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Abstract

Compaction of long DNA molecules into the small cell nucleus is accomplished
through an elaborate structure called chromatin. This DNA-protein complex is
a hallmark of the nucleus of the eukaryotic cell and unravelling its structural
details is mandatory for a better understanding of all DNA-involving processes,
especially for full comprehension of transcription, recombination and replication.
The structure of the basic chromatin unit, the nucleosome, is well known since
the end of the last century. In contrast, despite strong experimental e�orts, many
questions concerning the DNA packing at higher levels are still open. In partic-
ular, whether a highly ordered structure, often-times referred to as the �30 nm
�bre�, exists in vivo is the cause for an ongoing controversy in the scienti�c com-
munity. In last decades, development of the molecular biology tools allowed to
produce chromatin and nucleosomal arrays from recombinant proteins, introduc-
ing a model structure for chromatin experiments in vitro. In this PhD thesis I es-
tablish protocols for preparing human recombinant nucleosome arrays. Further-
more, I employ various single-molecule and high-resolution microscopy methods
to investigate the structure of chromatin arrays under di�erent sodium chloride
concentrations. The results provided by Atomic Force Microscopy (AFM), a cut-
ting-edge tool for high-resolution imaging of DNA-protein complexes, turned out
to be especially valuable. Here, I present results from high-resolution AFM of
non-cross-linked chromatin arrays in liquid, under di�erent salt concentrations.
A detailed statistical analysis of the imaging data reveals that the array com-
paction is salt-dependent, however in a non-monotonic fashion. Nevertheless, the
presented data do not provide any support for the existence of regular chromatin
�bres for the investigated arrays. Instead, they show chromatin arrays as highly
dynamic structures, strongly in�uenced by NaCl concentration. These studies
shed a new light upon chromatin and thus contribute to a deeper understanding
of the mechanisms of DNA condensation.
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Chapter 1

Introduction

�Life depends on the ability of cells to store, retrieve and translate the genetic

instructions required to make and maintain a living organism.� This sentence,
which begins the second part of the famous Molecular Biology of the Cell text-
book written by Alberts and colleagues [1], stresses how important for life is the
genetic information carried in the DNA molecule. Of similar importance are all
those processes involved in preserving, multiplying and executing those instruc-
tions. This thesis puts its focus on the �rst of the aforementioned functions: the
mechanisms of DNA storage in the cell.

Eukaryotic DNA is packed into chromosomes: structures composed of very
long DNA molecules combined with associated proteins (see �gure 2.1). The
process itself of compaction of DNA molecules into the nucleus is remarkable
indeed: the combined DNA of 46 human chromosomes is approximately 2m
long, while it resides in a cell nucleus of only about 6µm diameter. Thanks
to X-ray crystallography the molecular structure of the nucleosome, the basic
building block of chromatin, was discovered in 1997 [2]. It is built out of a
protein complex, the histone octamer, and 146 bp of DNA wrapped around it.
The nucleosomes are connected by linker DNA, creating structure called a �beads-
on-a-string�. While the organisation of DNA into nucleosomes is well accepted,
the further stages of arrangement of nucleosomes into higher chromatin structures
are unclear.

This thesis focuses on the next step of chromatin condensation, namely on
the arrangement of nucleosomes into so-called chromatin �bres. In 1994 elec-
tron microscopy (EM) allowed to visualise G1 chromosomes, presenting proof
for a highly organised chromatin structure in vitro [3]. In the following years
subsequent studies [4, 5] employed Electron Microscopy (EM) to image long re-
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CHAPTER 1. INTRODUCTION

constructed chromatin �bres. The published micrographies allowed to introduce
two models of 30 nm chromatin �bre: A �one-start model� comprised of a solenoid
structure, and a �two-start model� shaped into a zig-zag structure (see �gure 2.4).
Additionally, computational modelling studies [6, 7] supported the existence of
highly-organised chromatin structures and proposed di�erent, well ordered struc-
tural models for the chromatin �bre. On the other hand side, other groups found
no evidence of the existence of chromatin �bres in vivo [8�11], nor in vitro [12],
and are promoting an idea of condensed, but not highly-organised chromatin
structure.

