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The Interactions of Centromeric Nucleosomes

Elucidated by Atomic Force Microscopy

Abstract

Shaun Filliaux, Ph.D.
University of Nebraska Medical Center, 2024
Supervisor: Yuri Lyubchenko, Ph.D., D.Sc.

Nucleosomes are the fundamental unit of compaction for DNA in the genome. These positively
charged proteins have two main types of nucleosomes: canonical (H3 containing) and centromere (CENP-
A containing). The compacting of DNA allows for DNA to fit into the nucleus of cells, but creates a
barrier for DNA accessibility for operations such as replication or transcription. Centromeric chromatin is
a subset of chromatin structure and governs chromosome segregation. Compared to the bulk
chromosome, centromeres are composed of H3 and CENP-A nucleosomes in which H3 histones is
replaced by its homolog CENP-A histone. This results in nucleosomes with different structures,
decreasing the bp of wrapped DNA from 147 bp for H3 nucleosomes to 121 bp for CENP-A

nucleosomes. All these factors can contribute to centromere function.

We first studied H3 and CENP-A nucleosomes on dry AFM samples, using a novel three-way
junction (3W1J) as a DNA marker, and determined the affinity of mononucleosomes on the 601 sequence,
which yielded the result of H3 nucleosomes having a higher binding affinity to the sequence 99% and
92% for H3 and CENP-A nucleosomes, respectively. A similar trend was seen for the dinucleosomes with
a lower percentage binding to the 601 for the CENP-A nucleosomes then than H3 nucleosomes. Next, we
applied time-lapse, high-speed AFM (HS-AFM) to characterize the dynamics of nucleosomes. For both

nucleosomes, spontaneous asymmetric unwrapping of DNA was observed, and this process occurs via a
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transient state with ~100 bp DNA wrapped around the core, followed by a rapid dissociation of DNA.
Additionally, HS-AFM revealed higher stability of CENP-A nucleosomes compared with H3 ones, in
which dissociation of the histone core occurs prior to the nucleosome dissociation. The histone core of
CENP-A nucleosomes remains intact even after the dissociation of DNA. All of the nucleosomes
dynamics studies, indicated a higher stability in CENP-A nucleosome cores vs H3 nucleosomes, a

surprising finding due to the lower DNA wrapping of CENP-A nucleosomes.

Transcription is a crucial biological function, and we studied the interaction of H3 and CENP-A
nucleosomes separately with NF-«xB, one of the critical transcription factors for regulating the immune
response and inflammation. We utilized Atomic Force Microscopy (AFM) to characterize complexes of
both types of nucleosomes with NF-kB. We found that this transcription factor unravels H3 nucleosomes
removing more than 20 base pairs of DNA, and that NF-«xB binds to the nucleosome core. Similar results
were obtained for the truncated variant of NF-kB comprised only of the Rel Homology domain and
missing the transcription activation domain (TAD). This finding suggests that the RelA TAD is not critical
in unraveling H3 nucleosomes by NF-«kB. By contrast, NF-kB did not bind to or unravel CENP-A
nucleosomes. These findings with different affinities for two types of nucleosomes to NF-«kB may have
implications for understanding the mechanisms of gene expression which are different for the bulk and

centromere chromatin.

Atomic Force Microscopy (AFM) is widely used for topographic imaging of DNA and protein—
DNA complexes in ambient conditions with nanometer resolution. In AFM studies of protein—-DNA
complexes, identifying the protein’s location on the DNA substrate is one of the major goals. Such studies
require distinguishing between the DNA ends, which can be accomplished by end-specific labeling of the
DNA substrate. We selected as labels the three-way DNA junctions (3WJ) assembled from synthetic DNA
oligonucleotides with two arms of 39—40 bp each. The third arm has a three-nucleotide overhang, GCT,
which is paired with the sticky end of the DNA substrate generated by the Sapl enzyme. Ligation of the

3W/J results in the formation of a Y-type structure at the end of the linear DNA molecule, which is
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routinely identified in the AFM images. The yield of labeling is 69%. The relative orientation of arms in
the Y-end varies, such dynamics were directly visualized with time-lapse AFM studies using high-speed
AFM (HS-AFM). This labeling approach was applied to the characterization of the nucleosome arrays

assembled on different DNA templates. HS-AFM experiments revealed a high dynamic of nucleosomes

resulting in a spontaneous unraveling followed by disassembly of nucleosomes.

Future studies expanding on this body of work would look at the effect of three or more
nucleosomes on a single DNA strand and how the addition of more nucleosomes starts the higher-order
compaction, including both H3 nucleosomes and CENP-A nucleosomes to better elucidate the effects
both in the centromere and throughout the chromosome. Additionally the effect of NF-kB on
dinucleosomes or trinucleosomes could better elucidate what happens in vivo when DNA is completely

wrapped by nucleosomes and a transcription factor must access a specific DNA sequence.
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Chapter 1. INTRODUCTION

1.1DNA

Deoxyribonucleic acid (DNA) is crucial for numerous bodily functions such as storage of genetic
information, transmission of genetic information, protein synthesis, cell function and regulation, and

evolution.'™*

DNA stores the genetic information and contains the instructions needed for an organism to grow,
develop, function, and reproduce. These instructions are encoded in the sequence of its four types of

nitrogenous bases: adenine (A), guanine (G), cytosine (C), and thymine (T).!>¢

Transmission of genetic information occurs when DNA is passed from parents to their offspring
during reproduction, ensuring that the new organism receives the necessary information to develop and

function properly.”®

DNA is the site of protein synthesis because it contains the blueprints for building proteins, which
are required for many cellular processes but often overlooked. Proteins are essential for the function of
every cell in the body, providing structural support, catalyzing chemical reactions (as enzymes),

transporting molecules, and responding to signals.*!'”

Gene expression is the process by which DNA instructs the cell how to carry out its functions and
regulate itself. Transcription of DNA into RNA is followed by translation of mRNA into proteins.
Different genes' expression levels are controlled to coordinate the production of specific proteins at

specific times.'!"13

The importance of DNA is unprecedented in the body. However, DNA in a single chromosome is
approximately 155 million bp of DNA and approximately two meters long if all the DNA in a cell was
uncoiled, and fitting it inside a cell (approximately 10 to 100 micrometers), which is extremely small and
a remarkable feat of biological organization.'*'® The DNA in a cell is packaged and organized in a highly
structured manner to ensure that it is both accessible for cellular processes and compact enough to fit
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inside the nucleus in eukaryotic cells. A problem arises when the highly compacted DNA is required for

biological functions such as transcription and replication.!”-!

The DNA compacts into eukaryotic cells' nucleus through multiple compaction stages. The
fundamental level of compaction is nucleosomes, the middle level of compaction is chromatin, and lastly,

chromosomes. !>

1.2 Nucleosomes

DNA is compacted at the cellular level by nucleosomes, which consist of DNA wrapped around
an octameric core of histones. These canonical octameric cores are composed of two copies of each of the
histone proteins H2A, H2B, H3, and H4, and their predominantly positive charges aid in binding the DNA

around the core.?!"*?

While the DNA in a human cell is about 2 meters long, the nucleus is only about 6 micrometers
across.”® Nucleosomes compress DNA so that it can fit into the relatively small nucleus of a cell. In
addition to helping compact DNA into higher-order structures like chromatin fibers, loops, and

chromosomes, nucleosomes also play a role in the initial folding and organization of chromatin.?*%’

Nucleosomes regulate access to DNA because DNA is still required even when wrapped around
them for processes like transcription, nucleosome dynamics, and replication. Nucleosomes can be altered
or repositioned to make specific DNA sequences accessible or inaccessible, allowing for the binding of

transcription factors and other proteins that regulate gene expression.?® 3!

1.3 Centromeres

The centromere is a unique part of a chromosome that serves an essential function during cell
division. Here, two copies of a chromosome, called sister chromatids, are physically joined until they are
separated and pulled to opposite poles of the cell.>*>* Spindle fibers, structures that aid in separating
chromosomes during cell division, attach to the centromere.’>*¢ The location of the centromere varies
37,38

from chromosome to chromosome, which alters the overall morphology of the chromosome.
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Centromeres play a crucial role in chromosome alignment and movement, ensuring that the correct
number of chromosomes is passed on to each daughter cell during mitosis.* Improper chromosome
segregation, caused by mutations or abnormalities in the centromere, can lead to cells with abnormal

chromosome numbers linked to several diseases and cancers.**?

The centromere contains specialized nucleosomes called a CENP-A nucleosome (CENP-Ac)
that help with the unique requirements of the centromere’s responsibilities. These CENP-A,, contain an
octameric core, similar to the H3, with two H2A, H2B, CENP-A, and H4, where the H3 histones of the
canonical nucleosomes are replaced with CENP-A histones.**** These centromeric CENP-A,,. share 75%
of the same histones as the H3 counterparts (H2A, H2B, and H4 histones) but behave differently on the
individual nucleosome level. For example, CENP-A,,c have a wrapping efficiency of ~20 bp less than the
H3,. and are responsible for forming the kinetochore foundation.*** A specific ratio for CENP-Ayy to
H3,.c in the centromere has been recently found to be between 8:1 and 11:1, which means that the

centromere is almost exclusively composed of CENP-A . %

CENP-A,, are vital to the establishment and maintenance of centromere identity. CENP-Ap,
play a critical role in maintaining genomic stability by ensuring accurate chromosome segregation. Errors
in this process can lead to aneuploidy, a condition where cells have an abnormal number of chromosomes,

which is associated with cancer and various genetic disorders.>%>!

1.4 Chromatin and Higher-Order Structure

Chromosomes, chromatin, and nucleosomes, listed from highest to lowest order of compaction
and, are closely related structures that play crucial roles in the organization, packaging, and regulation of
genetic material in eukaryotic cells. Chromosomes are the highest-order of compaction of long DNA,
thread-like structures located in the nucleus of eukaryotic cells. They ensure DNA is accurately replicated

and distributed to new cells during cell division.>*-*
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Chromatin’s primary function is the packaging of long DNA molecules wrapped around
nucleosomes into more compact, dense structures, preventing the strands from becoming tangled and also
playing essential roles in reinforcing the DNA during cell division and regulating gene expression and
DNA replication. There are two forms of chromatin: heterochromatin (condensed) and euchromatin (less
condensed). Heterochromatin consists mostly of repetitive DNA sequences and non-coding RNA
transcripts, mostly commonly found in the centromere and telomeres. Conversely, euchromatin is
enriched in genes and is often under active transcription, therefore in the presence of DNA, RNA, and

protein. >

Nucleosomes (Section 1.2) serve as the building blocks of chromatin, wrapping DNA into a
compact and manageable structure, which in turn folds and compacts to form chromosomes during cell
division. This hierarchical organization ensures that the long DNA molecules are properly maintained,

replicated, and divided while also regulating access to genetic information for gene expression. %!

At the most basic level, nucleosomes help to package the DNA into a compact, dense structure.
This packaging continues to fold and refold until it forms the chromatin structure, which is then folded
more until a chromosome is formed. Both nucleosomes and chromatin structure play a critical role in
gene regulation. Certain regions of chromatin can be opened or closed, making them more or less

accessible to transcription factors and RNA polymerase, which are crucial for gene expression.®%63

During cell division, chromatin condenses to form chromosomes, ensuring proper segregation of
the genetic material between daughter cells. Nucleosomes help in this process by allowing the DNA to be

compacted and organized in a way that supports chromosome formation.

1.5 Regulation of Transcription of Chromatin: Transcription Factor NF-kB

Transcription factors are proteins that regulate the transcription of genetic information from DNA
to RNA by binding to specific DNA sequences.® Transcription factors regulate the rate of transcription of

particular proteins. For example, NF-xB (Nuclear Factor kappa-light-chain-enhancer of activated B cells)
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is a critical signaling pathway in cells, which is vital in regulating the immune response, inflammation,
cell growth, and survival. It's one of the most studied pathways due to its relevance in many diseases,

including cancer, autoimmune disorders, and inflammatory conditions.5>-6¢

NF-«B is a family of transcription factors that includes several proteins, such as NF-xB1
(p50/p105), NF-kB2 (p52/p100), RelA (p65), RelB, and c-Rel. In the studies discussed in this paper, we
will focus on the heterodimer of p50/RelA(p65), which is considered the canonical and most abundant
form of the protein. In unstimulated cells, NF-kB dimers are typically held in the cytoplasm in an inactive
state by inhibitory proteins called IkBs (Inhibitor of kappa B). The most common of these is IkBa. The
NF-kB pathway can be activated by various stimuli, including cytokines (like TNF-a and IL-1), growth
factors, stress signals, reactive oxygen species, and pathogens (like viruses and bacteria). Upon
stimulation, the kB kinase (IKK) complex, which includes IKKa, IKKf, and a regulatory subunit NEMO

(IKKY), becomes activated.t”-*

IKK complex then phosphorylates kB proteins, marking them for ubiquitination and subsequent
degradation by the 26S proteasome. The degradation of IxB releases NF-kB dimers, most commonly

p50/RelA heterodimers, allowing them to translocate into the nucleus.”® "2

Once in the nucleus, NF-kB dimers bind to specific DNA sequences called kB sites in the
promoters or enhancers of target genes. This binding results in the transcriptional activation (or
sometimes repression) of genes involved in immune and inflammatory responses, cell proliferation,

apoptosis, and other vital cellular processes.” 7

The pathway is tightly regulated at multiple levels, including the degradation and synthesis of
IkB, post-translational modifications of NF-«B subunits, and interactions with other transcription factors
and co-regulators. We have recently published a paper in our lab demonstrating that NF-kB is a pioneer

transcription factor.”®

19| Page



Negative feedback loops, such as the resynthesis of [kB proteins, which can bind to and inactivate
NF-kB in the nucleus, help terminate the response. Given its central role in immune and inflammatory
responses and cell survival, the NF-kB pathway is implicated in a wide range of diseases. Dysregulation
of this pathway can lead to chronic inflammation, autoimmune diseases, cancer, and other pathological

conditions.””

Due to its importance in various diseases, the NF-kB pathway is a target for drug development.
Various inhibitors targeting different components of this pathway are being studied to treat cancer,

inflammatory diseases, and autoimmune disorders.”*

Understanding the interaction between NF-kB and nucleosomes is crucial in medical research, as
it offers insights into the mechanisms underlying many diseases and provides potential targets for
therapeutic intervention. The aberrant regulation of NF-kB and its interaction with chromatin has been
linked to various diseases, particularly inflammation and immune responses. For example, dysregulation

of NF-«B has been implicated in cancer, which can promote cell proliferation and survival .86

1.6 Significance

The study of nucleosomes, as detailed in this text, holds paramount significance in molecular
biology and genetics. Nucleosomes, consisting of DNA wrapped around histone protein cores, are
essential for efficiently packaging DNA within the confines of a cell's nucleus.*'*”*¥ This packaging is not
just a structural necessity; it plays a critical role in regulating gene expression and maintaining genomic
stability. The intricate organization of nucleosomes determines how genes are accessed and expressed,
impacting everything from cell development to the body's response to environmental stimuli.?-%?
Transcription factors, such as NF-kB, require access to the DNA to function, which ultimately results in
the transcription of inflammatory cytokines and chemokines.®>** By understanding how nucleosomes

work, we will gain insights into the fundamental processes of gene regulation, the basis of various

diseases, and the accessibility of DNA to proteins, such as transcription factors. Moreover, the dynamic
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nature of nucleosomes, which can be remodeled in response to cellular signals, is central to our
understanding of epigenetic changes and their implications in health and disease. For instance, the unique
features of CENP-A,. at the centromeres are crucial for chromosome segregation during cell division, a
process integral to maintaining genomic integrity. However, there is a lack of understanding in the
differences between H3 and CENP-A nucleosomes. Any malfunction in this process can lead to severe
conditions like aneuploidy, often associated with cancers and various genetic disorders. The interplay
between different types of nucleosomes and their role in compacting DNA, regulating gene expression,
facilitating DNA replication and repair, and regulating DNA accessibility underscores the essentiality of
nucleosomes in life's molecular architecture. Although there is a basic understanding of H3 and CENP-A
nucleosomes, some knowledge gaps prompt the following questions. (1) What are the differences in DNA
specificity, wrapping, and stability between H3 and CENP-A nucleosomes? (2) How does NF-«xB interact
and impact both H3 and CENP-A nucleosomes? (3) Are there alternatives to bulky protein labeling for

AFM imaging?

Answering these questions thereby provides the scientific premise of these projects, which
combines the development of a novel DNA marker, the discovery of NF-«kB: nucleosome(H3 and CENP-

A) interactions, and elucidating nucleosome dynamics.

