

site of SMARCA5 to BAZ1A was studied and the stretch of aa 667 to 933 is required on 

BAZ1A to sufficiently bind SMARCA5. The presented cross-link map does show other 

observed cross-links, where the situation might change upon binding to a Nucleosome. (in 

this case to CENP-A containing Nucleosomes). Nonetheless, the majority of cross-links 

from BAZ1A to SMARCA5 can be found within both Helicase domains and near the DEAH-

box domain. A closer look at the cross-links obtained from the nucleosome reveal, that H2B 

is interacting with BAZ1A exclusively. The observed cross-links are found near the DDT 

domain as well to the zinc finger PHD type domain. At the site of H2B, the cross-links are 

directed towards the C-terminus specifically adjacent to the two glutamic acid side chains 

(E102, E110) known to be involved in the formation of the acidic patch in conjunction with 

H2A residues. The cross-link map does not provide information about H2As involvement or 

binding to one of these domains. Nonetheless, cross-links near the acidic patch of H2A to 

H2Bs acidic patch can be found. The map provides another interesting crosslink observed 

from CENP-A to the SMARCA5 subunit. When considering the other map of the WICH 

complex (containing the same ATPase unit) a possible binding mechanism of SMARCA5 

to the CENP-A Nucleosome can be drawn. A previous study structurally determined by 

Cryo-EM the binding of SMARCA5ôs Helicase domain to the H3.2 Nucleosome438. There 

the Helicase was attached sideways to the Nucleosome. Only the position of the Helicase 

was determined in this structure but not how the SANT domains could be involved in it. 

Building up an in silico structure reconstitution of alphafold330,331 predicted SMARCA5 and 

existing CENP-A Nucleosome structure with the knowledge gained from the cross-link 

maps, a binding mechanism of SMARCA5 can be proposed (Figure 11 A, B). The region 
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with the SANT domains helps the ATPase to bind and by a proposed flip mechanism the 

Helicase domain is placed sideways and helps to pump the DNA through to mid-position 

the Nucleosome by a sliding mechanism. By this means the observed cross-links between 

CENP-A and SMARCA5 can be explained.   

After characterizing CHRAC1-5 complex, it was of interest how the WICH-5 complex differs 

in comparison to CHRAC1-5 complex. Hence as a first step of characterization, the 

molecular weight (MW) of WICH-5 complex was determined. WICH complex was measured 

with an MW of 330 kDa, where the difference to the theoretical MW is about 30 kDa less 

(296 kDa). Since the complex only consists of two subunits, the stoichiometry of this 

complex could be 1:1 (BAZ1B:SMARCA5), as judged by the molecular weight measured. 

Furthermore, the WICH complex was enriched mostly in G1-Phase. The question was 

asked if the complex binds to CENP-A containing Nucleosomes as seen for CHRAC1-5 

complex. Therefore, an EMSA assay was performed to see if WICH-5 can bind CENP-A 

containing Nucleosomes. This was confirmed by titrating in WICH complex (100-500 nM) in 

different molar concentrations to 450 nM CENP-A NucleosomeWidom601. Indeed, the WICH-

5 complex can bind to CENP-A Nucleosomes, thus confirming the ChIP-MS observation. It 

was of interest whether the cross-link of WICH complex:CENP-A Nucleosome complex 

would differ compared to CHARC1-5 complex. The cross-link map In Figure 10 B shows 

distinct features different to the CHRAC1-5 complex. By stringent filtering of 1% FDR, main 

crosslinks between aa stretch 1000-1500 in BAZ1B and aa 740-930 in SMARCA5 can be 

found, proposing this bind to be the interaction site of both. The binding mode for these two 

are different as for BAZ1A to SMARCA5. As already seen in CHRAC1 complex, H2B is 

mainly interacting with BAZ1B, suggesting that H2B in conjunction with the other histones 

mediates the interaction to the bigger subunits, directing the ATPase to the Nucleosome. 

The cross-links from H2B to BAZ1B are in similar fashion as described for CHRAC1 

complex, implying a straightforward binding mechanism for this type of remodeler. It has to 

be mentioned, that crosslinks to H4 were not identified, therefore making it difficult to have 

a complete understanding on how the Nucleosome is bound by the respective chromatin 

remodelers, since the mentioned publication with the Helicase domain of SMARCA5 bound 

to H3.2 Nucleosome, the binding of H4 plays an important role 438.  