The scienti�c discussion around this controversial issue is ongoing, and the
importance of the problem is highlighted by the number of reviews focusing on
existence of chromatin �bre published in the last years [13�18]. Providing an-
swers about chromatin structure is indispensable for the complete understanding
of basic cellular processes involving DNA, such as transcription, replication, re-
combination and maintaining the integrity of the genome.

Recombinant chromatin arrays became a popularly used model system for
investigating the chromatin structure [4], since the discovery of strong-positioning
DNA sequences [19]. However, unlike complete chromosomes, those structures
cannot be observed under light microscopy, due to their small dimensions on
the order of tens to hundred of nm. Therefore, methods circumventing the light
di�raction limit have to be applied to visualise chromatin arrays. In this thesis
I employed four di�erent super-resolution techniques, di�ering in speci�cations,
experimental design and resolution range, in order to investigate the salt in�uence
on chromatin arrays.

Salt-induced compaction of chromatin is a topic under investigation since
over forty years [20, 21]. Nevertheless, some inconsistencies and open questions
leave room for further systematic studies. Former experiments, using Analyti-
cal Ultra-Centrifugation (AUC), suggest a linear impact of sodium chloride on
chromatin [22, 23]. On the other hand side, single-molecule studies of salt de-
pendent nucleosme stability showed a non-monotonic in�uence of NaCl on single
nucleosomes [24]. This discrepancy motivated me to perform more direct and
systematic studies of chromatin arrays under di�erent sodium chloride concen-
trations.

In chapter 2 I review the current state of scienti�c research involving chro-
matin structure. I describe in details its building blocks and the proposed models
of its higher order organisation. Section 2.6 focuses on studies concerning var-
ious biological and chemical factors in�uencing the chromatin structure, with a
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special consideration on the in�uence of salt.
Chapter 3 introduces the physical background of single-molecule and su-

per-resolution microscopy techniques used in my experiments. The problem
of di�raction limit in light microscopy is highlighted and discussed. Further-
more, the basic physical mechanisms behind scanning atomic force microscopy
are explained in section 3.2. Finally, in section 3.3, I describe in detail the
�uorescence-based techniques: single molecule Förster Resonance Energy Trans-
fer (smFRET), STochastic Optical Reconstruction Microscopy (STORM) and
STimulated Emission Depletion (STED).

The detailed biochemical protocols I employed to produce human recombi-
nant chromatin arrays are described in chapter 4. This chapter includes protocols
for DNA ampli�cation, protein expression and puri�cation. It also introduces
schemes for chromatin array assembly, labelling with organic �uorescent dyes
and modi�cation with oligomers carrying biotin.

In chapter 5 I explain in detail protocols for AFM measurements. Addition-
ally, I discuss protocols for �uorescence techniques. Moreover, a brief report on
the data analysis is provided.

All the results from the experiments I conducted are shown and examined in
chapter 6. In this chapter I discuss how the AFM measurements, combined with
a detailed statistical analysis, revealed a non-monotonic compaction of chromatin
arrays. This outcome poses as main result of my thesis and it adds a signi�cant
new insight into the topic of chromatin structure.