The project described here is entirely innovative. The interactions of nucleosomes have a crucial
biological role, but the understanding of the dynamics and internucleosomal interactions has not yet been
clearly elucidated. Therefore, we studied nucleosomes using a novel (3WJ) DNA marker, enabling the
quantitative analysis of nucleosomes in both dry imaging and HS-AFM imaging. This importantly looks
closely at the CENP-A nucleosomes to uncover new information about how the nucleosome's stability,
unwrapping, and dynamics differ from the H3 nucleosome. These differences further explain the
differences between the bulk chromosome (H3 nucleosomes) and the centromere (CENP-A nucleosomes),
which can be the cause of disease and aneuploidy. Additionally, we add NF-«B to both nucleosome

systems, which is an entirely novel experiment and approach that uncovers the mechanisms of the role of
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transcription factors in the centromere, which, until recently, the centromere was thought to have no
transcriptional activity.”* These experiments lay the foundation for future studies of both H3 and CENP-A

nucleosomes and their impact on interactions with transcription factors and cell viability.
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Chapter 2. METHODS

2.1 Introduction

The Methods section of this thesis elucidates the procedures and techniques utilized to conduct
the research and gather pertinent data. The integrity of the research findings hinges on the rigorous and
systematic implementation of these methods, ensuring the reliability and validity of the results. This
chapter provides a comprehensive overview of the research design, sample selection, data collection

instruments, and analytical strategies employed in this study.”>

Y1: 5'-gctatacagctegeegeagecgaacgeecttgegragegagtecagtgagataggaageggaagageg -3

Y2: 5'-cgctcticegeticctatctcactgactcgetgegeaaggtittitctaacageatcacacacattaacaattctcacatetggg-3'
Y3: 5'-cccagatgtgagaattgttaatgtgtgtgatgetgttaggegticggetgeggegagetgtat -3'

B
Y2

Y1 |} Y3

3 nt overhang

Figure 1- Three-way Junction design.
(A) Oligonucleotides used in 3WJ assembly. (B) Schematic of 3W.J. The arm lengths are 40 bp, 39 bp, and 20 bp between Y1-Y2,
Y2-Y3, and Y1-Y3, respectively. The 3nt overhang is GCT. The addition of 6 T’s in the center of the Y2 ssDNA and at the 3W/J

intersection site was to help the DNA flanks to prefer the T and Y conformations. These 6 T’s do not have complementary DNA.

2.2 DNA Substrate Preparations

2.2.1 Preparation of 3WJ End Label
Protein markers, such as streptavidin, have historically been used as DNA markers by binding to

biotin on the DNA. Problems arise from these protein-based DNA markers when looking at complex
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systems that may include multiple proteins such as nucleosomes and transcription factors. Therefore, a

novel approach was designed to eliminate the necessity for extra proteins, which we termed the 3WJ.

The oligonucleotides comprising the 3WJ were designed to have complementarity to one another
to form the “Y” shape of the 3WJ, as seen in Figure 1. A six-nucleotide thymine (T) repeat was added to
Y2 to facilitate the assembly of the Y structure of the 3WJ end.”>” A three-nucleotide (GCT) overhang
was added to Y1 to facilitate the complete DNA construct ligation with a complementary sticky end
generated with the Sapl restriction enzyme. The oligonucleotides used and a schematic of the 3WJ are
shown in Figure 1. The three oligonucleotides (Y1, Y2, Y3) were mixed at an equimolar ratio and heated
to 95 °C, and as the denatured DNA cooled, they annealed together forming the 3WJ. Assembly was

verified by gel electrophoresis. A representative gel can be seen in Figure 2.
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Figure 2- Agarose gels of 3WJ assembly.

Agarose (1%) gels of labeled DNA complex assembly. (A) The gel of 3WJ assembly. The Y1 and Y3 indicated the position of single-
strand oligonucleotides (The length of Y2 is similar to Y3 but not shown in the gel.) Lanes Y13 and Y123 are the annealing
products of Y1-Y3 and Y1-Y2-Y3. The position of Y13 is higher than Y1 and Y3 but lower than Y123, suggesting that we annealed
the Y1-Y2-Y3 together. (B) The gel of label-DNA complex assembly. Y123 and 356 are the two parts of the segment we need to
ligate together. Y123 ligated shows control results for self-ligation of Y123. The main band of ligated Y123 is the same as Y123
before ligation. The Y356 is the final ligation product with a higher main band than 356 and Y123. A final test is completed on

AFM to ensure the 3WJ are proper lengths.

2.2.2 3WJ DNA Full Construct Preparation

Two DNA substrates were used in the three-way junction (3W1J) experiments. The first is a
nonspecific DNA sequence 356 bp in length. The second is a 600 bp sequence capable of binding two
nucleosomes. This sequence contains the strong nucleosome positioning 601 motif at the far end of the
template, as seen in Figure 3.°” The duplexes are generated from PCR using a plasmid vector pUC19 with
these primers. The primer includes the cutting region for the restriction enzyme Sapl (5'-GAAGAGC-3")
(New England Biolabs, Ipswich, MA, USA), which creates a three-nucleotide overhang complementary

to our 3WJ after cutting. The DNA substrates were concentrated from the PCR product and purified using
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gel electrophoresis. The purified DNA was digested with Sapl and ligated with the Y junction overnight at

16 °C. The final product was then purified by gel electrophoresis. A representative gel can be seen in

(39 bp)_’\(ZO bp) 3WIJ Flank 601-motif 3’ Flank
(40 bp)—/ (372 bp) (147 bp) (80 bp)

Figure 3- DNA diagram of DNA construct with a terminal 3WJ.
DNA diagram of the 3WJ DNA with a single 601-motif site (red line), 80 bp from the 3’ end. The 20 bp in gray is part of the

3WJ assembly. The blue 372 bp sequence is a flank that allows nucleosomes to bind more freely.

Figure 2B. DNA concentration was then determined using a NanoDrop Spectrophotometer (ND-1000,

Thermo Fisher, Waltham, MA, USA) and stored at 4 °C before being used for experiments.

2.2.3 Alpha-Satellite DNA Preparation

The DNA construct was prepared the same way as we have done previously.’*** The alpha
satellite-containing construct was made using PCR with a pUCS57 plasmid vector from BioBasic
(Markham, ON, CA). The DNA total sequence was 410 bp, with the alpha satellite sequence in the
middle. The specific sequence used is 5'-
GATGTGCTGCAAGGCGATTAAGTTGGGTAACGCCAGGGTTTTCCCAGTCACGACGTTGTAAA
ACGACGGCCAGTGAATTCGAGCTCGGTACCTCGCGAATGCATCTAGATGACCATTGGATTGAA
CTAACAGAGCTGAACACTCCTTTAGATGGAGCAGATTCCAAACACACTTTCTGTAGAATCTGC
AAGTGGATATTTGGACTTCTCTGAGGATTTCGTTGGAAACGGGATAAAATTCCCAGAACTACA
CGGAAGCATTCTCAGAAACTTCTTTGTGATGAAGGGCGAATTCGAATCGGATCCCGGGCCCGT
CGACTGCAGAGGCCTGCATGCAAGCTTGGCGTAATCATGGTCATAGCTGTTTCCTGTGTGAAA
TTGTTATCCGCTCACAATTCCACACAACATACG -3'. After the PCR amplification of the DNA
substrate, the DNA was concentrated using a vacufuge to evaporate excess water and purified using the
Gel Extraction Kit from Qiagen (Hilden, DE). Lastly, the DNA concentrations were calculated using a

NanoDrop Spectrophotometer (ND-1000, Thermo Fischer).
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2.3 Nucleosome Assembly

The nucleosome assemblies of both H3 and CENPA are completed through 24-hour dialysis, starting at 2
M NaCl and ending at 2.5 mM NaCl, the same as we have published previously.’s1%%1%! This process
occurs at 4 °C and utilizes a peristaltic pump that continuously pumps the low salt buffer into the reaction
beaker at the same rate that it pumps the high salt buffer out. The H3,,c are purchased from The Histone
Source (Fort Collins, CO) and are already in an octameric form. It requires mixing the nucleosomes and
DNA and a predialysis to remove the glycerol from the stock. The CENP-A,,. are purchased from
EpiCypher (Durham, NC) and come in two stocks, one containing the H2A/H2B dimers and one
containing the CENP-A/H4 tetramer. The CENP-A,, requires an extra step of mixing the two histone

stocks in equimolar concentration to obtain an octameric core with two dimers and a single tetramer.

2.4 Protein Procedures

2.4.1 NF-kB Preparation (Prepared by Collaborator)

The Elizabeth Komives group at UC San Diego conducted the NF-kB preparation and provided
expertise on the protein. N-terminal hexahistidine murine p5039-350/RelA 19321 (hereafter referred to as NF-
kBrup) was expressed using a modified pET22b vector containing the genes for both polypeptides as
described previously 2. The DNA for murine RelA residues 19-549 was synthesized and subcloned into a
modified pET22b vector, which already contained the gene for N-terminal hexahistidine-p5039.350
(hereafter referred to as NF-kBArr). The DNA sequence of the RelArap (RelA residues 340-549) was

subcloned into a pET28a vector with a C-terminal hexahistidine tag.

All vectors were introduced into E. coli BL-21 (DE3) cells using a transformation process, and
these cells were then cultured in M9 minimal media containing antibiotics at 37 °C until they reached an
optical density (O.D. 600 nm) of 0.5-0.7. Cultures were cooled on ice for 20 minutes, and then protein
expression was initiated by adding 0.2 mM IPTG. Cultures were incubated at 18 °C for 16 hours, then

harvested by centrifugation. Pellets were stored at -80 °C.
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The NF-kBrup, NF-kBrr, and RelAtap constructs were lysed by sonication and purified by Ni**-
NTA chromatography as described previously for NF-kBrup.”® Following overnight dialysis, the protein
was aliquoted and stored at -80 °C. Prior to experiments, aliquots were thawed and further purified. As
described previously, NF-kBrup and NF-kBr. were purified by cation exchange chromatography (MonoS;
GE healthcare) to remove bound nucleic acids.”® The protein was further purified by size-exclusion
chromatography using a Superdex 200 column (GE healthcare) in SEC buffer (25 mM Tris, 150 mM
NaCl, 0.5 mM EDTA, 1 mM DTT, adjusted to pH 7.5 at room temperature). Care was taken to separate
NF-kBrr. from a breakdown product that eluted at the same volume as NF-kBrup. RelArtap was purified
by size-exclusion chromatography using a Superdex 75 column, followed by a Superdex 200 column (GE

healthcare) in the same buffer.

All purification chromatography steps were conducted in a 4 °C cold room. SDS-PAGE assessed
the purity of all proteins. The protein concentration was determined by absorption at 280 nm using a
NanoDrop spectrophotometer. Purified protein was stored at 4 °C, and all experiments were conducted

within 72 hours of purification by size exclusion chromatography.

2.4.2 NF-kB DNA/Nucleosome Assembly Process

The addition of NF-xB to DNA or nucleosome-containing samples was completed in the same
manner as previously.”® The NF-kB was diluted to 300 nM for nucleosome experiments and 600 nM for
DNA experiments in NF-kB buffer (25 mM Tris pH 7.5, 150 mM NaCl, 0.5 mM EDTA, 1 mM DTT).
The DNA experiments incubated NF-xB at a 2:1 ratio with the DNA for 10 minutes at room temperature.
The nucleosome experiments incubated NF-«xB at a 1:1 ratio, resulting in 150 nM for both nucleosomes

and NF-kB, then incubated for 10 minutes at room temperature.

2.4.3  Rhizavidin Bacterial Transformation Procedures

Four ng of DNA was added to Novablue cells. The cells were heat-shocked by immersion in a 42
°C water bath for 30 seconds. The solution was returned to the ice for 2 minutes. 250 pL of Super
Optimal broth with Catabolism suppressor (SOC). The cells were plated with sterilized equipment. Three
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quantities were plated and incubated overnight at 37 °C: 10 pL, 50 uL, 170 pL. After one day, 50 pL and
170 uL plates were overgrown due to the high efficiency of transformation. A colony was collected using

a 10 pL pipette tip and inoculated into 50 mL of Luria-Bertani (LB) medium.

2.4.4  Rhizavidin Plasmid Purification Procedures

E.Z.N.A.® Plasmid DNA Maxi kit was used to isolate the plasmid DNA. The final DNA
concentration was 78.1 ng/uL. Eighteen 50 pL aliquots were made and frozen for future use. BL21(DE3)
transformation and plating were conducted on a single aliquot. Four hours at 37 °C vs. overnight at 18 °C
test induction was done to determine which method works best for producing the protein inside the

bacteria. It was determined that the overnight growth at low temperatures worked best.

A 6L culture was started and induced for overnight growth at 18 °C. The cells were grown
overnight at a lower temperature and then quickly subjected to a heat shock followed by cooling on ice to
enhance the expression of chaperones. The culture was grown to O.D. 600 nm of 0.870 before induction.
After growing overnight, cells were lysed using a French press cell lysis and centrifuged at 40,000 x g for
30 minutes. The results from expression were ~3.5 grams of lysate/2L. The lysate is then dissolved in
water and run through an iminobiotin-packed agarose column. The binding buffer for the column was 50
mM ammonium carbonate, pH 11, 500 mM NaCl, and the elution buffer was 50 mM ammonium acetate,
pH 4.0, and 500 mM NaCl. Aliquots had 1M Tris pH 7.5 added to them to bring pH to a more neutral

level.

2.5 AFM Sample Preparation

2.5.1 Dry AFM Sample Preparation and Imaging

The dry AFM samples are prepared after the assembly of the nucleosomes and are deposited on 1-
(3-aminopropyl)silatrane (APS) mica. The addition of APS to mica thereby functionalizes the surface of
the mica but creates a positively charged surface instead of a negatively charged mica surface. The stock

solutions of nucleosomes (H3 and CENP-A) are stored at 300 nM at 4 °C. In preparation for the stock
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solution for imaging, a small aliquot is taken and diluted to 2 nM using imaging buffer (4 mM MgCl,, 10
mM HEPES, and pH 7.4) and deposited on the APS mica. The mica containing the sample is incubated
for 2 minutes, washed gently with DI water, and dried with a slow argon flow. The sample is placed in a
vacuum and allowed to dry overnight under a vacuum. The dried samples are then imaged on a
Multimode AFM/Nanoscope 111d utilizing TESPA probes (Bruker Nano Inc, Camarilla, Ca). The dry

sample images were captured at 3 x 3 pm in size with 1536 pixels/line.

2.5.2 High-Speed AFM Sample Preparation and Imaging in Liquid

High-speed AFM imaging was performed as described in our previous literature. %1919 Briefly,
a thin piece of mica was punched into circular pieces with a 1.5 mm diameter and then glued onto the
sample stage of the HS-AFM (RIBM, Tsukuba, Japan). 2.5 pl of 500 uM APS solution was deposited
onto the mica and incubated for 30 min in a wet chamber to functionalize the mica surface. The mica
surface was then rinsed with 20 pl of deionized water. Then, 2.5 pl of the DNA or nucleosome sample
was deposited onto the APS functionalized mica surface and incubated for 2 min. The sample was then
rinsed with buffer and put into the fluid cell containing the imaging buffer described above. HS-AFM
carried out imaging using electron beam deposition (EBD) tips. The typical scan size was 400 x 400 nm

with an 800 ms/frame scan rate.

2.6 Data Analysis

We utilize the same methods as previously published by our lab.”®!% The dry sample images
captured are analyzed using Femtoscan (Advance Technologies Center, Moscow, Russia), where we can
measure the contour lengths of the DNA. The contour length measurements begin at the end of the 3WJ
and are measured to the middle of the nucleosome. The second arm measurement starts at the center of
the nucleosome and is measured to the 601 terminal end. 5 nm is subtracted from both arm lengths
because of the contribution of the DNA to the wrapping around the nucleosome. A conversion factor is
calculated from naked DNA to calculate the bp of the measurements. In the dry sample images, measuring

the contour lengths of all the free DNA and dividing by the known DNA length (659 bp) will provide a
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number around 0.35, which we use to convert nm measurements to bp. The linker length between two
nucleosomes is calculated by measuring the DNA length between the center of two nucleosomes and
subtracting 10 nm of DNA to account for the contribution of both nucleosomes, as seen in the equation

below.