As previously mentioned, both chromatin remodelers were identified in respective cell cycle 

stages specifically enriched in the CENP-A Proteome. In a MS-affinity enrichment 

experiment, attempts were made to identify interaction partners of WICH-5 or CHRAC1-5 
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complex (see section 5.1.6), more precisely to find kinetochore proteins to link the 

remodelers directly to the centromere. Surprisingly CENP-B have been found in the WICH 

complex but not in CHRAC1. Moreover, in CHRAC1 no kinetochore proteins were found. If 

WICH can bind CENP-B and therefore confirm the MS-based experiment, an analytical 

size-exclusion experiment was conducted (Figure 10 B down panel), where the binding of 

CENP-B to WICH-5 was determined. Both form a stable complex by co-eluting and the 

binding was confirmed by an additional in vitro binding assay (Figure 13 A lower panel). 

This novel complex formation between WICH-5 complex and CENP-B could be an 

explanation for the presence of the WICH-5 complex in the CENP-A Proteome pulldowns. 

Maybe the presence of CENP-B tethers the WICH-5 complex to the centromere to remodel 

CENP-A in the replenishment phase of newly synthesized CENP-A and its subsequent 

incorporation in G1-Phase.   

Taken all results together, the ISWI family chromatin remodelers WICH (BAZ1B, 

SMARCA5) and CHRAC1 (BAZ1A, SMARCA5, CHRAC1, DPOE3) complex have been 

identified in a ChIP-MS screen and biochemical data suggests, that indeed these 

complexes are involved in the maintenance of the centromere at different cell cycle stages, 

performing various tasks. Additionally, the cross-link data provides a hint, how the ATPase 

subunit SMARCA5 might interact with the Nucleosome through its SANT domain and 

through a proposed flip mechanism the Helicase domain can interact with the Nucleosome.  
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Figure 10: Cross -link Map of WICH and CHRAC1 complex bound to CENP -A Nucleosome and 

EMSA assays confirming the binding . A) Cross-link map of CHARC1 complex with CENP-A 
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NucleosomeWidom601 (BS3 used as cross-linker, 1% FDR). Next to the map a SEC-RALS analysis of 

the Molecular weight of the CHRAC1 complex can be found. The complex exists as a four-component 

complex where CHRAC1 and DPOE3 exist as a heterotetrametric complex. Beneath the table an 

EMSA is shown for the binding of CHRAC1 complex with CENP-A Nucleosomes (Widom601). B) 

Cross-link map (BS3 used as cross-linker, 1% FDR) of WICH complex with CENP-A 

NucleosomeWidom601. The table at the right side shows the measured Molecular Weight of the 

complex, existing as a heterodimer with 1:1 stoichiometry. Beneath, an EMSA assay to confirm the 

binding of WICH to CENP-A Nucleosome (Widom601). Additionally, an analytical SEC run confirming 

the binding of CENP-B to WICH complex by co-elution.  
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Figure 11: Possible Structural Explanation of observed cross -links between CENP -A 

Nucleosome and SMARCA5.  A) Structural Depiction of in silico modelled alphafold predicted 

SMARCA5 to a known CENP-A Nucleosome Structure (PDB 6TEM) to explain the observed cross-

links between CENP-A and SMARCA5 by considering the cross-links observed either in CHRAC1 or 
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WICH complex. B) Possible explanation how the observed crosslink between CENP-A and 

SMARCA5 (K125 to K160) can be in spatial proximity, even though the constructed structure shows 

a much larger distance between both residues. This can be explained by a possible flip mechanism 

of the helicase domain.  

5.1.3 The Transcription Factor ZBTB9 is affiliated with the Centromere 

through the binding to CENP -B 

As described in an aforementioned section, a transcription factor called Zinc finger and BTB 

containing protein 9 (ZBTB9) was consistently associated with CENP-A throughout the cell 

cycle stages. The protein itself is not well characterized and its function in the cell is 

unknown. The protein consists of two well-structured domains, joined by an unstructured 

linker region, which has a small acidic patch within (aa 212-225). The N-terminal domain 

(aa 48-112) is a BTB domain (Broad-Complex, Tramtrack and Bric a brac) and at the C-

terminus (aa 411-460) two Zinc finger of C2H2 can be found. The latter Zinc finger is an 

atypical C2H2 type, since it has additional cysteines and histidines to coordinate a zinc ion 

as seen in typical C2H2 type zinc fingers. The BTB domain is known as a dimerization/ 

oligomerization domain as well as a binding hub to mediate protein-protein interaction. The 

zinc finger in general do contain DNA-binding properties but also can commit to protein-

protein interactions. Since ZBTB9 has been identified to be a potential specific centromere 

binding protein, efforts have been made to biochemically characterize this protein in this 

study. Of particular interest was, whether ZBTB9 binds to one of the kinetochore-associated 

proteins explaining the constant abundance with the centromere.  