Finally, chapter 7 concludes this thesis with short summary and outlook of
presented experiments.
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Chapter 2

Chromatin as a DNA packing

system

DNA is a highly, negatively charged polymer. Those electrostatic charges repel
adjacent regions of the DNA helix. Therefore, packing DNA into the small vol-
ume of cell nucleus is energetically expensive [25�27]. Chromatin is the answer
of eukaryotic cells to this problem, as it assists entropy in bending the helix
and thus folding the structure. It enacts two opposing tasks in the cell nucleus:
dense compaction of DNA and fast, dynamical access to the genomic informa-
tion. This essential cellular structure consists of DNA combined with proteins,
forming altogether an extremely complex assembly. In this chapter I will describe
the various structural units that constitute chromatin, following a bottom-up ap-
proach: from the smallest unit, the nucleosome, up to the conjectured high-level
patterns of arrangement beyond the 30 nm �bre (see �gure 2.1). I will also re-
view some of the previous studies related to chromatin, many of which already
investigated biological and chemical factors in�uencing its structure.

2.1 Nucleosome

The nucleosome is the basic repeating unit of chromatin. Its crystal structure
was �rst presented with a resolution of 7Å by Richmond et al. [29], although the
2.8Å structure published in 1997 by Luger and colleagues showed in deeper detail
its atomic structure [2]. In 2002 Davey et al. showed the nucleosome structure
with impressive resolution of 1.9Å [30]. All those steps were important for a
better understanding of the �rst step of DNA packing complex. Those studies
revealed that a single nucleosome consists of 146-147 bp of DNA wrapped around
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CHAPTER 2. CHROMATIN AS A DNA PACKING SYSTEM
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Figure 2.1: The levels of organisation of DNA within chromatin. It should be noted
that the existence of 30-nm chromatin �bres is still controversial and highly disputed topic in
scienti�c community (see section 2.4). Adapted by permission from Macmillan Publishers Ltd:
Nature [28], copyright 2003.

a protein core, the histone octamer [31] (see �gure 2.2). This structure has a
diameter of ≈11 nm and thickness of ≈6 nm.

The histone octamer structure was crystallised in 1991 with 3.1Å resolution
[34]. It is a disc-shaped protein complex containing eight proteins, namely H2A,
H2B, H3, and H4, two copies each. All histones are small proteins of molecular
weights varying between ≈11 kDa for human H4 and ≈15 kDa for human H3.
H2A and H2B histones are similar in size, whose human analogues are ≈14 kDa
each. The core histones are evolutionary very conservative proteins and they all
have a �helix-turn-helix-turn-helix� motive also called the histone-fold [34]. This
secondary structure allows histone dimerisation, which is essential for building
the histone octamer. The octamer is assembled by formation of a H3-H4 tetramer
�rst, and then association of H2A-H2B dimers to the tetramer platform [2,35].

In the nucleosome the H3-H4 tetramer binds the inner ≈56 bp of DNA, and
two H2A-H2B dimers are situated at both sides binding to 27-28 bps of DNA [2]
each. Besides the globular, highly structured compartments, each histone has a
highly basic and intrinsically disordered N-terminal domain called �histone tail�
[36�38]. Additionally, each H2A histone also possesses a canonical C-terminal
tail domain [36]. Histone tails contribute to about 28% of the mass of the core
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2.1. NUCLEOSOME
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Figure 2.2: Crystal structure of human nucleosome core particle (PDB ID: 3AFA)
The structure comes from X-ray crystalography studies conducted by Tachiwana et al. [32].
This structure was resolved with resolution of 2.5 Å. In dark gray is depicted DNA molecule
wrapped around protein core. Each histone within the structure was depicted with di�er-
ent colour: H2A in yellow, H2B in red, H3 in blue and H4 in green. Molecular graphic
was performed with the UCSF Chimera package. Chimera is developed by the Resource for
Biocomputing, Visualization, and Informatics at the University of California, San Francisco
(supported by NIGMS P41-GM103311) [33].

histones. Nevertheless, in the electron density map only about one-third of their
length is visible, due to their unstructured conformation [2]. The positively
charged histone tails pass through the DNA superhelix [2] and interact not only
with nucleosomal DNA [38,39], but also with linker DNA [2,30,40], neighbouring
nucleosomes [38, 41�45] and nuclear non-histone proteins [37]. Therefore, the
core histone tails are crucial for compaction of nucleosomal arrays, due to their
signi�cant interactivity [36, 43, 46�49], as well as for regulation of transcription
and replication mechanisms [37,50].