Measured mean value of DNA length (nm)
Theoretical Length of the designed DNA substrate (bp)

Conversion Factor =

(Measured from DNA end to center of nucleosomes (nm)) —5nm

Arm Length (bp) = pryon
Conversion factor (E)

(Measured center — to — center (nm)) — 10 nm

Linker Length (bp) = —
Conversion factor (b_)
p
In HS-AFM, the contour length is calculated by measuring the DNA length after the nucleosome
has evacuated the DNA, and the full-length DNA is accessible for measurement. The averages of the
contour lengths are used to calculate the conversion factor. The histograms were created using Origin.

Microsoft Excel was used to create scatter plots and bar graphs.
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Chapter 3. DEVELOPMENT OF DNA MARKERS

3.1 Introduction

Atomic Force Microscopy (AFM) is a widely used nanotool for single molecule studies of
protein—DNA complexes of various types.'** In many such AFM studies, precise position determination of
proteins is of utmost importance, which needs to be retrieved from these experiments. The protein's
precise location can only be determined by using large, visible markers on the DNA, and end-labeling the
molecule is a simple method. Streptavidin is one such marker, as it specifically binds biotin, that can be
incorporated at the end of the DNA template.'"'%” The use of proteins as a marker has several
complications. First, binding the protein marker can require a specific buffer composition that can
complicate the assembly of the complex under study. Second, the marker can dissociate from the binding
site if it is not covalently bound. Third, bulky protein appearance can introduce ambiguity to analysis 1%,

a problem that led us to utilize rhizavidin, a smaller-sized streptavidin analog '°!'° to reliably distinguish

nucleosomal particles due to the similar size of streptavidin from nucleosomes in the AFM images.”®

An alternative to a bulky protein that binds biotin, rhizavidin can be used as a DNA marker due to
the size difference. The rhizavidin (29 kDa) is smaller than streptavidin (51 kDa) for easier and more

accurate identification of proteins due to its dimeric state as compared to the tetrameric streptavidin,!%%!1°

If the DNA template has a single-stranded end, single-stranded binding proteins such as SSB of
E. coli can be an attractive marker ''""!?, but nonspecific or unwanted interactions can occur.'®> We
mentioned the buffer composition above, which can modulate DNA and protein properties.!'*!'7 This
factor is critical in studies of labile and dynamic systems such as chromatin.!'®-1?! These complications
can be avoided if other bulky markers are used. An interesting approach was proposed in '#?, where a
single-stranded DNA (ssDNA) loop was used as a terminal label for AFM studies, but the labeling yield
was low. Later experiments increased the yield of the terminal ssDNA marker to ~70%.'** However, for
some studies, the high flexibility of ssDNA and its relatively low contrast in AFM images compared with

dsDNA is a complication in identifying ssDNA loops at the end of DNA duplexes. Reliable visualization
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of a terminal label in HS-AFM studies is essential, as multiple frames per second are used to describe the

dynamics of a system. The use of a dsDNA-based label could help overcome these complications.

Here, we describe two labeling methods, one based on terminal biotin binding by rhizavidin and a
second based on using branched DNA constructs as bulky terminal labels for linear DNA molecules. We
used a three-way junction (3WJ) as the simplest branched DNA molecule, which is covalently ligated to a
sticky end of the DNA template. We describe a methodology for assembling an appropriate 3WJ, which is
stable and easily identifiable with AFM. Our DNA label can be produced efficiently and is a reliable
terminal label for DNA and protein—-DNA complexes in AFM experiments performed in air and time-
lapse HS-AFM studies in an aqueous environment. We tested the use of this labeling in several different

protein—DNA systems.

3.2 Experimental Design

3.2.1 Labelling of DNA Substrates with Rhizavidin
AFM experiments utilized biotin attached to one terminal end of the DNA, which can be
specifically bound to by rhizavidin and streptavidin. Streptavidin was used for labeling

109.124 3 streptavidin variant with a smaller size, was used for labeling

mononucleosomes, and rhizavidin,
dinucleosomes. Assembled mononucleosomes were incubated with streptavidin for 5 min at room
temperature at a molar ratio of 2:1 streptavidin:nucleosome in incubation buffer (10 mM Tris pH 8.0,
125 mM NaCl, 5 mM MgCl,.). Dinucleosomes were incubated with rhizavidin for 5 min at room

temperature at a molar ratio of 4:1 rhizavidin:nucleosome in incubation buffer. After incubation, samples

were immediately prepared for imaging, as described below.

3.2.2  Oligonucleotides for 3WJ Assembly
Oligonucleotides of the following sequences were acquired commercially from Integrated DNA

Technologies (Coralville, IA, USA) with PAGE purification:
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YI1:5
GCTATACAGCTCGCCGCAGCCGAACGCCCTTGCGCAGCGAGTCAGTGAGATAGGAAGCGGAA

GAGCG-3'

Y2:5'-
CGCTCTTCCGCTTCCTATCTCACTGACTCGCTGCGCAAGGTTTTTITCTAACAGCATCACACACA

TTAACAATTCTCACATCTGGG-3'

Y3:5'-
CCCAGATGTGAGAATTGTTAATGTGTGTGATGCTGTTAGGCGTTCGGCTGCGGCGAGCTGTAT-

3/

3.3 Results

3.3.1 Rhizavidin Application Assessed Through AFM Imaging
The addition of rhizavidin required incubation for 15 minutes to get the highest yield of
rhizavidin to bind to the DNA. However, the ratio of rhizavidin to DNA necessary to get a good yield of

~40% resulted in the deposit of a lot of rhizavidin binding to the surface of the APS mica (Figure 4).

Figure 4- AFM image results of rhizavidin bound to DNA.
AFM images with Rhizavidin bound to DNA containing the 601 sequence (A), random sequence (B), and snapshots rhizavidin bound to

the DNA (C). (Unpublished Data)
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3.3.3  Coupling of Linear DNA With 3WJ

The 3WJ was assembled by annealing three synthetic DNA oligonucleotides (Figure 1A) to form
a construct shown in Figure 1B. Oligonucleotide Y2 contains six T residues to provide additional
flexibility to the junction joint.”>* The lengths of the arms of the junction are 40 bp, 39 bp, and 20 bp
between Y1-Y2, Y2-Y3, and Y1-Y3, respectively. The 3WJ construct was extracted from the gel and
ligated to the sticky end of the DNA with its three nucleotide overhang. As described in the methods
section, 3WJ containing DNA samples were then deposited on functionalized APS-mica for AFM
imaging. One scan of representative AFM images of the labeled DNA is shown in Figure SA. White
arrows indicate the presence of the 3WJ label on the substrate. The yield of DNA labeling was measured
by counting the number of clearly defined DNA labels compared with the total of clearly defined DNA

molecules. It was determined to be 69% (n = 198), indicating successful label visualization using AFM.
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3.3.4 HS-AFM to Visualize the Dynamics of the 3WJ Directly

Figure 5- Three-way junction on free DNA.

(A) Representative AFM image of 3W.J label on DNA. White arrows point to the label. The scale bar is 200 nm. (B) Snapshots of
DNA with open “T” label conformation (i), bent “Y” label conformation (ii), and condensed “bulge” label conformation (iii). The

AFM images are taken in the air. Scale bars indicate 50 nm.

We deposited our labeled DNA on functionalized mica. We imaged it in our imaging buffer on
our HS-AFM, which can capture multiple images per second, allowing for the observation of the system's
dynamics. The data of the entire set of frames are assembled in Movie S1 of 3WJ. Snapshots from the
movie are shown in Figure 6. The label in the “T” conformation from the first frame is immediately
observable. It is shown on the right terminus of the DNA molecule. The DNA is shown to be mobile,
highlighting the ability of HS-AFM to observe the dynamics of complexes. The unlabeled DNA terminus
shows high mobility, curving, and looping throughout the video. The label shows flexibility as well; while
the “T” conformation is prominent for the first thirty frames of the video, it briefly adopts a “Y”

conformation in frame 31 before reverting to a “T” in frame 33. The DNA and label move throughout the
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video, but significantly, the label is visible throughout. In addition to direct visualization of the dynamics

of 3WJ, these data illustrate the use of the 3W1J labeling for time-lapse experiments.’>%-125-127

Figure 6- High-speed AFM imaging of labeled DNA substrate.
3Wis are indicated with arrows. The scale bar indicates 40 nm. The numbers in each image are their frame number in the
movie file. The complete set of frames can be visualized in Movie S1. The numbers on the snapshots indicate the frame

number. A frame is taken every 600 ms.

3.3.5  Assembly of Nucleosomes on 3WJ Substrate

After verifying the successful assembly of our terminally labeled DNA substrate, we aimed to test
whether this assembly could be used to study protein—DNA complexes. We chose nucleosomes as our
protein—-DNA complex of study. Nucleosomes were assembled on the nonspecific 356 bp DNA substrate
terminally labeled with the 3WJ using the gradient dialysis approach described in the methods section.
After assembly, complexes were diluted to 2 nM, deposited on functionalized mica, and imaged using

AFM.
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Figure 7- AFM image of nucleosomes assembled on labeled DNA.

(A) A representative frame with images of assembled nucleosomes. White arrows indicate 3WJ labels. The scale bar

indicates 100 nm. (B) Selected snapshots of nucleosomes with label present. The scale bar indicates 50 nm.

Representative AFM images of nucleosome assembly with selected snapshots are shown in
Figure 7. The bright white features shown in the images are the nucleosome core particles, with DNA
flanking on either side. White arrows in Figure 7A indicate the 3WJ labels. Indeed, we can both
successfully assemble nucleosome complexes on the labeled DNA substrate and visualize the 3WJ label.
Snapshots in Figure 7B show several examples of successfully assembled and labeled nucleosome
complexes. The position of the nucleosome varies throughout the different snapshots, as indicated by the
distance of the core particle from the labeled end of the DNA. Using the 3WJ as a fiducial marker, one
can accurately determine the DNA sequence occupied by the nucleosome based on the position relative to

the 3W]J label.

Next, we utilized the 3WJ label to characterize the role of the DNA sequence on the nucleosome
assembly. We constructed the DNA substrate comprising the 601 nucleosome-specific sequence and a 372
bp segment with no specific affinity to the histone core termed random sequence to accomplish this goal.
A diagram of the DNA construct can be seen in Figure 3 and labeled with the 3W1J as described in the

methods. This DNA construct has sufficient space for binding at least two nucleosomes. A 147 bp
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sequence 601-motif with a very high affinity to the nucleosome assembly was placed 80 bp from the
opposite side as the 3WJ label. We assembled nucleosomes on the substrate and imaged the complexes.
AFM images are shown in Figure 8, with selected snapshots to the right. These images show that
mononucleosomes are assembled at the position distant to the label with 98% preference, indicating a

strong affinity of the nucleosome assembly on the 601-motif.

Figure 8- AFM image of nucleosome assembled on dinucleosome construct.
AFM images of dried nucleosome sample assembled on a dinucleosome construct containing the Widom 601 sequence. The
snapshots display nucleosomes bound to the Widom 601 sequence and a clear 3WJ. The scale bars are 300 and 25 nm for the

larger image and snapshots, respectively.

This conclusion is supported by the mapping results shown in Figure 9. In this graph, the center
of the nucleosome positions (orange dots) are located at the 601-sequence, with a few nucleosomes bound

to the non-specific DNA sequence. There was no binding of the nucleosomes to the 3WJ label. These
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results indicate that the 3WJ is a reliable terminal label, able to facilitate studies of sequence-dependent

protein—DNA interactions by allowing the precise determination of the protein position.

Nucleosome Mapping
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Figure 9- Nucleosome mapping data from dinucleosome construct.

Mapping data from the analysis of nucleosomes assembled on the DNA template containing the nucleosome-specific and non-
specific sequences. On the left is a schematic of the DNA construct with the nucleosome bound (orange dot). The nucleosome
position was measured from the center of the nucleosome particle to the DNA end. The grey bars (L;) correspond to the
distance measured from the end of the 3WJ to the center of the nucleosome, and the blue bars (L1) show the distance from the
center of the nucleosome to the unlabeled end of the DNA. 5 nm was subtracted from the measurement of each DNA flank to
account for the size contributed by the nucleosome core. The variable overall contour lengths of the DNA are due to the

varying wrapping efficiency of the nucleosome.
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3.3.5 Dynamics of the Nucleosome

We continued our HS-AFM experiments to characterize the dynamics of the nucleosome arrays.
In one set of experiments, we followed the dynamic unraveling of a mononucleosome assembled on the
labeled DNA substrate. The video is shown as a movie in Movie S2, and selected snapshots from this
video are shown in Figure 10. In frame 1, an assembled nucleosome is shown as the bright globular
feature indicated with an arrow. The DNA label, which is distant from the nucleosome, remains in the “T”
conformation. Over time, the nucleosome undergoes unraveling, identified by decreasing nucleosome
height and increasing arm lengths. The unwrapping of DNA from the histone core starts after frame 10,
with a complete dissociation in frame 25. This conclusion is supported by the height measurements of
nucleosomes shown in Figure 11. The initial height of the nucleosome with the value of 2.5 nm gradually
decreases to 1 nm (frame 17), after which the core dissociates. Note that the 3WJ label in this frame is

still clearly visible, with primarily a T-shape briefly adopting a “Y” conformation, as shown in frame 20.

Figure 10- High-speed AFM imaging of nucleosome
dynamics on labeled DNA.

The nucleosome is indicated with arrows. Scale bars indicate
50 nm. The numbers in each image are their frame number
in the movie. The numbers in each image are their frame
number in the movie. The complete set of frames can be

visualized in Movie S2.
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3.4 Discussion

3.4.1 Advantages of 3WJ

We presented here a methodology for the DNA end labeling with a feature routinely identifiable
with AFM. We selected the simplest branched DNA molecule, the 3WJ. This approach has several
attractive features. First, most topographic AFM studies are performed with protein molecules as a
label. 197128129 On AFM, these labels appear as globular features. The branched morphology of the 3WJ
label is distinct from the globular features of proteins and allows for no ambiguity in identifying the label
compared with the protein. We illustrated this benefit by imaging nucleosomes appearing as globular
features on the linear DNA template. Second, the 3WJ label is covalently attached to the end of DNA, so
buffer composition is not an issue for this type of labeling. This property is essential for studies of protein

complexes, as the stability of such complexes can depend dramatically on the buffer composition.

The 3WJ is a dynamic structure with preferable pyramidal conformation with 60° between the
arms.”>® The unpaired bases at the joint point switch the equilibrium to the T-conformation of the paired
arms, and we observed this type of conformational transition with AFM. Such conformational transition

does not affect the label's visualization, although the junction's T-conformation is simpler to visualize.
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Time-lapse AFM imaging is highly attractive for biological studies, as it allows one to perform
imaging close to physiological conditions by avoiding sample drying.!%3® HS-AFM instrumentation is
especially attractive, as it will enable the direct visualization of dynamics at a high data acquisition
rate.””131:132 We demonstrated that labeling with 3W1J is fully compatible with such AFM instrumentation.
The high labeling yield is another attractive feature of the described approach that we would like to

emphasize.

The 3W1 is visible through most of the frames despite its dynamics. The arm can be off the
surface, becoming non-visible, but appears on the following frame, allowing for unambiguous
identification of the DNA end. Once we know which end is the 3WJ end, we can track it through each

frame, even if the 3WI is not visible on AFM in some frames.

We have also utilized the 3W1J to accurately map out the exact location of nucleosomes on a DNA
sequence. These results showed that 98% of the H3 nucleosomes bound to the 601 sequence, indicating a
high affinity for the sequence with H3 nucleosomes and demonstrating the potential usefulness of this

application in further nucleosome analyses.

The DNA template as prepared remains stable during the typical storage of DNA without
requiring special conditions for the sample storage. The ligation of 3WJ to the DNA with sticky ends
requires adjustment of the junction sequences to the DNA template sequence. However, incorporating the
restriction site sequence into the primer for the PCR synthesis of the DNA template allows one to use the
unmodified 3WJ with any DNA substrate desired, provided that the substrate does not already contain the
Sapl restriction site. In the case where another restriction enzyme is required, the 3WJ sequence can be
easily modified. This modularity is another convenience, as assembled 3WJ can be used to label a nearly

unlimited number of DNA templates.
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3.4.2 Disadvantages With Rhizavidin

Although the protein was able to be expressed, purified, and even bound to the biotin-labeled
ends of the DNA, the overall yield of the rhizavidin binding to the DNA was too low. In order to get a
usable amount of protein bound to the DNA, the ratio of protein to DNA was often 5:1, and with the
excess protein binding to the APS mica in the background, it was determined that the protein would not
work for our use case. With the high concentrations of proteins, there was also a concern about unwanted

side reactions that could occur with the protein.