As shown in Figure 12 D, ZBTB9 was cloned as an MBP-fusion and various constructs were 

expressed in E.coli and recombinantly purified. To test specifically the inner CCAN, all 

subcomplexes were cloned into the Multi-Bac system and expressed in insect cells. Each 

complex was purified and tested for binding to ZBTB9 (Figure 12 A). Upon analysing the 

bound fraction, CENP-B was the only kinetochore member binding to ZBTB9. CENP-B is 

known to bind the CENP-A Nucleosome specifically with its N-terminal DNA helix-turn-helix 

binding motif to a specific DNA-sequence, so called CENP-B box. The other kinetochore 

members were not enriched in the binding assay, prompting CENP-B as the only binding 

partner of ZBTB9 and links the transcription factor directly to the centromere. After 

establishing the binding of ZBTB9 to CENP-B, it was of interest, where ZBTB9 binds CENP-
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B and therefore XL-MS experiments as well as deletion-mutant in vitro binding assays were 

conducted.  

Besides ZBTB9s binding to CENP-B also the complex formation between CENP-B and the 

C-terminal CENP-C fragment was of interest, since the latter one has not been studied in 

detail. Therefore, ZBTB9 with CENP-B and the C-terminal region of CENP-C (546-943) 

were mixed in equimolar ratios and crosslinked with DSSG for 15 min. This short cross-

linking at a predefined cross-linker concentration provides an insight into the binding 

dynamics between these proteins without creating artefacts or aggregates. After validation 

(FDR 1%) the cross-links were visualized by xVis as a network plot (Figure 12 B). The 

network plot reveals that ZBTB9 (ZB) contacts CENP-B (CB) via its C-terminal Zinc finger 

region the N-terminal DNA-binding domain of CENP-B (ZB aa K390 to CB aa K47; ZB aa 

K382 to CB aa K103; ZB aa K390 to CB aa K278). Moreover, the map provides valuable 

information regarding ZBTB9s and CENP-Bs structural organization. The intra-links show 

that the BTB domain is structurally placed near the zinc finger region. The Alphafold model 

(AF-Q96C00-F1) of ZBTB9 shows similar structural features. However, when trying to fit 

the obtained cross-links into the model, the distance between each lysine residues did not 

match with the spacer length of the used cross-linker. This implies, that the cross-links have 

captured a confirmation, that cannot be depicted by Alphafold. Notably, the binding of 

CENP-B to CENP-C happens through the N-terminal DNA binding domain but also cross-

links are observed near the acidic patch of CENP-B. A closer look at CENP-C reveals, that 

the binding of CENP-B happens within the region 550 to 700. This region does not include 

the cupin dimerization domain of CENP-C, thus CENP-B binds prior to this domain. The 

cross-links provide valuable insides on the very inner kinetochore axis between CENP-B 

and CENP-C.   

After establishing the most probable binding site of CENP-B to ZBTB9, the actual binding 

region had to be biochemically determined. XL-MS can only provide data on spatial 

restraints of neighbouring lysine residues, that happened to be in the right angle or distance 

to cross-link to each other.  

To determine the minimal binding region, deletion mutants lacking certain domains were 

created (Figure 12 C, D). A biochemical binding assay with MBP-immobilized ZBTB9 

mutants confirmed the loss of binding when the zinc finger region is missing. The binding is 

lost upon complete deletion (aa 380-462; 91% binding loss) and an interesting phenotype 

reduction can be seen, when the zinc finger at aa 409-433 is depleted (50% binding loss), 



- 89 - | P a g e 
 
 

 

whereas the second zinc finger only accounts for a binding reduction of 30 %. An interesting 

observation was made upon deletion of the BTB domain (42-112). Here the opposite can 

be seen, where CENP-B binds 15% better then seen in the wildtype scenario. This implies, 

that the BTB domain influences the binding capabilities of the zinc finger region to CENP-

B, which is in line with the observed intra cross-links, since the BTB-domain seems to be in 

near spatial proximity to the zinc fingers. Indeed, some literature propose the possible 

influence of the BTB on the actual binding capacities of the zinc fingers. 
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Figure 12: ZBTB9 binds  in vitro  CENP-B. In vitro Binding Assay to determine kinetochore binding 

partner. A) Different human inner kinetochore complexes were incubated with immobilized ZBTB9 

on Maltose Resin by its N-terminal MBP-tag. Assays were performed in at least duplicates. B) XL-
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MS confirmed binding of ZBTB9 to CENP-B and map provides information to the binding sites. C) 

Deletion mutant of ZBTB9 confirms C-terminal binding of ZBTB9 Zinc fingers to CENP-B DNA-

Binding domain. Short constructs of each domain confirm the binding site in the zinc finger region. 