Moreover, due to their high content in lysine and arginine residues, core
histone tails are the site of numerous covalent modi�cations, called Post-Trans-
lational Modi�cations (PTM) [36,51�53]. Among ten di�erent types of PTM dis-
covered to this date, prominent examples are acetylation and methylation [51,54].
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CHAPTER 2. CHROMATIN AS A DNA PACKING SYSTEM

These two PTMs are speci�cally relevant in the research of DNA compaction
mechanisms, since they pose as markers for �open� and �close� chromatin struc-
ture, respectively. Studies concerning how PTMs in�uence chromatin structure
will be presented in more detail in section 2.6.1.

Nucleosomes can be described as polycation-polyanion complex, which de-
termines many electrochemical properties of this complex. In this sense, the
146-147 bp of nucleosomal DNA are building a highly negatively charged poly-
electrolyte carrying a charge of -294 [37, 55]. This negative charge is reduced
to -148 by the net positive charge of the histone octamer, equal to +146. An
in-depth review focusing on the role of electrostatic interactions towards DNA
packing into chromatin was presented by Korolev et al. [37]. In this review
the disassembly/assembly process of the nucleosome is discussed from a thermo-
dynamical standpoint by considering it as a competition between an excess of
polyanions (DNA) for binding to a limited pool of polycations (histones). As a
�nal remark, it should be stressed that nucleosomes are not static protein-DNA
complexes but rather intrinsically dynamic macromolecular assemblies [36].

2.2 �Beads-on-a-string� structure

Only a fraction of eukaryotic DNA in vivo is bound to histone octamers, e.g. roughly
80% in the yeast genome [56]. The remaining fraction of DNA connects the nu-
cleosomes, and is commonly known as linker DNA. The structure composed by
nucleosomes and linker DNA together is unambiguously referred to as �beads-on-
a-string� in literature [57] (see �gure 2.1). Some contexts, instead, referred to this
structure as 10 nm chromatin �bre. However, the latter nomenclature is ambigu-
ous and often misleading, since it was also used to describe a stack of nucleosomes
forming a �bre of ≈10 nm in diameter [14]. Therefore, to avoid ambiguity, I will
use in this thesis �beads-on-a-string� term. In such �beads-on-a-string� structure
the length of the linker DNA is quantised into ≈10 bps (it appears in multiples of
10 bp) [58]. This phenomenon can be explained by the helical symmetry of DNA,
which couples the one-dimensional distribution of nucleosomes along the DNA.
While steps of one or several bp would profoundly alter the intrinsic chromatin
structure, steps of 10�11×n bp do not: Instead, the next nucleosome rotates n
complete turns around the DNA helix axis, ending up rotationally near where
it began, but translated along the DNA by ≈3.4�3.7×n nm. [59]. Linker DNA
length is varying between species and di�erent tissues, typically ranging between
10 bp and 100 bp [60]. In turn, such variability has a signi�cant impact on the

8



2.3. LINKER HISTONES

length of the elementary repeating unit in chromatin, that is, the the 146-147 bp
of nucleosomal DNA plus the linker DNA, usually known as Nucleosome Repeat
Length (NRL) [5].