3.5 Conclusion

The 3WJ resulted in a very versatile and modular technique later used in Chapter 4.
INTERNUCLEOSOMAL INTERACTIONS. The 3WJ had an excellent yield of terminal labeling; it was
stably bound to the DNA and eliminated the need for another protein to be in the system, which can cause
unwanted side reactions. The durability and yield were demonstrated in both static and HS-AFM imaging.

The 3WJ labeling has much potential for many projects in the future when labeling is needed.

Despite rhizavidin being a theoretically good DNA marker, the yield was ultimately too low for
practical usage with AFM imaging. Rhizavidin required too high of a concentration to get a good yield of
bound protein to DNA, which resulted in a background with high concentrations of protein-bound, an

undesirable effect or look for AFM images.

Overall, we successfully designed and implemented an efficient and clearly identifiable 3WJ
DNA label. This label is observable in the majority of complexes imaged and was shown to be useful in
both AFM and HS-AFM studies. Thus, the results presented in this section can be utilized in a vast array
of AFM studies in the future, particularly those involving nucleosomes and other protein—-DNA

complexes.
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Chapter 4. INTERNUCLEOSOMAL INTERACTIONS

4.1 Introduction

Nucleosomes are the fundamental nano assemblies in chromatin, the assembly of which is the
first step for packing DNA in the nucleus.?>!* Interaction between nucleosomes is a fundamental property
that defines the assembly and function of chromatin. Studies over the past two decades have revealed
highly dynamic features of nucleosomes that can explain regulatory processes at the chromatin level (e.g.,
see recent reviews '%13413%) ‘However, structural details and the mechanism underlying the assembly of
nucleosomes in higher-order structures of chromatin and their dynamics remain unexplained. Many
cellular processes, such as transcription, require the dissociation of DNA from nucleosomes, which is
achieved through nucleosome dynamics and remodeling machinery.!*%!37 Structural and single-molecule
studies of these processes have been critical in developing current nucleosome models '*%; however, the
strong reliance on nucleosome positioning sequences for these techniques raises the question of how
nucleosome structure and dynamics differ for those assembled on positioning vs. non-positioning DNA
sequences.'® We used DNA templates with different sequences and AFM visualization to directly
characterize the role of the DNA sequence on the positioning of nucleosomes and their
interactions.’®!194139-142 In paper 12, we used DNA templates with different sequences. We found that
nucleosomes are capable of close positioning with no discernible space between them, even in the case of
assembled dinucleosomes. This array morphology contrasts with that observed for arrays assembled with
repeats of the nucleosome positioning motifs separated by uniform spacers.'** Simulated assembly of
tetranucleosomes by random placement along the substrates revealed that the interaction of the
nucleosomes promotes nucleosome array compaction.'*? In this paper, we developed a theoretical model
capable of accounting for the role of DNA sequence and internucleosomal interactions in forming
nucleosome structures. These findings suggest that, in the chromatin assembly, the affinity of the
nucleosomes to the DNA sequence and the strengths of the internucleosomal interactions are the two

major factors defining the compactness of the chromatin.
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Canonical nucleosomes (H3n,) are found throughout the chromosome and consist of two of each
histone (H2A, H2B, H3, and H4).!*!46 The H2A and H2B form dimers and interact with the entry-exit
site opposite the H3/H4 tetramer arranged at the dyad.!*” The H3p,c wrap ~147 bp of DNA corresponding
to ~1.7 turns around the octameric histone core.!*3"!3! A unique area of the chromosome is the centromere,
which is responsible for holding together the sister chromatid and then must be pulled apart during
replication.*152153 In the centromere nucleosomes, a variant of H3 histone is replaced with its variant
CENP-A in the octameric core. CENP-A nucleosomes (CENP-A,,.) typically wrap 121 bp.*®!3* Both
types of nucleosomes are dynamic, and in our AFM experiments'*’, we found that CENP-A nucleosomes
are capable of spontaneous unwrapping, which is the major dynamics pathway. '°%10.13%155 Unwrapped
CENP-A nucleosomes can undergo long-range translocation by traveling over ~200 bp; this process is
also reversible.'%!155 Additionally, CENP-A stabilizes nucleosome core particles against complete

dissociation even when not fully wrapped with DNA, 100153

Here, we compared nanoscale features of both types of nucleosomes assembled on identical DNA
templates. Using the DNA template with segments with different nucleosome affinity capable of forming
two nucleosomes, we compared the interactions and dynamics properties of both types of nucleosomes
assembled on the same DNA templates. Internucleosomal interaction was estimated by measuring the
internucleosomal distance, revealing the elevated interactions between canonical nucleosomes compared
with CENP-A ones. Time-lapse, high-speed AFM (HS-AFM) was applied to characterize the
nucleosome's unraveling dynamics, allowing us to reveal similarities and differences between canonical

H3 and CENP-A nucleosomes.

4.2 Experimental Desion

4.2.1 DNA construct

A description and diagram of the 3W1J used in these experiments can be seen in Chapter

2.2.2 3WIJ DNA Full Construct Preparation
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4.2.2  Assembly of H3 and CENP-A nucleosomes
A description of H3,uc and CENP-an.c assembly can be seen in Chapter 2.3 Nucleosome

Assembly.

4.2.3 Dry AFM sample preparation
Chapter 2.5.1 Dry AFM Sample Preparation and Imaging contains the dry AFM sample

preparation description.

4.2.4 High-Speed Atomic Force Microscopy Imaging in Liquid
A description of high-speed AFM sample preparation can be seen in Chapter 2.5.2 High-

Speed AFM Sample Preparation and Imaging in Liquid.

4.2.5 Data Analysis

A description of Data Analysis can be seen in Chapter 2.6 Data Analysis.

4.3 Results

4.3.1 DNA Substrate

We designed a DNA template capable of assembling two nucleosomes containing the
nucleosome-specific 601 motif and non-nucleosome-specific random sequences to accomplish our goal.
Schematically, the construct is shown in Figure 12A. At the end of the DNA, opposite the location of the
601 motif, we placed a three-way junction DNA segment forming a Y-shape, which served as the marker
for mapping the nucleosomes on the DNA.!*! The nucleosomes were assembled as described in the
methods section using a 2:1 molar ratio of the nucleosome core and DNA. The samples with CENP-A and

canonical H3,. were assembled in parallel and prepared for AFM imaging as described earlier.”®'"!

47 |Page



(39 bp\ Y Flank 601-motif _ 601-Flank
(40 bp), ~ (393 bp) (147bp) (80 bp)

C

804

70

604

Counts

0 50 100 150 200 250
Mononucleosome Wrapping (bp)

o 50 100 150 200 250
Dinucleosome Wrapping (bp)

Figure 12- AFM imaging of H3 Dinucleosomes.

(A) DNA construct containing a three-way junction at one terminal end as a fiducial marker, and the 601 motif is shown in

the right of the main AFM image. Nucleosomes and 3W/J are indicated with blue and green arrows, respectively. (C, D)

histograms for wrapping efficiencies of mononucleosomes (C) and the dinucleosomes (D).

4.3.2  Positioning for Canonical H3 Nucleosomes

Figure 12B shows typical topographic AFM images for the array with canonical H3,,. sample.
Nucleosomes appear as bright globular features, and mononucleosome samples are seen along with
dinucleosomes. Selected images for mono and dinucleosomes are shown to the right of the scan. The
frame (i) shows a mononucleosome AFM image in which the nucleosome is indicated with a blue arrow,
whereas the green arrow points to the Y-end of the DNA. Three other frames (ii) — (iv) illustrate

dinucleosome samples with different distances between the nucleosomes indicated with blue arrows. The
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nucleosomes were found in close locations (frame (ii)) or far from each other, frames (iii) and (iv). The

AFM images were analyzed to characterize the arrays.

First, the length of DNA wrapped around the nucleosome was measured to determine the length
of DNA wrapped around the core, wrapping efficiency. It was done by subtracting the total contour
lengths of DNA segments attached to the nucleosome core from the total length of the free DNA. The
mono- and dinucleosome sample data are shown in Figure 12C and D, respectively. These data
demonstrate that the monoH3 . wrap 145 £ 23 bp and the diH3 . wrap 149 + 24 bp, which are in the

expected 147 bp value range.'>¢!%’

Next, we mapped the position of nucleosomes for both types of samples. The data visualizing the
positions of the center of the nucleosomes for the mononucleosome samples are shown in Figure 13A.
The green boxed-in area indicates the 601 location on the DNA construct, and the orange dots indicate the
center position of the nucleosome. Therefore, if the orange dot is within the green boxed-in area, this
shows the nucleosome is bound to the 601 location of the DNA. The zero position on the Y-axis

corresponds to the DNA end opposite the 3WJ. The primary binding location of nucleosomes are to the

49 |Page



601 sequence (orange dots)—only three nucleosomes out of 202 (99%) bind to the locations outside the

601 region. The histogram of the nucleosome position in Figure 13B produces a narrow distribution.

A H3 Mononucleosome Mapping B
700
__ 600
Q.
2 500
c
2 400 »
8 5
g 300 8
2 200 |
© J00 e
e L
0
2('](] 30‘0 4(‘]0 5{‘}0 6!50
m601-Arm  m3WJ-Arm @ Nucleosome Mononucleosome Mapping (bp)
C H3 Dinucleosome Mapping D
600 *7]
45
— 500
o
2
= 400
2
™ 300
(%]
s
< 200
=
2 100
0

0 100 200 300 400 500 600
W601-Arm  MLinker M3WJ-Arm ® Nucleosome 1 Nucleosome 2 Dinucleosome Mapping (bp)

Figure 13- Nucleosome Mapping of H3 nucleosomes.

The dry sample AFM of monoH3p,c (A) and diH3,.c (B) mapping location binding on the DNA construct. The orange and yellow
dots are nucleosome binding locations. The Y-axis is the DNA location, where 0 indicates the 601 terminal end and the 601 motif
starts 80 bp from 0. The green boxed-in area represents the 601 portion on the DNA. (C, D) depict histograms for mapping data
for mononucleosomes (C) and dinucleosomes (D). Different colors in C and D correspond to nucleosome position on 601 motif

(red) and the rest of the DNA template (blue).

A similar mapping analysis was performed for the dinucleosome samples, and the results are
assembled in Figure 13C. Nucleosomes bound to the 601 region are depicted in orange dots, and the
position of the second nucleosome is shown as yellow dots. The positions of the yellow dots are not
specific, so these are scattered over the rest of the DNA template. The histograms for the nucleosome
positions assembled as histograms are shown in Figure 13D. A narrow peak (red) corresponds to the
nucleosome assembled at the 601 sequence, and the positions of the second nucleosome shown in blue are

not well defined, producing a broad peak.
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4.3.3  Positioning for CENP-A Nucleosomes

Typical AFM images for the CENP-A,,. samples are shown in Figure 14A with selected zoomed
images of the subset's mono- and dinucleosome species. In frame (i), a mononucleosome (blue arrow) can
be seen bound to the 601 site, far from the 3WJ (green arrow) at the opposite end of the DNA. In frame
(i1), two nucleosomes are relatively close to one another. In frame (iii), there is one stable nucleosome
fully wrapped nucleosome near the 601 site, and near the 3WJ, there is an unwrapped nucleosome. In

frame (iv), two partially unwrapped nucleosomes are bound to the DNA.

0 50 100 150 200 250
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[ -
0 200 250

50 100 150
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Figure 14- AFM imaging of CENP-A nucleosomes.
(A) AFM image 1000 nm x 1000 nm. Selected zoomed images of monoCENP-An,. (i and iii) and diCENP-An.c(ii and iv) subsets are
shown to the right of the main AFM image. Nucleosomes and 3WJ are indicated with blue and green arrows, respectively. (B, C)

histograms for wrapping efficiencies of mononucleosomes (B) and dinucleosomes (C).

The measurements of the DNA wrapping efficiency for CENP-A,, were done the same way as
for the H3,. samples. The monoCENP-A,,. samples had a DNA wrapping efficiency of 137 £ 43 bp; the

standard deviation for the monoCENP-A,,. wrapping is much larger than the H3,,. counterpart. The
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Figure 15- AFM mapping of CENP-Anuc.

The dry sample AFM of monoCENP-Apyc (A) and diCENP-A.c (B) AFM mapping location binding on the DNA construct. The
orange and yellow dots are nucleosome binding locations. The Y-axis is the DNA location, where 0 indicates the 601 terminal
end and the 601 motif starts 80 bp from 0. The green area represents the 601 area on the DNA. (C, D) depict histograms for
mapping data for mononucleosomes (C) and dinucleosomes (D). Different colors in C and D correspond to nucleosome position

on 601 motif (red) and the rest of the DNA template (blue).

dinucleosome assemblies of CENP-A,.. DNA wrapping efficiency was 130 + 1.4 bp (SEM). Histograms

for the bp wrapping of mononucleosomes and dinucleosomes can be seen in Figure 14B and C.

The mapping of CENP-A,.c was completed on the same DNA construct as the H3nuc. The
monoCENP-A,. mapping results can be seen in Figure 15A. The green highlighted area shows the
location of the 601 sequence on the DNA construct. The orange dots represent the center of the
nucleosome binding location. The blue arm represents the DNA from the center of the nucleosome to the
non-3WJ terminal end, and the grey bars represent the DNA from the center of the nucleosome to the

3WIJ terminal end. The high affinity of the nucleosomes to the 601 motif is seen in these nucleosomes,
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although there is a decrease to 92% binding to the specific sequence as compared to 99% for H3pc. A
histogram representation of the CENP-A,,. binding location can be seen in Figure 15B, showing the

specific binding to the 601 region.

The mapping results for the dinucleosome CENP-A,,. sample (diH3,.c) are shown in Figure 15C.
The orange dots are the nucleosomes bound closer to the non-3WJ end, which results in 93% of the
nucleosomes binding to the 601 sequence. The yellow dots represent the nucleosomes binding closer to
the 3W1J end, which is comprised of non-specific DNA; therefore, the nucleosomes have random binding
locations. Interestingly, there is an elevated affinity of the CENP-A,,c assembly at the end of the DNA

template.

4.3.4 Internucleosomal Interactions for H3 and CENP-A Nucleosomes

Nucleosomes in the AFM images (e.g., plate (ii) in Figure 12B) are located close to each other,
pointing to the interaction between the nucleosomes. Such events can be identified in dinucleosome maps
(Figure 16) by the co-localization of two nucleosomes. We used the values for the centers of the
nucleosome locations to measure the linker length's internucleosomal distance to characterize the ratio of
such close contacts.”® The results of such measurements for canonical H3 dinucleosomes are shown as
histograms in Figure 16A. The first bar in the histogram corresponds to the close location of the
nucleosome, which, according to our publication %, points to the formation of close internucleosomal
contacts. The yield of nucleosomes with a linker length of less than 50 bp was 23%. A similar analysis
was done for the CENP-A dinucleosomes, and the histogram is shown in Figure 16B. Although the bar
corresponding to the distance below 50 nm is detectable, its height is twice lower than that for H3 .
(Figure 16A), pointing to the weaker internucleosomal interactions for CENP-Ayu. compared with H3 .

ones.
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Figure 16- Dinucleosome linker length results.
The H3,,c linker length (A) shows a preferential linker length of less than 50 bp and a gaussian distribution of around 170 bp. The

CENP-A,. linker length (B) demonstrated a lower yield of linker lengths less than 50 bp and the largest population of around 125

bp.

4.3.5 Time-lapse AFM to Probe Nucleosome Dynamics

Nucleosomes are dynamic complexes capable of spontaneous dissociation, which were directly
characterized by single-molecule approaches.'**!% AFM is attractive among these methods because it can
directly visualize the spontaneous unraveling of nucleosomes using the time-lapse AFM
approach.'3%15%16% In this approach, the sample is placed on the substrate, and continuous scanning over
the same area allows one to observe the dynamics of various systems, including nucleosomes.'* We
applied high-speed AFM capable of data acquisition in the millisecond time scale '!%! to compare the
dynamics of two types of nucleosomes characterized above. Multiple frames are acquired, and a set of
time-lapse images over the same area is shown in Figure 17 to illustrate a spontaneous unraveling of the

nucleosome—the complete set of datasets with 211 frames assembled as Movie S3 is shown in the
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Figure 17- High-speed AFM video analysis.