Each experiment was conducted at least in two biological replicates. Quantification of band 

intensities show differences within zinc finger mutants. Standard deviation (Std. Dev.) is shown as 

error bars. In case for the delta mutant 380-462 the calculated Std. Dev. was 1.14. For comparison 

reasons, the Std. Dev. was not shown.  D) Overview of ZBTB9 constructs used in this study.  

Nonetheless, detailed experimental data dissecting how the BTB influences the zinc finger 

on a structural level are still missing. In this study, the crosslinks provide such an insight 

and could explain this better binding phenotype. A closer look at cross-links from the zinc 

finger region (near the deletion mutant aa 409-433) to the BTB domain reveal their structural 

neighbouring and explains in addition why the deletion of the BTB leads to a higher affinity 

binding, since the BTB cannot regulate the binding to this region anymore.  

The Alphafold model of ZBTB9 predicted a third zinc finger prior to the first annotated one 

with lower confidence (confidence level between 90-50). In conjunction with alphafill439, the 

model is capable to correctly coordinate a zinc ion, therefore this could explain why the 

deletion of the region 409-433 only results in a 50% loss. The other 50% might be lying in 

this novel predicted zinc finger with the second zinc finger. As a confirmatory approach, the 

small domains were expressed as MBP-fusion constructs and the binding to CENP-B was 

tested. Indeed, CENP-B does only bind to the Zinc finger region, where the best binding 

was observed with the construct aa 380-473 (annotated zinc fingers with predicted one). A 

smaller construct comprising of the annotated two zinc finger regions (406-473) resulted in 

a 15 % binding reduction than compared to the previous construct containing all three zinc 

fingers. Interestingly, another construct where the BTB was fused to the zinc finger region 

by a small linker region based on the observed cross-links resulted in a loss of 52% binding. 

This suggests an important role for the unstructured linker region, ensuring the correct 

structural arrangement of both domains, so CENP-B can bind the zinc finger region 

correctly. This confirms that all three zinc fingers are required for proper binding of CENP-

B to ZBTB9 with special emphasis on zinc finger region 409-433. The binding event of 

CENP-B to ZBTB9 was further tested in an analytical SEC experiment and it could be 

confirmed that both form a stable complex by co-eluting (Figure 13 A upper panel).  

In the previous paragraph the binding of CENP-B to WICH complex have been investigated, 

it was of interest whether CENP-B is capable in binding both proteins at the same time. This 

has been the case as shown in the in vitro binding assay (Figure 13 A lower panel, left 
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assay as control). Here WICH complex was preincubated with CENP-B. After washing, 

ZBTB9 was titrated in. As a result, all three remain bound. In a similar experiment, ZBTB9 

was immobilized on maltose beads and CENP-B was preincubated. Afterwards WICH has 

been titrated in, but this time WICH complex remained less bound (data not shown). The 

experiment leads to the conclusion, that CENP-B can bind both at the same time but when 

CENP-B is bound to ZBTB9 prior, WICH has limited access to CENP-B. For confirmation, 

this experiment has to be redone by immobilizing CENP-B again and preincubating with 

ZBTB9 and titrating in WICH complex. If the result is similar to the just mentioned binding 

assay, then there is a timely restricted binding of CENP-B to WICH or ZBTB9, which might 

correlate with the ChIP-MS Data. 

When analysing the chromatogram of ZBTB9:CENP-B binding, a high molecular weight 

(MW) complex (1 mL elution volume on a Superose6 increase 3.2/300 GL column; 

corresponding to > 700 kDa) was observed. Since ZBTB9 should have a theoretical MW of 

50 kDa, it was expected that a moderate higher MW of a single ZBTB9 molecule bound to 

a CENP-B dimer or maybe two ZBTB9 bound to one CENP-B homo dimer might elute. It 

was of interest, whether the high MW was induced by ZBTB9, since it is known that CENP-

B forms as a homo dimer. Indeed, the MW determination of ZBTB9 (Figure 13 B, 

collaboration with Gregor Witte) confirmed, that ZBTB9 adopts a much higher MW, resulted 

in a measured MW of 774 kDa. By a theoretical mass of a ZBTB9 monomer (50 kDa; with 

Tag 56 kDa) would ZBTB9 assemble with itself 14 times or when taken two ZBTB9 

molecules together due to the properties of the BTB domain to form dimers, it can assemble 

as a heptamer. The formation of such a ZBTB9 multimer in complex with the CENP-B 

homodimer explains the early elution from the column.  
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Figure 13: In vitro  Characterization of ZBTB9:CENP -B Binding . A) Analytical SEC with 8 µM 

CENP-B and 8 µM ZBTB9 on Superose6 increase 3.2/300 GL (Cytiva). Fractions containing complex 

were collected, TCA precipitated and loaded onto a SDS-PAGE and stained with Coomassie Blue. 