The NRL can equivalently be de�ned as the average DNA distance between
the centres of neighbouring nucleosomes [61]. In principle, due to the length of
nucelosomal DNA being �xed and the linker DNA being quantised into 10 bp
units, emergent NRLs should be equal to ≈ 147+10×n, however, NRLs eluding
this expression are existing in nature and have been observed. Overall, a wide
variability of NRLs has been observed in nature: from short ones, such as the
154 bp of the Aspergillus and 165 bp of the Saccharomyces cerevisiae, up to very
long ones, as the 241 bp of the sea urchin sperm [60]. Nevertheless, the vast ma-
jority of cells exhibits NRLs in the interval between ≈185 bp and ≈200 bp [5,58].
The human recombinant chromatin arrays I studied during my project falls in
proximity of this range (197 bp). It has been suggested, that transcriptionally ac-
tive cells manifest shorter NRLs, while the terminally di�erentiated and inactive
cells exhibit rather long NRLs [27, 62�64]. NRLs are also important in contexts
of, both, linker-to-core histone ratio (see section 2.3 and higher chromatin struc-
tures in section 2.4). The trajectory of linker DNA at the entry/exit site of
the nucleosome determine the spatial orientation of successive nucleosomes in
an array, and the linker length dictates the tolerable distance between adjoining
nucleosomes [65].

2.3 Linker histones

Another important component of the chromatin is the linker histone (LH). Linker
histones, such as H1 and H5 histones (H5 being a chicken homolog of mammalian
H1 histone), belong to an evolutionary variable family and exist in many iso-
formes [36, 67]. The di�erent isoforms manifest both between di�erent species,
and within the same species. For example, Homo sapiens has eleven di�erent
variants of H1, and so does Mus musculus, while C. elegans has eight and Xeno-

pus laevis has �ve [67,68]. Despite their name, linker histones have no structural
homology to the core histones. In fact, they are related to the winged helix DNA-
binding proteins, like the procaryotic cAMP receptor protein and the eucaryotic
transcription factor HNF-3 [36,69,70]. The �canonical� LH family members have
a long, alkaline COOH-terminal tail (≈100 aa), a structured central globular do-
main (≈80 aa) and a short, unstructured N-terminus (20-35 aa) [36, 50, 67, 71].
The globular domain is conserved throughout evolution, while the tail domains

9



CHAPTER 2. CHROMATIN AS A DNA PACKING SYSTEM

Figure 2.3: Crystal structure of a nucleosome with globular domain of the linker
histone H5 (PDB ID: 4QLC). The structure was obtained via X-ray crystalography studies
[66], with a resolution of 3.5 Å. All components were expressed in E. coli. The core histones are
from Drosophila melanogaster and histone H5 from Gallus gallus. In dark grey is depicted the
DNA molecule wrapped around the protein core, H2A in yellow, H2B in red, H3 in blue and
H4 in green (using the same colour code as in �gure 2.2). Additionally, the globular domain
of linker histone H5 is marked in purple. Molecular graphic was performed with the UCSF
Chimera package. Chimera is developed by the Resource for Biocomputing, Visualization,
and Informatics at the University of California, San Francisco (supported by NIGMS P41-
GM103311) [33].

are highly variable [71,72].

Di�erent linker histones can bind through their globular domain to several
di�erent sites on the nucleosome [36, 66, 73�77]. Upon binding to the nucleo-
some, LH has a double role: constraining 20 bases of the linker DNA [5, 78, 79]
and establishing the entry and exit trajectory of the DNA around the histone
octamer [5, 80, 81]. Studies performed on H5 domains showed that the glob-
ular domain alone cannot stabilise folded chromatin �bres: The highly basic
C-terminus interacts strongly with the linker DNA [66, 82�84], and thus it con-
tributes towards preserving of the compacted �bre con�guration [85]. However,
due to ability of the globular domain to self-associate [86,87], it is possible that
it mediates certain types of �bre-�bre interactions [36]. The short N-terminal
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2.4. 30NM CHROMATIN FIBRE

domain provides a marginal contribution towards binding the LH to the nu-
cleosome [66, 79, 88, 89]. The X-crystal structure of a histone H5 bound to a
nucleosome is shown in �gure 2.3 (only the globular domain of H5 is shown).