The Movie S3 analyzed, showing the mapping (bar graph) and snap shots of particular frames. The grey dots in the bar graph
indicate the nucleosome bound to the DNA. The yellow line shows the wrapping of the CENP-A nucleosome. The number in
white in the bottom left of the snap shots indicates the frame the image is from. In frame 4, the nucleosome is fully wrapped in a
random location (green arrow) in the middle of the DNA. In frame 72, the nucleosome has disassociated completely from the
DNA. In frame 109, a nucleosome rewraps DNA, spontaneous assembling a nucleosome. This assembly remains stably wrapped

up to frame 139. Scale bar is 50 nm.

supplement. There were approximately 100 videos analyzed in total for H3,,c and CENP-A,., which

resulted in 4113 total frames analyzed.
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4.3.5.1 Dwell Time for Nucleosomes Unraveling

One of the parameters we analyzed was the dwell time of the nucleosome, defined by the time
required for the complete unraveling of the nucleosome. First, we compared the dwell times of mono and
dinucleosomes, and the results for H3,,c can be seen in Figure 18A and B, respectively. For monoH3y,
we found that 38% of the videos analyzed lasted 20 or more frames. This dwell time was increased by

48% for the diH3.,c, suggesting the nucleosome stability increased by the internucleosome interactions.

A similar analysis was done for CENP-A.. samples, and the data are summarized as histograms
in Figure 18C and D. For the monoCENP-A,, 52% of the videos analyzed lasted longer than 20 frames,
and 66% for the dinucleosomes. CENP-Ay,. followed a similar trend as H3,.c, but this time, there was an
increase of 14% from mononucleosomes to dinucleosomes. Also of interest is that the CENP-Apyc
averaged longer dwell times than the H3 ., for monoH3 . with 38% and CENP-A,, with 52% of videos
with longer than 20 frames in a video. The difference between H3 .. and CENP-Ayc is 14%. The same
trend is visible for the dinucleosome results, with a difference of 18% more diCENP-Ay, lasting longer
than 20 frames than H3,... According to these studies, CENP-A,.. are more stable than H3 .

nucleosomes.
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Figure 18- Nucleosome dwell times on HS-AFM.

The monoH3,,. results (A) showed most nucleosomes lasting 20 frames or less. The diH3,,. results (B) showed a shift to the right,
indicating that the dinucleosomes have a longer dwell time than the mononucleosomes. The monoCENP-Ap,. results (C) showed
that most nucleosomes lasted less than 20 frames. The diCENP-A,, results (D) showed a shift to the right, indicating that the

dinucleosomes have a longer dwell time than the mononucleosomes.

4.3.5.2 Dynamics of Nucleosomes Core During Unraveling

This large set of data revealed that unraveling is a non-gradual process. It is illustrated in Figure
8. One set of images is shown in Figure 19A (Movie S4). It can be seen that there is an H3,. (green
arrow) that is wrapped at the 601 location (frame A1). In the following frames (A2 and A20), the histone
(blue arrow) has vacated the octameric core, but the partial core remains to wrap the DNA. In frame A36,
the DNA unwraps the partial core, resulting in a wrapping of ~100 bp, and the free histone remains near
the DNA filament. In the last frame, A66, the DNA loosens even more, effectively no longer tightly
wrapping DNA around the core. Another example of a histone exiting the octameric core can be seen in
Figure 19B (Movie S5). This H3,. (green arrow) starts fully wrapped at the 601 location (frame B1). In
frames B4 and B7, it can be seen that a histone blue arrow) left the core particle and now drifts nearby.
During this process, unwrapping of the DNA took the ~150 bp wrapping down to ~100 bp in frame B4.
This unwrapping continues, and by frame B11, the core particle no longer wraps any DNA. Lastly, in
frame B14, the histones have wholly vacated the DNA, and only a couple of histones can be seen floating

nearby, the original location of the octameric nucleosome core.
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Figure 19- HS-AFM analysis of H3,,c unwrapping.

HS-AFM videos analyzed, showing the protein unwrapping pathway of H3n.(green arrows) with histones (blue arrows) leaving
the nucleosome core particle. Once the DNA unwraps the non-octameric core, they are indicated with yellow arrows—the
frames in A come from Movie S4. In frame, A1, the nucleosome is bound to the 601 location, and the histone can be seen bulging
out, indicated with the blue arrows. This histone moves in frames A2 and A20 while the DNA and nucleosomes remain in the
same location. In frame A36, the DNA unravels the nucleosome; by frame, A66, only the tetramer can be seen still bound to the
DNA. The frames in B come from the video of Movie S5. In frame, B1, the green arrow indicates a fully wrapped nucleosome
bound to the 601 location. In frames B4 and B7, the histone (green arrow) can be seen to have left the nucleosome core particle,
leaving a partial core. By frame B11, the DNA has unwrapped the partial core, and the tetramer remains bound. By frame B14,

all histones have evacuated the DNA. The scale bar represents 25 nm.

Next, we looked at the unwrapping pathways of CENP-An.c on the same DNA construct. Figure
20A (complete set of frames in Movie S8), frame A1 shows a fully wrapped CENP-A,, (green arrow)
bound to the 601 site. The nucleosome remains stably wrapped in frames A4 to A18. In frame A20, the
nucleosome (yellow arrow) spontaneously unwraps, resulting in a decreased wrapping of ~110 bp. The
CENP-A,..c remains wrapped at ~110 bp through the next frame shown, A37. The example in Figure 20B
(Movie S9) shows a CENP-A,,c bound near the 3WJ (frame B3). The CENP-A,, (green arrow) remains

stably wrapped at this location through frames B8 to B11. In frame B13, the nucleosome (yellow arrow)
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Figure 20- HS-AFM analysis of CENP-Anuc unwrapping.

AFM videos were analyzed, showing the DNA unwrapping pathway of CENP-A,.c (green arrows). Once the DNA unwraps the
nucleosome core particle, they are indicated with yellow arrows—the frames in A come from Movie S8. In frame A1, the
nucleosome can be wrapped fully at the 601 location. The nucleosome remains fully wrapped in frames A4 and A18. Suddenly in
frame A20, the DNA unwraps, leaving the nucleosome core partially wrapped (~110 bp), indicated by the yellow arrow. The
nucleosome particle remains partially even into frame A37 (~100 bp). The frames in B come from the video of Movie S9. In
frame, B3, the green arrow indicates a fully wrapped nucleosome bound near the 3WJ. In frames, B8 and B11, the nucleosome
(green arrow) is still fully wrapped. By frame B13, the DNA has unwrapped the nucleosome (~100 bp). By frame B18, the

nucleosome no longer wraps any DNA. The scale bar represents 25 nm.

undergoes unwrapping, resulting in a wrapping of ~100 bp. By frame B18, the nucleosome no longer

wraps any DNA. Notably, no octamer dissociation is observed during the entire unraveling process.

The nucleosome core stability of H3,.c was found to be weaker through our analysis of the HS-
AFM videos. We found that out of 69 total movies of H3y.c analyzed, 53 (77%) of them resulted in the
nucleosome core losing histones during the unwrapping, as indicated in Figure 16A and B, the blue
arrows are pointing to the histones leaving the nucleosome core. In contrast, CENP-A.,. had 63
nucleosomes analyzed, and only 6 (10%) had histones leave the core during the unwrapping event,

indicating that the DNA was able to unwrap the nucleosome core without the octameric core falling apart.
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These results lead us to believe that the CENP-Ay,. core particle is significantly more stable than the
H3,.., which likely plays a role in its necessity of having a strong interaction to withstand the kinetochore
pulling the sister chromatid apart. This overall higher stability of CENP-A is also supported by the

longer dwell times found with CENP-A,,. compared to the H3,.c, as seen in Figure 18.

4.3.5.3 A Step-Wise Unraveling of Nucleosomes

AFM images shown above point to the step-wise process of the nucleosome unraveling. To
characterize this phenomenon, we measured the lengths of the DNA arms for each frame and plotted these
measurements as a set of bars with different colors. These data are shown in Figure 21A, and a few
snapshots are displayed in Figure 21B. The complete set of frames are assembled into Movie S6. The blue
bars represent the distance from the 601 end of the DNA to the center of the nucleosome (grey dot). The
orange bar represents the distance from the center of the nucleosome to the end of the 3WJ. The yellow
line shows the DNA wrapping values calculated from the length measurements of the arms. In this set of
images in frame (2), the nucleosome can be seen to be overwrapped. These data show that there was a
partial unwrapping event that started in frame (11) and proceeded to frame (13), where the nucleosome

went from a state of overwrapped (~210 bp) and, throughout three frames, it decreased to an under
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Figure 21- HS-AFM video of H3nuc analyzed with snapshots.

The Movie S6 was analyzed, showing the mapping (bar graph) and snapshots of particular frames. The orange bars represent
the DNA from the 3WJ end to the center of the nucleosome (grey dot). The blue bar represents the 601 DNA, from the 601 end to
the center of the nucleosome. The yellow line shows the wrapping of the H3,,.. The number in white in the bottom left of the

snapshots indicates the frame of the image.

wrapped state (~100 bp), where it remained bound for another 7 frames. The last frame 29 shows the

nucleosome wholly disassociated from the DNA.

A similar event is shown in the Figure 22 and in the Movie S7. It was demonstrated that the initial
overwrapped state (~200 bp) in frame 10 dropped quickly to an under-wrapped state (~100 bp), where it

remained for another 6 frames.
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Figure 22- HS-AFM analysis of H3 ..
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The Movie S7 video analyzed, showing the mapping (bar graph) and snap shots of particular frames. The grey dots in the bar
graph indicate the nucleosome bound to the DNA. The yellow line shows the wrapping of the H3,,.. The number in white in the

bottom left of the snap shots indicates the frame the image is from.

Both videos demonstrated an intermediate step in H3,,. disassembly, a state in which the
nucleosome is considerably stable. There was a variation in the time that these unwrapping events took
place. In Movie S6, the unwrapping took place over 3 frames (2.4 s), whereas in Movie S7, the
unwrapping took place over 1 frame (0.8 s). The difference in time to unwrap indicates there is still

something not completely understood in this process.
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A similar analysis was done on CENP-A nucleosomes. The data are shown in Figure 23, where
the results of measurements are shown (Figure 23A), and snapshots are displayed below (Figure 23B).
The complete set of frames are assembled into Movie S10. In the snapshots shown, frames (4) to (36)
show a fully wrapped nucleosome, and frame (43) shows an increase in DNA length and a decrease in bp
wrapping around the nucleosome. Finally, frame (79) shows histones bound to the DNA without
wrapping. According to Figure 23A, the CENP-A.c was stability-wrapped (~130 bp) for 41 frames; at

this point, it went to an unwrapped state (~90 bp). The unwrapping process took only a single frame (0.8

s).

In a recently published paper'®?, they found a step-wise unraveling that resulted in the formation
of hexasomes and stable tetrasomes for H3 nucleosomes. These results align with our results of the

visualization of histones leaving the H3 nucleosome.
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Figure 23- HS-AFM video of CENP-Anuc analyzed with snapshots.

The Movie S10 was analyzed, showing the mapping (bar graph) and snapshots of particular frames. The grey dots in the bar

graph indicate the nucleosome bound to the DNA. The orange bars represent the DNA from the 3WJ end to the center of the

nucleosome (grey dot). The blue bar represents the 601 DNA, from the 601 end to the center of the nucleosome. The yellow line

shows the wrapping of the CENP-A,... The number in white in the bottom left of the snapshots indicates the frame of the image.

Another video with the same analysis was done to confirm the step-wise disassembly process of

the previous video, seen in Figure 24. This video demonstrates an event similar to Figure 23. The

nucleosome began in an over-wrapped state (~200 bp), remaining for 33 frames. The nucleosome was
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unwrapped from frame 33 to 35 to ~100 bp, staying for another 12 frames before completely

disassociating.

CENP-A Mononucleosome Mapping (CMONO18)
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Figure 24- HS-AFM analysis of CENP-A,,.
The Movie S11 video analyzed, showing the mapping (bar graph) and snap shots of particular frames. The grey dots in the bar
graph indicate the nucleosome bound to the DNA. The yellow line shows the wrapping of the CENP-An,.. The number in white in

the bottom left of the snap shots indicates the frame the image is from.

4.3.5.4 Asymmetric Unraveling of Nucleosomes

A closer analysis of the H3,. (Figure 21 and Figure 22) and CENP-A,. (Figure 23 and Figure
24) movies revealed that the unwrapping process is asymmetric, so one arm increases the size without
changing another arm in length. In Figure 21A, the H3, short 601 arm (blue) remains constant
throughout the video, but the 3WJ arm (orange) increases in length during the unwrapping. Similar
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asymmetry was observed for the nucleosome initially assembled away from the 601 motif (Figure 22).

The blue arm fluctuated, but the orange bar grew as unwrapping occurred (yellow line in Figure 22A).

The asymmetry in the unwrapping was observed for CENP-A nucleosomes, which is illustrated in
Figure 11. The nucleosome is bound to the 601 site, and the short arm (blue) remained constant
throughout the video, but the 3WJ arm (orange) grew in length during the unwrapping. In Figure 24, the
CENP-A,c was assembled near the middle of the DNA template, away from the 601 motif. The
nucleosome length of both arms remained relatively consistent until the unwrapping event, which caused
the blue arm to grow in length with the orange bar remaining constant. Thus, the asymmetric unwrapping

events do not have a preference for the DNA sequence.

In the analysis of 98 total unwrapping events, asymmetric unwrapping was found in 87% of cases
for H3,uc and 88% of the CENP-A,,c. The symmetric unwrapping was observed in 13% and 12% for
H3,uc and CENP-A,, respectively. In the recently published paper ', they also found that the
nucleosomes were unwrapped asymmetrically as the disassembly of the nucleosomes occurred. They also
correlated the asymmetrical unwrapping to the asymmetrical dissociation of the H2A/H2B dimer from a

chromatosome.

4.4 Discussion

The dinucleosome approach using end-labeled DNA revealed several different features of CENP-
Anye and bulk H3,,c. Although both nucleosome types can form tight contact with no visible space
between nucleosomes (Figure 12B, frame (ii)), CENP-A,,. indicated a lower effect than H3,.. ones
(Figure 16). We have demonstrated that the balance between energies of internucleosomal interaction and
the affinity of the nucleosome core to the DNA sequence previously defines the formation of tight
contacts between the nucleosomes.’®!** The balance favors the dinucleosome assembly for non-specific
DNA sequences. We have shown that the number of such contacts increases in nucleosomes assembled

with truncated H4 histone, suggesting that histone tails contribute to the tightening of dinucleosomes.”®
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Therefore, we hypothesize that the lower yield of dinucleosome complexes for CENP-A,,. can be due to

the repulsion generated by the CENP-A tail, and we plan experiments to test this hypothesis.

The DNA sequence is the primary factor defining the nucleosome positioning in the chromatin,
and the 601 motif is the strongest nucleosome positioning sequence—our AFM data in Figure 12B and
Figure 14A visually support it, illustrating the almost exclusive formation of mononucleosomes on the
position of the 601 motif. At the same time, there is a difference between both types of nucleosomes. The
yield of H3,u bound to the 601 site in the mononucleosome and dinucleosome samples was 99% (Figure
13B and D). The CENP-A,,c were mapped similarly to H3,.. and found bound to 601 site at 92% for
mononucleosomes and 93% for the dinucleosomes (Figure 15B and D). These differences in the binding
affinity to 601, although marginal ~6%, were consistent in both the mono and dinucleosomes results.
Although the DNA sequence and specifically the TA dinucleotides provide such a high affinity of 601 to
the formation of nucleosomes, it was shown in'® that interaction with histones contributes to the
nucleosome positioning and H3—H4 tetramer dominates in the DNA sequence dependency effect.

Replacement of H3 histone with CENP-A histone can decrease this DNA affinity effect.

The elevated affinity of CENP-A,,. to the DNA ends is another property of these nucleosomes,
illustrated in Figure 14. DNA wrapping around CENP-A,,. is less than for H3uc, 137 bp +/-20 bp vs. 145

+/- 23 bp, respectively, which is consistent with previous publications.!4%-15

Time-lapse HS-AFM studies revealed different stabilities of H3 and CENP-A nucleosomes. The
data in Figure 18 demonstrate that CENP-A,,. appear more stable under the scanning conditions than
H3ue. In the dwell time analysis on the HS-AFM, we found that 38% of monoH3 .. lasted longer than 20
frames, whereas 52% of monoCENP-A,, lasted longer than 20 frames, a substantial increase of 14%. The
dinucleosomes dwell comparison also showed that H3,,c had a dwell time of more than 20 frames only
48% of the time compared to the CENP-Ay.. at 66%, a dramatic increase of 18%. This finding seems
counterintuitive as the wrapping efficiency of CENP-Ay, is less than H3,... However, CENP-A
nucleosomes are not simply partially unwrapped H3 nucleosomes. Structures of CENP-A and H3
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nucleosomes are different, pointing to different contacts between the DNA and histones, so this structural
property of these two types of nucleosomes explains their different stabilities. For example, the CENP-A
nucleosomes have increased flexibility of the DNA ends, the octameric core is more rigid, and has a
different surface charge (positive) at the interface of the L.1 of CENP-A and L2 of H4; in contrast, this

surface is negatively charged in H3 . %5164

Most commonly, the H3,, found in the unwrapped state also appeared to have lost some of the
histones from the nucleosome core, an H2A/H2B dimer. The loss of the dimeric histone caused the
nucleosome core to become unable to maintain the fully wrapped ~147 bp and loosen to a state of ~100
bp wrapping. The remaining dimer sits at the entry-exit site opposite the tetrameric H3/H4 dimer at the
nucleosome's dyad. In the H3,., 2 hexasome with a single dimeric H2A/H2B can maintain the integrity of

a single DNA wrap around the histones.

In Figure 19A, it can be seen that there is an H3n.(green arrow) that is wrapped at the 601
location (frame A1). In the following frames (A2 and A20), the histone (blue arrow) has vacated the
octameric core, but the partial core remains to wrap the DNA. In frame A36, the DNA unwraps the partial
core, resulting in a wrapping of ~100 bp, and the free histone remains near. In the last frame, A66, the
only histone remaining appears to be the tetramer. These predictions on the dimer being the first to leave
the octameric core are based on the size of the histone leaving, the location, and the assembly process of
nucleosomes, showing that dimers are the last ones to leave; it would make sense that they would be the

first histones to leave.

H3,.(green arrow), in Figure 19B, starts fully wrapped at the 601 location (frame B1). In frames
B4 and B7, it can be seen that a histone (blue arrow) left the core particle and now drifts nearby. During
this process, unwrapping of the DNA took the ~150 bp wrapping down to ~100 bp in frame B4. This
unwrapping continues, and by frame B11, the core particle no longer wraps any DNA. We assume that the
octameric core splits into its three components: H2A/H2B dimers (blue arrows) and H3/H4 tetramers
(yellow arrows).
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The CENP-A,., conversely to the H3nuc, had a much lower occurrence of the histones vacating
the octameric core. In Figure 20A, the CENP-A,. (green arrow) can be seen sitting at the 601 location in
frames A1, A4, and A18. In frame B20, the DNA on the short arm can be seen to have lengthened,
indicating an unwrapping of the nucleosome (yellow arm now). Of note, no histones left the nucleosome
during this unwrapping transition. The under-wrapped nucleosome can be seen stably bound to the DNA

in frame A37, still at the 601 location.

Another example of the CENP-A,,, unwrapping without the loss of a histone, is seen in Figure
20B. In this example, the CENP-A,, is not bound to the 601 site but near the 3WJ, indicating that this
process is not DNA sequence-dependent. In frames B3, B8, and B11, the CENP-Ay,. is fully wrapped
and stably wrapping the DNA. In frame 13, the DNA is unwrapped from the short arm (3WJ arm), but
once again, the nucleosome (yellow arrow) does not lose any histones in the process. The nucleosome is

eventually evacuated from the DNA in frame 18 (yellow arrow).

These differences between the H3 and CENP-A nucleosomes indicate an intrinsic difference
between the interactions of the DNA and the nucleosomes. Despite the lower wrapping efficiency of
CENP-A nucleosomes compared with H3,., we have shown here that the nucleosomes not only have

longer dwell times on the DNA, but their octameric structural integrity is greater than that of H3 .

We also found that a step-wise disassembly process occurs in both H3 .. and CENP-A,,
resulting in a stable under-wrapped state of ~110 bp. This step-wise disassembly is only unwrapped from
a single side, as seen in Figure 21 and 11. Therefore, these nucleosomes had an entry/exit DNA that
remains completely intact, while the other unraveled between 20 and 40 bp. These results give insight into
how the nucleosomes may be translocated in a rolling fashion, breaking only the contacts at a single
entry/exit site. The exciting thing about this under-wrapped state is that it appears more stable than the
fully wrapped state, with more time for both nucleosomes to be under-wrapped instead of the fully

wrapped state.
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The asymmetric unwrapping of nucleosomes is another property observed in both nucleosome
types. The asymmetry is the preferential pathway for the nucleosome unwrapping observed in 87% of
cases for H3n,c and 88% of the CENP-A,,c. Previously, asymmetry was observed for the initial stage of
unwrapping for the breathing of DNA.!'S® Other published work discovered that the histone dimers
(H2A/H2B) are the first to leave the octameric core, guided by the asymmetrical unwrapping of the
DNA. 166167 Here, we observed the asymmetry in the nucleosome unwrapping over the entire unraveling
process. Also, we observed the asymmetry in unwrapping for CENP-A nucleosomes, where the core
remains intact, suggesting that the core dissociation is not a factor contributing to the asymmetry of the

nucleosome unwrapping.

Overall, a variety of unique structural characteristics of canonical and centromere nucleosomes at
the nanoscale have been found. We found that CENP-A nucleosomes are more stable than canonical
nucleosomes, regardless of their lower wrapping efficiency. Moreover, time-lapse experiments
demonstrate that nucleosomes with ~100 bp DNA wrapped are in a transient state with elevated stability.
These findings suggest that the amount of DNA wrapped around the histone core is not the only factor
defining nucleosome stability; instead, other interactions between the histone cores and DNA contribute
to its stability. The unwrapping process is highly asymmetric, and it was observed with both types of
nucleosomes, revealing a novel property of the nucleosome dynamics. Additionally, HS-AFM revealed
higher stability of CENP-A nucleosomes compared with H3 nucleosomes, in which dissociation of the
histone core occurs prior to the H3 nucleosome dissociation. The histone core of CENP-A nucleosomes
remains intact even after the dissociation of DNA, so the re-assembly of the CENP-A nucleosomes is
facilitated. This feature of CENP-A nucleosomes can be important for the centromere dynamics during

mitosis and chromatin replication.

4.5 Conclusions

We found that universally, there was an asymmetric unwrapping that occurred in both

nucleosomes despite the difference in the unwrapping pathways. The H3 nucleosome unwrapping
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pathway typically involved the loss of histones, which then led to the first step in unwrapping the
nucleosome. In contrast, the CENP-A nucleosomes had a more stable nucleosome core that retained the
histones during the first step of unwrapping, which was surprising due to the lower wrapping efficiency
found in CENP-A nucleosomes. These first steps in unwrapping resulted in a nucleosome with ~100 bp of
DNA wrapped, in which the nucleosomes, or potentially hexasome/tetrasome for H3 nucleosomes, could
stably wrap this DNA for many more frames. The dwell times of CENP-A nucleosomes were discovered
to have a longer dwell time than H3 nucleosomes, which also demonstrates that CENP-A nucleosomes are
more stable than H3 nucleosomes. We also found that H3 nucleosomes had a higher preference for the
601 sequence vs. CENP-A nucleosomes, with 99% vs. 92%, respectively, being bound to the nucleosome-
specific sequence. Many of these findings were found in another lab, where they found both the
asymmetric unwrapping and the capability of H3 nucleosomes to lose histones during the unwrapping
process but still wrap DNA even without the full octamer.'®* Interestingly, their experiments utilized bare
mica, a negatively charged surface, whereas our experiments utilized APS functionalized mica, a
positively charged surface. However, our experimental results aligned well, further validating the

experiments.
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Chapter 5. TRANSCRIPTION FACTOR NF-kB AND NUCLEOSOMES

5.1 Introduction

Transcription is a necessary part of biology that takes information from DNA, creates mRNA
with the same information, and then potentially turns it into proteins.'®® This process of transcription, by
transcription factors such as NF-kB, must overcome barriers of DNA accessibility to execute this process,
and for DNA to fit in the nucleus of cells, it must be compacted by histones.'***!”° With the majority of
DNA being wrapped around nucleosomes in the cell, the accessibility of binding sites for transcription
factors is questioned: how do transcription factors bind to these sites that are currently wrapping around
nucleosomes? We recently published that NF-«xB, a notorious transcription factor involved in

inflammation, is a pioneer transcription factor.”®

The centromere consists of a complex network of proteins, DNA sequences, and chromatin
structures that interact to form a cohesive unit responsible for accurately segregating chromosomes
performed by the kinetochores.**15217! The centromere chromatin consists of two types of nucleosomes:
CENP-A (CENP-A,y) and canonical H3,,c nucleosomes.'” The centromere of most higher eukaryotes are
comprised of alpha satellite (ca-sat) motifs of a 171 bp DNA sequence.!”"'7 It is a biologically relevant
sequence that is tandemly repeated hundreds to thousands of times, comprising 0.2-5 Mb stretches

depending on the chromosome.!’¢-178

H3,uc nucleosomes are composed of 147 bp DNA wrapped around a protein core of histone
proteins (H2A, H2B, H3, and H4) and compact the genome into a more manageable structure, 44146179
This compact structure is essential in protecting the genome from damage and plays a critical role in gene

regulation.87’148’150’151

In centromeric CENP-A octameric nucleosomes, H3 histones are replaced with CENP-A histones,
an H3 homolog.*>152153178.180 Thege two homologs share a 50% similar homology in the C-terminal

histone fold domain but vary drastically in the N-terminal tail in both size and sequence.*’-'*! These and
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other structural differences between CENP-A and H3 result in an unfixed 13 bp at both entry/exit of the
CENP-A nucleosome, so centromeric CENP-A,,c octameric nucleosomes wrap ~ 20 bp less DNA than

bulk H3 nucleosome. %140

Studies show that transcription does occur in the centromere, yielding different products
depending on the number of repeats of a-sat.'8>!33 The transcription occurring in the centromere yields
IncRNAs, which functionally load both CENP-A and CENP-C.'* However, there is a 200-300 fold

difference between bulk chromatin and centromere transcription,!78:180:184(p20)

The accessibility of transcription factors to the bulk vs. centromere chromatin may be one of the
explanations, so to test this hypothesis, we investigated the interaction of NF-«B transcription factor with
both types of nucleosomes. NF-«B is a transcription factor that recognizes kB sites in the DNA and is
crucial in regulating the immune response and inflammation. The a-sat sequence contains many half kB
sites, which are also known to bind NF-xB.!78180.185.186 We previously reported that NF-xB binds and
unravels H3..c nucleosomes assembled with the Widom 601 DNA motif.”® Here, we tested how NF-kB
interacts with nucleosomes assembled on the centromere-specific a-sat sequence. Both H3,,. and CENP-
Anic were assembled on the same DNA substrate, and the interaction of the nucleosomes with NF-kB was
studied using AFM. Analysis of AFM data revealed that NF-xB unravels H3,.. but does not appear to bind

or unravel CENP-A,.. nucleosomes.

5.2 Experimental Desion

5.2.1 DNA substrate
A description of the DNA substrate can be seen in Section 1.1. The DNA schematic can be seen in Figure

25A.

5.2.2 NF-xB
A description of the NF-kB procedures can be found in Chapters 2.4.1 ~ NF-xB Preparation and 2.4.2

NF-xB .
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5.2.3 Dry AFM sample preparation
Chapter 2.5.1 Dry AFM Sample Preparation and Imaging contains the dry AFM sample preparation

description.

5.2.4 Data Analysis

A description of Data Analysis can be seen in Chapter 2.6 Data Analysis.

5.3 Results

5.3.1 NF-xB Binding to the Alpha satellite DNA substrate

In these studies, we used a DNA construct containing an alpha satellite (ca-sat) sequence, 171 bp
long, present exclusively in the centromere part of the chromosome flanked with the DNA segments that
are not specific for nucleosome binding. Schematics of the DNA are shown in Figure 25A. o-sat segment

was placed in the middle of the construct, indicated with a gray bar below. Green and orange bars indicate
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the positions of the NF-kB half recognition sequences. Both the central a-sat segment and flanks contain

NF-«B binding sites.

o &+ Q09 - B )
kB half-site 1 ‘ B= kB half-site 2 = alpha-satellite sequence

MLI“ —
0 50 100 150 200

250 3(|)0 I 350 ' 4(|)0
FL NFKkB Binding Location (bp)

W

Figure 25- DNA Construct and AFM image with NF-kBrL results.

DNA construct (A) containing the alpha-satellite sequence in the middle of the sequence (grey bar), to analyze if there was any
preferential binding at half sites, they are displayed in the "forward" 5' -> 3' direction and again in "reverse” 3' ->5', and the half-sites
were marked (green and orange). The kB half-sites 1 (GGGRN) were labeled with orange boxes, and the kB half-sites 2 (YYYCC) were
labeled with green boxes. The results indicate a large cluster of half-sites near the middle of the DNA strand. The CENP-B box was
marked in red. AFM images of NF-kBrL at a 1 to 2 ratio(B) binding on the DNA substrate. Snapshots shown to the right of large AFM
images (i, iii, and iv) show a single NF-xBr1 bound to the DNA, and image (ii) shows two NF-kBrL bound to the DNA. The orange
arrows indicate an NF-kBri bound to the DNA. The large AFM image is a 1 x 1 pm scan size with a 50 nm scale bar. The snapshots are
100 x 100 nm scan area and 25 nm scale bars. The binding location results for a single NF-kBri can be seen in the histogram (C),

indicating a preference for terminal and a second peak around ~170 bp.

The DNA was complexed with NF-kBrr using a 1:1 protein-to-DNA molar ratio and imaged with
AFM. AFM images are shown in Figure 25B. Protein bound to DNA appears as a globular feature on the
DNA filament. Similar to our previous study 6, NF-kB does not alter the length of the DNA, suggesting

that there is no wrapping DNA around the protein. A few zoomed images are displayed to the right
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(frames i-iv), and the protein position is indicated with arrows in these images. Complexes of the DNA
with one or two NF-kBr molecules are seen, and both types of complexes are shown in selected frames.
Protein can appear close to the end of the DNA (frames i and iii) or inside the DNA (frame iv). A similar
arrangement was observed for two protein molecules bound to DNA (frames ii). Locations of the protein
were mapped, and the results are shown as a histogram in Figure 25C. Two peaks correspond to the NF-
kBrr binding to the DNA ends (0-50 bp) and the central location (~ 170 bp). The mapping results
correlate with NF-«xB binding sites shown in Figure 25A. Note that the left and right ends of the DNA
cannot be distinguished in the AFM images, so the end-bound peak corresponds to complexes of NF-kB
with left-right binding sites on the DNA construct. Similarly, the peak at 170 bp corresponds to NF-xB
bound to half-kB sites (green or orange bars) on both DNA strands between 100 and 200 bp and to 200-
300 segments of the DNA. The binding affinity for NF-kB between the peaks is low, which is in line with
the lack of NF-kB sites on both DNA strands in the construct. These results agree with other papers

demonstrating the need for a half kB site for binding.!8":188
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Similar experiments were performed with the NF-kBrup variant in which the 228 amino acids of
the TAD region were deleted. Regardless of the deletion, NF-kBrup demonstrates sequence-specific
affinity very similar to the one for the full-length NF-xB heterodimer (Figure 26). These findings suggest

that the C-terminal RelA TAD is not critical for the interaction of the NF-kB heterodimer with the DNA.

50 100 150 2c|)o I 250 300 350 ‘ 4c|)0
RHD NFkB Binding Location (bp)

Figure 26- Alpha satellite DNA with NF-kBgp.

AFM images of NF-kBrup (A) on the DNA substrate. The orange arrows indicate an NF-kBgup bound to the DNA. The snapshots to the right
of the large AFM image show various binding locations of individual NF-kBgup. In the snapshots (i, iii, and iv), two nucleosomes are bound
to the DNA, with one near the end of the DNA and the other near the middle. In snapshot (ii), a single protein is bound near the terminal
end of the DNA. The large AFM image is a 1 x 1 um scan size with a 50 nm scale bar. The snapshots are 100 x 100 nm scan area and 25
nm scale bars. Analysis of AFM images yielded the results of the NF-kBgup binding locations to have a preferential terminal binding when a

single NF-kB is bound to the DNA (B) and a secondary peak near 170 bp.