Early studies concerning the relationship between linker histones and chro-
matin compaction suggested that LH are essential for the formation of compacted
chromatin �bres [20, 90]. However, more recent studies showed that presence of
linker histones is not necessary for condensation into chromatin �bres [45, 91].
Nevertheless, the presence of LH reduces the amount of salt ions necessary to
observe the maximally folded chromatin conformation [92].

LHs, similarly to the core histones, can carry post-translational modi�cations
[67, 71] (more details in section 2.6.1) and interact with non-histone proteins
[66, 93]. Beside their involvement in the chromatin structure, LHs have diverse
biologically important roles [5, 68]. For instance, they regulate gene expression
[94, 95], architecture and segregation of mitotic chromosome [96], di�erentiation
of muscle [97] and embrionic stem cells [98], cell pluripotency [99] and genetic
activity of heterochromatin [66, 100]. Despite all of this important roles, it has
been shown that linker histones are not essential in unicellular organisms [95,
101, 102], and further experiments with mice showed that even mammals can
tolerate a surprisingly low content of H1 histone in cells and tissues [64,94,103].

Initial studies concerning the topic of the linker histones stechiometry showed
that lymphocytes have exactly one LH per nucleosome [64, 104]. However, later
studies showed that linker histones-to-nucleosomes ratios can vary between species
and tissues in range from 0.5 to 1.7 [27, 61, 64]. Additionally, an evident linear
relationship between H1 stechiometry and NRL was reported [64] and explained
in terms of the electrostatic screening of DNA by linker histones, consistent with
a behaviour previously described by Blank and Becker [105]. However, the LH
titration studies presented by Oberg et al. [106] showed not a linear trend but
a saturation. Both of those experimental data were combined and explained in
one model presented by Beshnova et al. [61]. As a bottom line of this model
a doubling in the LH-to-nucleosome ratio leads to an increase of ≈6 bp in the
NRL.

2.4 30 nm chromatin �bre

The so-called �30 nm chromatin �bre� was �rst observed in 1976 under Trans-
mission Electron Microscopy (TEM) [90]. That technique revealed a highly or-
ganised and periodic structure in puri�ed nucleosomal �bres with linker histone

11



CHAPTER 2. CHROMATIN AS A DNA PACKING SYSTEM

H1, as well as in the presence of magnesium ions [90]. This breakthrough discov-
ery stirred great interest in the biological sciences community, and lead to the
design of several theoretical models, each one equipped with its advantages and
shortcomings, in agreement with some, but not all, experimental results.

First of all, a �solenoid� structural model was proposed [90]. In this model
the neighbouring histones are arranged next to each other in a helix (�one-start
helix�) as in �gure 2.4a. Every turn is built of 5 to 6 nucleosomes and the linker
DNA is bending towards the centre of the �bre [18]. Further studies using EM
and Scanning Transmission Electron Microscopie (STEM) led to an alternative
model, the �two-start� model, where the nucleosomes are arranged in a �zig-zag�
fashion [20,62]. In this model each n nucleosome sits close to the n+2 nucleosome,
while its consecutive neighbour (n+1) sits on the opposite side. The linker DNA
is relatively straight and crosses the center of the structure regularly (see �gure
2.4b).

In 2008 Routh et al. showed using EM that compaction of nucleosomal arrays
is both NRL- and linker histone-dependent [5]. They suggested that for arrays
with long NRLs an irregular structure is encouraged. Upon binding of linker
histones, the irregular arrays are folding into de�ne �bre with diameter of 33-
35 nm. Di�erently, the arrays with short NRLs are folding into �bres of diameter
of 21 nm and are less a�ected by the presence of linker histones. This was in
agreement with previous studies, such as the EM micrographies of reconstituted
arrays with histone H5 performed by Robinson et al. [4] (NRLs from 177 to
237 bp), which led to the formulation of another solenoid model. The NRL-
and LH-in�uence on �bre formation is also compatible with the �idealised� two-
start model, based on the crystal structure of the tetranucleosome [91]. The
tetranucleosome in this X-ray experiment (resolution of 9Å) had 167 bp of NRL
and was crystallised in absence of LH.

Over the years, several variations of the solenoid and zig-zag models were
put forward, most of which are summarised and discussed in a didactical re-
view written by van Holde and Zlatanova [107]. One of the recently broadly
discussed models is, in fact, a variant of two-start model [45, 91] that emerges
from cryo-EM structures of 12-mer chromatin arrays reconstituted in presence
of H1 histone, resolved with resolution of 11Å [77] (see �gure 2.5). This model
predicts that the basic unit of �bre condensation are tetranucleosomal stacks.
These are arranged in a left-handed double helix, which is twisted with two-start
zig-zag con�guration in a H1-dependent manner [108].

In 2016 Wu et al. presented a structural model, which reconciles all the
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`One-start' helix (solenoid)

(a) Nucleosome 1 (N1)

`Two-start' helix (zig-zag)

(b)

Figure 2.4: Two classical models for the chromatin secondary structure. (a) One-start
helix, also called �solenoid structure�. Top: Schematic representation of one-start structure.
Bottom: Solenoid model as proposed by Robinson et al. [4]. Alternating helical turns are
coloured in blue and orange/magenta. (b) Two-start model, also known as �zig-zag structure�.
Top: Schematic representation of two-start structure. Bottom: Zig-zag model as proposed by
Richmond group [45, 91]. Alternating nucleosome pairs are coloured in blue and orange. The
�rst eight nucleosomes are labelled N1 to N8 for comfort to the reader. Reprinted by permission
from Macmillan Publishers Ltd: Nature Reviews Molecular Cell Biology [17], copyright 2012.

previous experimental observations [7]. Authors proposed a dinucleosome as a
fundamental unit of �bre compaction, somehow integrating a two-start structure
and a one-start structure together (see �gure 2.6). This model requires only a
small amount of stabilising interactions to preserve the structure (three per turn)
and it is compatible with non-uniform NRLs [7].
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27.2 nm
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(a)
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11 nm

Cryo-EM map
of 24x177 bp
chromatin �bre

Pseudo-atomic model
of 48x187 bp

chromatin �bre

Low-pass �ltered model
of 48x187 bp
chromatin �bre

Figure 2.5: The 30 nm chromatin �bre model proposed basing on tetranucleosomal
stacking. (a) The overall 3D cryo-EM map of the 30 nm chromatin �bre reconstituted on
24× 177 bp 601 DNA. (b) The structure of the 24× 177 bp 30 nm �bres is docked by two
copies of the cryo-EM structure of 12× 177 bp 30 nm �bres. The �tting was optimized by the
reported correlation value in UCSF Chimera. (c) A pseudo-atomic model (left, structure of
H1 is not included) and its corresponding density map low-pass �ltered to 11Å (right). The
latter is built by directly stacking the cryo-EM structure of the dodecanucleosomal 30 nm �bre
with 187 bp NRLs on top of each other to form a continuous �bre. From [77]. Reprinted with
permission from AAAS.
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Figure 2.6: Molecular model of the 197-bp NRL �bre in two di�erent com-
paction states. Stacked nucleosomes where the opposing H2A�H2B dimers interact are
highlighted in the lower panel. At this interface respective linker histones (in cyan) form
a two-fold symmetry co-axial of the interacting H2A�H2B dimers. The angle between
dyad axes (in green) widens as the structure elongates. The �gure was obtained from [7]
under the open access terms of the Creative Commons Attribution License (CC BY 4.0,
https://creativecommons.org/licenses/by/4.0/legalcode).