5.3.2 NF-kB interaction with canonical nucleosomes H3

Canonical nucleosomes H3,,c were assembled on the DNA substrate described above by the self-
assembly process described in the methods section using an octameric histone core containing H2A, H2B,
H3, and H4. The AFM images of nucleosomes are shown in Figure 27A, with a few selected frames to the
right of the large scan. Nucleosomes are indicated with blue arrows. In addition to terminal locations in
frames (ii and iv), nucleosomes occupy positions near the middle of the sequence (frames i and iii). The
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various positions of the nucleosomes located in the middle of the a-sat segment demonstrate that the o-
sat segment is not a nucleosome-specific sequence. This conclusion aligns with our previous publication
in which a similar DNA substrate was used. *® We also measured another parameter of the nucleosome,
the length of DNA wrapped around the core, termed the wrapping efficiency. This value was obtained by
subtracting the lengths of the DNA not wrapped around the nucleosome core from the total length of the
DNA. As shown in Figure 27B, the wrapping efficiency for the H3,,. sample is 146 + 1.6 bp (SEM),

which is in line with previous measurements on different DNA substrates, including the nucleosome-

specific 601 motif.”®
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Figure 27- AFM image with zoomed-in snapshots of canonical H3,,c

AFM image (A) of the canonical H3w.c assembled on the DNA construct. The large AFM image is a 1 x 1 mm scan size with a 50 nm scale
bar. The snapshots to the right of the large AFM show the varying nucleosome binding locations. The snapshots are 100 x 100 nm scan
area and 25 nm scale bars. Snapshots (ii and iv) show terminally bound nucleosomes, and (i and iii) are closer to the middle but are not
terminally bound. The blue arrows indicate the location of a nucleosome. The wrapping efficiency of the nucleosomes on the DNA

substrate was 146 + 1.6 bp (SEM), as seen in the histogram (B).

Next, we added NF-kBr. to the assembled H3 ., sample in a 1:1 nucleosome:protein ratio,
incubated the mixture for 10 min, and prepared the sample for AFM as in previous studies. AFM images

are shown in Figure 28A, in which selected typical images of the complexes are shown to the right of the
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large AFM scan. Frame (i) shows a single centrally bound H3,. (blue arrows), frames (ii and iv) show a
terminally bound H3,, with an NF-kBg. protein adjacent to it (orange arrows), and frame (iii) shows a
terminally bound nucleosome with an NF-kBrr on the opposite end of the DNA. The nucleosomes and

NF-kBrL can be visually differentiated based on their overall sizes, with NF-xB being significantly

smaller than the nucleosome.
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Figure 28- AFM image with zoomed-in snapshots of canonical H3,,,c with NF-kBg,.

AFM images of H3nc assembled on the DNA construct with NF-kBriadded at a 1 to 1 ratio(A). The large AFM image is a 1 x 1 mm scan size with a

50 nm scale bar. The snapshots to the right of the larger AFM image show varying situations. The snapshots are 100 x 100 nm scan area and 25 nm

scale bars. In (i and ii), there is a nucleosome bound near the center of the DNA, with no NF-kB visible. In (iii), the nucleosome is bound to one side
of the DNA, and the NF-xB is bound to the other side. In (iv), there is a terminally bound nucleosome with an NF-kBri bound adjacent. The orange

arrows indicate NF-kBri bound to the DNA, and the blue arrows indicate the nucleosome. The wrapping efficiency was found to be decreased to 125

+2.2 bp (SEM), as seen in (B).

Next, we calculated the wrapping efficiency from these data as described above. The histogram

from multiple measurements is shown in Figure 28B. The distribution was fit to a Gaussian distribution,
yielding a mean value of the wrapping efficiency of 125 + 2.2 bp (SEM). This number is considerably

lower than the wrapping efficiency of the control sample, 146 + 1.6 bp (SEM). This suggests that in the

presence of NF-kBr, the nucleosomes are unraveled by some 21 + 3.8 bp (SEM). The p-value between
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these two populations was 9.6 x 107, indicating a statistically significant difference between the control

and the NF-xBgL containing population.

We completed a parallel experiment that tested the effects of adding additional NF-«B to the
nucleosome sample. In these experiments, we had a nucleosome: NF-kB ratio of 1 to 2 to check if
increasing the concentration would affect the unwrapping effect of NF-xB. The AFM image can be seen
in Figure 29A. In frame (i), a single nucleosome bound near the middle of the DNA can be seen. In
frames (ii and iii), there is one H3n,c and one NF-kBrr. In frame (iv), there is an H3y,c and two NF-kBr.
bound to both sides of the nucleosome. The histogram of the wrapping results can be seen in Figure 29B.
The unwrapping effect of the nucleosomes resulted in a wrapping efficiency of 125 + 2.2 bp (SEM)
regardless of the increased ratio of NF-«B. The yield of NF-kB bound to DNA flanks on the same strand
as a nucleosome was calculated to be 43% and 85% for 1 to 1 and 1 to 2, respectively, which is in line

with the use of higher concentration of the NF-«B.
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Figure 29- AFM image with zoomed-in snapshots of canonical H3nuc with NF-kBrL.

AFM images of H3wc assembled on the DNA construct with NF-«xBri added at a 1 to 2 ratio (A). The large scan in (4) is 1 x I um,
and the scale bar is 50 nm. The snapshots to the right of the larger AFM image show varying situations. The snapshots are 100 x 100
nm, and the scale bar is 25 nm. In (i), there is a nucleosome bound near the center of the DNA. In (ii and iii), the nucleosome is
bound to the DNA, and the NF-kB is bound near the nucleosome. In (iv), the nucleosome has an NF-kBrL bound to both sides of the
nucleosome. The orange arrows indicate NF-kBrL bound to the DNA, and the blue arrows indicate the nucleosome. The wrapping

efficiency was found to be decreased to 125 + 2.2 bp (SEM), as seen in (B).

Although NF-«B bound to the nucleosome itself cannot be visualized with AFM directly, its
contribution to the particle size can be evaluated with AFM by the height or volume measurements. '*°
The height of NF-kBrr bound to DNA was measured, as well as the DNA height on each AFM image.
The average DNA height was subtracted from the height measurements of NF-«Br:. bound to the DNA
and was found to be 0.55 + 0.02 nm (SEM) (n = 82). The height measurements for the set of 183 particles
for the H3,.c control produced the value 1.9 £ 0.02 nm (SEM). Similar measurements for the nucleosome
particles (n = 157) in the presence of NF-kB led to the value 2.3 + 0.04 nm (SEM), which is statistically

significant from the control measurements. The p-value between these two populations was 5.4 x 1023,
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indicating a statistically significant difference between the control and the NF-kBgr containing population.

These data are in Figure 30A-C and summarized in
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Figure 30- Height results of NF-kBg, H3,, and H3,,c + NF-kBg,
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The height results for the NF-kBg, protein only (A), H3puc control (B), and H3,,c in the presence of NF-kBg, (C). The mean height of NF-kBg;

protein only, H3p, control, and H3,,. in the presence of NF-kBg, were 0.55 +.02 nm, 1.9 + 0.02, 2.3 + 0.04 nm (SEM), respectively. Histograms

for all the heights measured with a gaussian distribution are shown.

H3 Nucleosomes CENPA Nucleosomes
Control FL 1tol Control FL 1tol
Wrapping Mean (bp) | 146+ 1.6 | 125£2.2 | 130+1.4 | 129+2.2
Height Mean (nm) 1.9+£0.02 | 23+0.04 | 22+0.02 | 2.2+ 0.04
Volume Mean (nm”3) | 355+9 469 +9 3515 338 £8

Table 2- Results summary of H3 and CENP-A nucleosomes.
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We also completed a volume analysis of the control H3,,. and the H3,, in the presence of NF-
«BrL and found that 355 + 9.4 nm?® (SEM) and 469 + 9.0 nm? (SEM), respectively. A histogram
distribution of these results can be seen in Figure 31A-D. The p-value between these two populations was
1.8 x 1075, indicating a statistically significant difference between the control and the NF-kBp. containing

population.
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Figure 31- Volume analysis of H3 and CENP-A nucleosomes.
The histograms show the results of the volume analysis of H3wc control (A), H3nwc + NF-kBrL (B), CENP-Auuc control (C), and
CENP-Amc + NF-kBrL (D). The average volume of the H3 Control, H3 + NF-«kBri, CENP-A control, and CENP-A + NF-xBFL

was 355 + 9.4 nm?, 469 £ 9.0 nm3, 351 4.9 nm?, and 338 + 8.2 nm? (SEM), respectively.

Similar studies were performed with truncated NF-kBrup protein. Images of the sample with

snapshots can be seen in Figure 32A, where the nucleosomes are indicated with a blue arrow, and the NF-
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kBrup are marked with orange arrows. The snapshots from the larger AFM image can be seen to the
right, where frames (i and iii) show nucleosomes in different places on the DNA. In frames (ii and iv), a
nucleosome is either terminally bound or close to the end of the DNA with an NF-kBrup protein bound on
the DNA flank. The wrapping efficiency of the complex was decreased to 126 + 1.5 bp (SEM) (Figure
32B). These data suggest that the C-terminal RelA TAD does not contribute to the unraveling property of
NF-«kB. The height measurements for the NF-kBrup-bound nucleosomes was 1.9 = 0.02 nm
(SEM)(Figure 32C). The control for the subpopulation of H3,c with 129 + 1.5 bp wrapping efficiency
resulted in a height of 1.8 + 0.03 nm (SEM). This value is less than the height of complexes of NF-kBrup

protein with nucleosome, suggesting that the truncated NF-xBrup is bound to the nucleosome.
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Figure 32- AFM image with zoomed-in snapshots of canonical H3nuc with NF-kBrnup.

AFM image of H3nc assembled on the DNA construct with added NF-kBriup(A). Snapshots of the image scanned can be seen to
the right of the large AFM image, with images (i and iii) showing a nucleosome bound to the DNA and in (ii and iv) a
nucleosome bound with an NF-kBrup bound to the flank of the DNA. The large scan in (4) is 1 x 1 um, and the scale bar is 50
nm. The snapshots are 100 x 100 nm, and the scale bar is 25 nm. The orange arrows indicate NF-kBrup bound to the DNA, and
the blue arrows indicate the nucleosome. The wrapping efficiency was found to be decreased to 126 + 1.5 bp (SEM), as seen in
(B). The histogram shows the nucleosome height for H3nc with NF-kBrup (C). The mean height for H3nuc with NF-kBrup was

1.9+ 0.02 nm (SEM).

Therefore, NF-kB leads to a substantial unraveling of H3,... The unraveling of nucleosome by
NF-«B was reported in our recent publication °, in which the nucleosome-specific 601 motif was used,
but in this case, NF-xB unwrapped the 601 DNA to a lesser extent, only 135 = 3 bp (SEM). Our data
obtained on the physiologically-relevant DNA substrate indicates that the nucleosome unraveling is a

property of NF-xB, but the effect quantitatively depends on the DNA sequence.
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5.3.3 NF-xB Interaction With Centromeric CENP-A Nucleosomes

Centromeric-specific CENP-A,.. were assembled on the ai-sat DNA substrate mentioned above
(Figure 25A) in a similar manner as the H3,,., with the exception that the CENP-A,,. requires an extra
step in the self-assembly process of mixing 2:1 molar concentrations of the dimeric H2A/H2B and
tetrameric CENP-A/H4 (see the methods section for details). The AFM images of the nucleosomes are
shown in Figure 33A, with a few snapshots selected to the right. The snapshots of the assembled CENP-A
nucleosomes shown in frames (i and ii) show nucleosomes bound close to the DNA ends, and frames (iii
and iv) show nucleosomes closer to the middle of the DNA sequence. The nucleosomes are indicated
with blue arrows. The wrapping efficiency of the CENP-Ay. was 130 £+ 1.4 bp (SEM) (Figure 33B),
which is in line with our previous publications in which 601 motif DNA substrate along with non-specific

DNA sequences were used.”6:100:140
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Figure 33- AFM image with zoomed-in snapshots of centromeric CENP-Ap..

AFM image of CENP-Anuc assembled on the DNA construct is shown in (4). The large AFM image is 1 x 1 um, and the snapshots are 100 x 100 nm.
The scale bars are 50 and 25 nm for the large AFM image and snapshots, respectively. The snapshots to the right of the large AFM image show
typical nucleosomes assembled on the DNA construct. In (i), there are two nucleosomes, one close to the end and one more centrally bound. In (ii)
and (iii), nucleosomes are close to the terminal end. In (iv), the nucleosome is closer to the middle of the DNA. The histogram to the right (B)
represented the Gaussian distribution of the wrapping efficiency of the assembly, which was 130 + 1.4 bp (SEM). The scale bar is 50 and 25 nm for

the large image and snapshots, respectively.

Next, NF-kBrr was added to CENP-A,,¢ in a nucleosome-to-protein molar ratio of 1:1. The AFM
results from the CENP-A,.. and NF-kBrL can be seen in Figure 34A, where selected complexes can be
seen in the snapshots shown to the right of the large AFM image. In frame (i), the CENP-Ay, is bound
near the end of the DNA, and the NF-«xByr is adjacent to the CENP-A,c. In frame (ii), the CENP-Ay is
bound to the middle, with the NF-kBg. bound to the end of the DNA. In frame (iii), the CENP-A,,. and
the NF-«xByrr are bound to opposite ends of the DNA. Frame (iv) shows a CENP-A,, bound to the middle
of the DNA, with no NF-«Brr on the DNA flanks. The blue arrows indicate CENP-A,,, and the orange

arrows indicate the NF-kBrr bound to DNA flanks. The wrapping efficiency of the nucleosomes at a 1 to
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1 ratio was calculated as described above, and the histograms of multiple measurements can be seen in

Figure 34B. The mean wrapping efficiency was 129 + 2.2 bp (SEM).
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Figure 34- AFM image with zoomed-in snapshots of centromeric CENP-Apuc with NF-kBFL.

AFM image of CENP-Anuc assembled on the DNA construct with I to 1 NF-kBrL on the left (A) and histogram of wrapping efficiency on the right (B).
The larger AFM image has a scan size of 1 x 1 um, and the snapshots are 100 x 100 nm and scale bars of 50 nm and 25 nm, respectively. The
snapshots to the right of the large AFM image have NF-xBrr added to the assembled nucleosomes and can be seen easily, represented by the orange
arrows. The blue arrows represent the nucleosomes. The snapshots show nucleosomes binding near the terminal and can be seen in (i and iii),

whereas centrally bound nucleosomes can be seen in (i and iv). The CENP-Awe wrapping efficiency was 129 + 2.2 bp (SEM).
The wrapping efficiency of the nucleosomes at a 1 to 2 ratio is shown in Figure 35A. In frame (i),
a single CENP-A,, is bound to the DNA. In frames (ii and iii), there is a single CENP-A,,. bound near
the end of the DNA, with a single NF-«Bgr bound on the flank of the DNA. In frame (iv), there is an NF-
«kBrr bound to both sides of the CENP-A,... The wrapping efficiency of the 1 to 2 experiments can be
seen in Figure 35B, which resulted in a wrapping efficiency of 131 2.3 bp (SEM). Both the 1 to 1 and
the 1 to 2 wrapping efficiencies were unchanged from the results found in the control sample, suggesting
that in the presence of NF-kB, there is no unwrapping to the CENP-A,u.. The number of NF-kB on the

DNA flanks with the CENP-A,,c was 46% and 80% for molar ratios of 1:1 and 1:2, respectively. The p-
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value between the control and the 1 to 1 NF-kBg wrapping populations was 0.49, indicating no

difference between the control and the NF-«Br. populations. This increased binding of NF-kB to DNA
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Figure 35- AFM image with zoomed-in snapshots of centromeric CENP-Anuc with increased NF-kBrvL ratio.

AFM image of CENP-Anc assembled on the DNA construct with NF-«xBri added at a 1:2 ratio with AFM images on the left (A) and histogram
of wrapping efficiency on the right (B). The snapshots to the right of the larger AFM image show varying situations, NF-kBrL represented by
orange arrows. The blue arrows represent the nucleosomes—the snapshots to the right show various binding locations of the nucleosomes
and NF-xBrL. In (i), there is a nucleosome bound near the end of the DNA. In (ii and iii), the nucleosome is bound to the DNA, and the NF-xB
is bound near the nucleosome. In (iv), the nucleosome has an NF-kBrL bound to both sides of the nucleosome. The large AFM image has a
scan size of 1 x 1 um, and the snapshots are 100 x 100 nm and a scale bar of 50 nm and 25 nm, respectively. The wrapping efficiency was 131

+ 2.3 bp (SEM).

indicates at least twice as many NF-kB seen bound to the DNA, which does not include the NF-«xB that is

potentially bound to the nucleosomes.

Next, we looked for evidence of NF-kBrr binding to the CENP-A,,. through analysis of the
nucleosome's measured heights, which can be seen in Figure 36A-C. The NF-xBg. protein bound to the

DNA, minus the height of the DNA, was measured and found to be 0.54 + 0.03 nm (SEM). The CENP-
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Figure 36 - Height results of NF-kBg, CENP-A,,, and CENP-A,, + NF-KBg,.
The height results for NF-kBg, protein only (A), CENP-Anyc control (B), and CENP-An,c in the presence of NF-kBr,(C). The mean
height of NF-kBg, protein only, CENP-Ap,c control, and NF-kBg, were 0.54 + 0.03, 2.2 + 0.02, and 2.2 + 0.04 nm (SEM),

respectively. Histograms for all the heights were measured with a gaussian distribution shown.

Anyc control nucleosomes had a height of 2.2 + 0.02 nm (SEM), and with the addition of NF-«kBgr, the
height was 2.2 + 0.04 nm (SEM). The p-value between these two populations was 0.008, indicating little
statistically significant difference between the control and the NF-xBr containing population. These
results differ from the H3,., where an increase could be seen from the control upon the addition of NF-
«kBrL. With the CENP-A,.., there was no increase in height with the addition of NF-xBrr, indicating no

NF-kBrr binding to the CENP-Ay.

We also completed a volume analysis of the control H3,.c and the H3,.c in the presence of NF-
«Brr and found that 351 £ 8.2 nm? (SEM) and 338 + 4.9 nm? (SEM), respectively. A histogram
distribution of these results can be seen in Figure 31C and D. The p-value between these two populations
was 0.27, indicating little statistical difference between the control and the NF-xBr; containing

population.

Similar experiments were completed with the modified NF-xBrup. Images and snapshots can be
seen in Figure 37A. The snapshots can be seen to the right of the large AFM image. In frames (i and ii),

the CENP-A,, is bound to the DNA without any NF-kBrup bound to the flanks. In frames (iii and iv),
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Figure 37- AFM image with zoomed-in snapshots of centromeric CENP-A,,,c with NF-KBgryp.

AFM image of CENP-Anuc assembled on the DNA on the left (A) and histogram of wrapping efficiency in the upper right (B). NF-
kBrup was added to the assembled nucleosomes and can be seen easily in the snapshots, represented by the orange arrows. In
snapshots (i and ii), the nucleosome is bound to the DNA, with (i) being more centrally bound and (ii) being closer to the
terminal end. In (iii and iv), terminal or nearly terminal bound nucleosomes have an adjacent NF-xBrup bound. The blue arrows
represent the nucleosomes. The large AFM image has a scan size of 1 x 1 um, and the snapshots have a size of 100 x 100 nm and
a scale bar of 25 nm. The wrapping efficiency was 129 + 1.6 bp (SEM)—the histogram showing the nucleosome height for

CENP-Anuc with NF-kBrup can be seen in (C). The mean height for CENP-Anuc with NF-kBrup was 1.9 £ 0.02 nm (SEM).

the CENP-A,,c are bound near the terminal end of the DNA with the NF-kBrup bound adjacent to the
CENP-Auc. The nucleosomes are indicated with a blue arrow, and the NF-kBrup are marked with orange
arrows. The wrapping efficiency of CENP-Ay,c with NF-kBrup was 129 = 1.6 bp (SEM)(Figure 37B),
indicating no unwrapping. The height values of the nucleosomes were measured for the NF-xBrup

containing samples and found to be 1.9 + 0.02 nm (SEM)(Figure 37C) for CENP-A,,.. These results show

that NF-xB does not unravel CENP-A,... nor bind to the nucleosome.
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5.3.4 Comparison of nucleosome positioning with NF-xB

We mapped the position of the nucleosome in these complexes, as shown in Figure 38 A-C.
Interestingly, the data show a lower population of nucleosomes at the DNA end when NF-«B is bound.
This value was reduced to 16 % compared with 27 % for the control, which decreased even more with a 1
to 2 ratio decreasing to 9%. These results suggest that the NF-kB can cause displacement of the

nucleosomes from the end of the DNA.

92 |Page



A H3 Control Nucleosome Binding

30%

25%

20%

15%

10¢

R

0%

Percentage bound to each area

D

30%
25%
20%
15%

10%

w
R

0%

Percentage bound to each area

Figure 38- Nucleosome binding locations with varying concentrations of NF-kBrL.
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Canonical nucleosome binding locations along the DNA construct: H3 e Control (4), H3ne with 1 to 1 NF-kBrL (B), and H3nue

with I to 2 NF-kBrL (C). The H3nuc control had a terminal binding percentage of 27%, drastically decreasing to 16% in

samples with NF-kBrr. The 1 to 2 NF-xBrL had an end binding of 9%, an even greater decrease in terminal binding than the 1 to

1 sample. Centromeric nucleosome binding locations along the DNA construct: CENP-Anuc control (D), CENP-Anuc with 1 to 1

NF-xBrL (E), and CENP-Auuc with 1 to 2 NF-kBrr (F). The CENP-Anuc control had an end binding percentage of 8%, which was

increased to 18% in samples with NF-kBr1, at a 1 to 2 ratio, the terminal bound CENP-Anuc decreased to 5%.

The mapping results of the CENP-A,,. control and CENP-A,,. in the presence of NF-kBrL can be

seen in Figure 38D-F. There was no consistent change in the mapping profile for the CENP-A

nucleosomes in the presence of NF-«xB.
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Figure 39- Nucleosome positioning at 1 to 1 nucleosome:protein of NF-kBrup.
The results of the nucleosome positioning in the presence of NF-kBRHD were similar to those achieved in the presence of NF-
kBFL. The H3nuc (4) decreased the end binding of the nucleosomes, and the CENP-Anuc (B) had a slight increase in end
binding.

The mapping data of H3,.c with NF-kBrup added is shown in Fig. S§A, which is very close to the
data obtained for the full-length NF-xB. Similarly, the CENP-A mapping results with the NF-xBrup were

comparable to the effects of NF-xBrr, with 12% terminal binding compared to 18% (Fig. S§B).

An analysis of the height compared to the position of the nucleosome showed no correlation
between the two. A scatter plot of the comparison for H3,,. can be seen in Figure 40A-F. This indicates
that nucleosome repositioning does not solely occur when NF-«B is bound to the nucleosome itself but

can also occur when NF-kB is bound at the flanking DNA.

We considered the possibility that the observed repositioning was actually a result of nucleosome
removal. The results show that whether NF-kB was not present (control) or was present at a
nucleosome:protein ratio of 1:1 or 1:2, the yield of H3,.. were 62%, 62%, and 63%, respectively. These

results indicate that the NF-kB is not removing the nucleosomes from the DNA but rather causes
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Figure 40- Analysis of the nucleosome’s height as a comparison to the position on the DNA.
There was no correlation to the nucleosome height when compared to the position on the DNA, this includes the end binding

which can be seen at the 0 on the X-axis.

translocation of the nucleosomes away from the DNA ends. The yield analysis was also completed for the

CENP-A,; the results were 70%, 67%, and 71% for control, 1 to 1, and 1 to 2, respectively.

5.4 Discussion

5.4.1 Implications of transcription limitation in the centromere

Our major findings are summarized in Figure 41. According to the graph in Figure 41, NF-xB
unravels canonical H3 nucleosomes, removing more than 20 bp DNA out of 147 bp total DNA wrapped
around the nucleosome core. The unraveling of nucleosomes by NF-kB was reported in our recent
publication.”® However, nucleosomes were assembled on the highly specific 601 sequence in that
publication, and a lower unwrapping effect was observed. Elevated stability of the nucleosome assembled
by the specific 601 DNA sequence can explain this effect.!** Still, we need to consider the difference in
the interaction of NF-«kB with both DNA templates. The 601 motif contained only one kB binding site for
NF-xB.”® However, analysis of the NF-kB binding data did not reveal a preference for NF-xB binding at

that site.’” In contrast, the a-sat DNA substrate used in this work reveals a specific binding pattern of NF-
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Figure 41- Effect of NF-kB on nucleosome wrapping efficiency.
The H3nuc control had the highest wrapping efficiency at 146 + 1.6 (SEM) bp, whereas the H3nuc with NF-kBrL 1 to 1, NF-kBrL 1
to 2, and NF-kBrup 1 to 1 had a lower wrapping at 125 + 2.2 (SEM) bp, 125 £ 2.2 (SEM) bp, and 126 + (SEM) 1.5 bp,
respectively. The CENP-Anuc results were very different from the H3nuc, with the NF-xB not affecting the wrapping efficiency:
the CENP-Anuc control (130 + 1.4 [SEM] bp), with I to 1 NF-kBri(129 + 2.2 [SEM] bp), with I to 2 NF-xkBFL(131 + 2.3 [SEM]
bp), and with 1 to 1 NF-kBrup (129 + 1.6 [SEM] bp). FL and RHD stand for the full-length and truncated variant NF-«B,
respectively. The blue bars represent the H3nc wrapping, the green bars represent the CENP-Anue wrapping, and the error bars

show the SEM.

kB (Figure 25). Importantly, the protein showed higher affinity for the DNA ends as well as for a cluster
of half kB sites near the middle of the sequence. The affinity of NF-«kB to the DNA ends can explain the
decrease in the population of the end-bound nucleosomes in the presence of NF-xB by 1.5 times (Figure
38A-C). These observations suggest that binding of NF-«B to specific sites on DNA weakens nucleosome

interactions, resulting in their displacement and/or dissociation.

Similar results of unraveling nucleosomes by NF-kB were obtained for the truncated variant NF-
«kBrup (Figure 30), suggesting that the RelA C-terminal TAD does not define the unwrapping property of

NF-«kB. Given that the full-length NF-xB and its truncated variant NF-kBrup have similar DNA binding
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patterns (Figure 26), we hypothesize that the DNA binding affinity of NF-«xB is the factor defining the
nucleosome unraveling property of NF-kB. We hypothesize that NF-kB binds to transiently dissociated
DNA segments formed during the breathing of the nucleosome, stabilizing such an open state of the
nucleosome and shifting the location of the nucleosome, explaining the repositioning of the population of

the end-bound nucleosomes in the presence of NF-kB.

To look at the effect of the wrapping vs. the height of the nucleosomes both with and without NF-
kB, we plotted them in Figure 42 and Figure 43. The trend can be seen that typically, a lower height is
indicative of lower wrapping. The interaction of NF-kB with CENP-A nucleosomes is entirely different.
As seen in Figure 28,Figure 29, Figure 32, and Figure 34, there is no change in the nucleosome wrapping,
suggesting that regardless of the same affinity of NF-xB to DNA, the protein cannot unravel the CENP-A
nucleosome. If breathing of nucleosomes is the pathway by which NF-kB unwraps the nucleosome, the
NF-«B will bind to the transiently dissociated DNA segments. In that case, these data indicate that CENP-
A nucleosomes are more stable than canonical H3 nucleosomes. According to the graph in Figure 36B
and C, there are no changes in the CENP-A nucleosome, suggesting that NF-xB does not bind the CENP-
A nucleosome, which can be explained by the elevated stability of CENP-A nucleosomes compared with
canonical ones.'™ The ability of CENP-A nucleosomes to resist the binding of the high affinity of NF-xB
to DNA can be a factor contributing to findings that in vitro CENP-A chromatin was predominantly
nonpermissive for transcription compared to H3 chromatin.'®® This finding is in line with previous results,
which showed a 200-300 fold lower transcriptional activity, including that of NF-kB, of centromeric

chromatin with euchromatin. '8
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Figure 42- Height vs Wrapping analysis for H3nuc.

Overall populational analysis of the height and wrapping efficiency of the H3wc samples. In frame A, the H3nuc control sample
had a mean wrapping of 146 + 1.6 bp (SEM) and a mean height of 1.9 + 0.02 nm (SEM). In frame B, the H3 e with NF-xBrL had
a mean wrapping of 125 £ 2.2 bp (SEM) and a mean height of 2.3 £ 0.04 nm (SEM). The X-axis is the height of each population,

and the Y-axis is the wrapping efficiency of the nucleosomes.
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Figure 43- Height vs Wrapping analysis for CENP-Anuc.

Overall populational analysis of the height and wrapping efficiency of the CENP-Anuc samples. In frame A, the CENP-Anuc
control sample had a mean wrapping of 130 = 1.4 bp (SEM) and a mean height of 2.2 = 0.02 nm (SEM). In frame B, the CENP-
Anuc with NF-kBr1 had a mean wrapping of 129 + 2.2 bp (SEM) and a mean height of 2.2 £ 0.04 nm (SEM). The X-axis is the

height of each population, and the Y-axis is the wrapping efficiency of the nucleosomes.
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5.5 Conclusion

We found that NF-xB has tremendous effects on H3 nucleosomes because it is a pioneer
transcription factor, which results in the binding of NF-«xB directly to the nucleosome core, proven
through height and volume measurements. But nucleosomes must be displaced for transcription to occur,
which is facilitated in the H3 nucleosomes through the unwrapping of ~20 bp of DNA. This unwrapping
was not discovered in the CENP-A nucleosomes nor the binding to the core of the nucleosome. These
results indicate that these nucleosomes, which are only found in the centromere, do not allow for
transcription factors to displace them and, therefore, actively blocking transcription from occurring in the
centromere. These results might be a bit surprising considering H3 nucleosomes have 75% identical
histone homology, and the CENP-A and H3 histone share 50% homology. Such a minor modification to
the nucleosome core could disallow NF-kB from binding was an exciting finding. However, this inability
to bind to the CENP-A nucleosomes likely plays a biological role in the centromere to prevent unwanted
transcription and disruption to the centromere region of the chromosome, ultimately providing stability to

the whole chromosome.

Chapter 6. Overall Conclusions

6.1 Nucleosomal Dynamics

6.1.1 Nucleosome Stability

Our study revealed that the balance between energies of internucleosomal interaction and the
affinity of the nucleosome core to the DNA sequence influences the formation of tight contacts between
nucleosomes. The lower yield of dinucleosome complexes for CENP-A,,c may be due to the repulsion
generated by the CENP-A tail. The DNA sequence is the primary factor defining nucleosome positioning

in the chromatin. The binding affinity of CENP-A.c to the DNA ends is also higher than for H3pyc.
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Time-lapse HS-AFM studies revealed different stabilities of H3 and CENP-A nucleosomes under
scanning conditions. CENP-A,. appeared more stable than H3n.c, with 38% of monoH3 . lasting longer
than 20 frames, while 52% of monoCENP-A,, lasted longer than 20 frames. This increase in dwell time
is counterintuitive as the wrapping efficiency of CENP-A is less than H3 .. Similarly, the diH3,.c has a
dwell time of more than 20 frames only 48% of the time compared to diCENP-A, at 66%, a dramatic
increase of 18%. These increased dwell times for CENP-A.. indicate that these nucleosomes are more

stable than their H3,,. counterparts.

6.1.2 Asymetric Unwrapping

Interestingly, we found that nucleosomes undergo a step-wise asymmetrical unwrapping, which
was also recently discovered by another group of investigators.!®> The unwrapping process for the CENP-
Anyc was asymmetrical but did not result in the loss of histones. The step-wise unwrapping of H3
nucleosomes is directly correlated to the loss of histones, where one step in the unwrapping process is the
loss of an H2A/H2B histone, resulting in a hexasome, with the next step being the loss of another
H2A/H2B histone resulting in a stable tetrasome. These intermediate steps in unwrapping likely play a

biological role whereby the DNA becomes more accessible to transcription factors (like NF-kB).

Conversely, the CENP-A,.c had a much lower occurrence of the histones vacating the octameric
core, indicating an intrinsic difference between the DNA and nucleosome interactions. Despite the lower
wrapping efficiency of CENP-A,,. compared with H3,,c, they not only have longer dwell times on the

DNA, but their octameric structural integrity is greater than that of H3nyc.

In conclusion, CENP-A nucleosomes are more stable than canonical nucleosomes. The
unwrapping process is highly asymmetric, and HS-AFM revealed higher CENP-A nucleosome stability
than H3 nucleosomes. This feature of CENP-A nucleosomes can be important for centromere dynamics

during mitosis and chromatin replication and for protecting the centromere from unwanted interactions.
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6.2 Effect NF-kB on Nucleosomes

Our study revealed that NF-«xB, a pioneer transcription factor, significantly affects H3
nucleosomes, removing more than 20 bp of DNA from the DNA wrapped around the nucleosome core.
The binding affinity of NF-kB to specific sites on DNA weakened nucleosome interactions, resulting in
their displacement or dissociation. Similar results were obtained for the truncated variant NF-kBrup,
suggesting that the DNA binding affinity of NF-xB does not exist in the Rel Homology Domain portion
of the protein. The interaction of NF-kB with CENP-A nucleosomes was drastically different, with no
change in the nucleosome wrapping. This suggests that CENP-A nucleosomes are more stable than
canonical H3 nucleosomes, and NF-kB does not bind to them. This inability to bind to CENP-A
nucleosomes may play a biological role in the centromere to prevent unwanted transcription and

disruption to the centromere region of the chromosome.!7%1%!
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