Controversies around the 30 nm chromatin �bre

As I described in section 2.1, the nucleosome structure is well known and sup-
ported with detailed atomic-resolution crystal structure [30]. However, the prop-
erties of chromatin organisation at stages higher than the beads-on-a-string are
currently ambiguous. Truly, there is a great amount of scienti�c e�orts invested
in the problem of shape and size of the 30 nm chromatin �bre. And yet, the
existence itself of a highly-organised and ordered chromatin in vivo was ques-
tioned in recent years. The scienti�c discussion around this controversial topic
is summarised in several reviews from the last decade [13�18,27,109].

On one hand side, there are publications presenting data supporting a highly
organised chromatin structure in vitro, using electron microscopy (EM) to visu-
alise G1 chromosomes [3] or long reconstructed chromatin �bres [4, 5, 45]. Also,
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Small-Angle X-Ray Scattering (SAXS) experiments performed by Langmore and
Paulson provided evidence of a 30 nm periodical structure in chromatin [110].
Additionally, data from single-molecule force spectroscopy supported a linker hi-
stone�dependent compaction of 197 NRL arrays into 30-nm chromatin �ber [111].
Several modelling studies [6,7] theorise the existence of various highly organised
chromatin structures and propose di�erent, well ordered structural models for
the chromatin �bre itself.

On the other hand side, other groups found no evidence for the existence
of chromatin �bres in vivo using multipule techniques: cryo-EM [112�115], EM
together with SAXS [8], electron spectroscopic imaging (ESI) together with to-
mography [9], chromosome-conformation-capture (3C) [116], Hi-C-based method
called Micro-C [10] and stochastic optical reconstruction microscopy (STORM)
[11]. Additionally, recent in vitro studies studies combining �uorescence light
(FM) and transmission electron (TEM) microscopy with sedimentation velocity
analytical ultra-centrifugation (SV-AUC) and SAXS [12], also put existence of
the 30 nm �bres in doubt. Ultimately, a model for chromatin built on highly dy-
namic and disordered 10 nm �bres is becoming a more and more accepted view
in recent years [27].

2.5 Beyond 30 nm chromatin �bre

Another question, asked by many scientist, is the structure of higher-order chro-
matin, beyond the proposed 30 nm �bres. Several models have been proposed to
describe, how the 30 nm �bres, together with non-histone proteins, are building
the chromosomes [16,27,117].

The two most popular concepts are the �hierarchical helical folding model�
and the �radial loop model�. The �hierarchical helical folding model� assumes
that 30 nm chromatin �bres are folded progressively into larger �bres of 100 nm
and 200 nm �bres, until they form the large interphase chromatin �bres or the
mitotic chromosomes [3, 27, 118, 119]. The �radial loop model� assumes that
the 30 nm chromatin �bres folds into radially oriented loops to form mitotic
chromosomes [27,120�122]. Those loops are wrapped around a sca�old structure,
that consists of condensin and topoisomerase II α [123]. However, it should be
stressed, that both of this models are based on existence of de�ned chromatin
�bres.

Conversely, recent 3C and HiC studies suggest that interphase chromosomes
in a range of organisms are compartmentalized in di�erent types of chromatin
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domains (in sizes of 0.1Mb to 10Mb) [12,124]. In mammals, chromosomes form
compartments that are composed of smaller Topologically Associating Domains
(TADs) [124], which can further self-associate into discrete chromosomal territo-
ries [12, 125]. Similarly, globular chromatin domains of 1 Mb in size have been
observed using �uorescence microscopy imaging [12,126].

2.6 Factors in�uencing chromatin packing mech-

anisms

By now it has become clear that the structure of chromatin and its stability and
variability is a complex problem, in�uenced by several factors. In this section I
would like to present a short overview summarising the most discussed factors.

2.6.1 Post-Translation Modi�cations (PTM)

At least eight di�erent post-translation modi�cations (PTMs) classes have been
described together with many speci�c sites within histone octamer per each
class [51]. Many studies showed that PTM have an e�ect on nucleosome dy-
namics and its functions in chromatin. PTMs in�uence changes in chromatin
both directly, by e�ecting inner chromatin contacts, and by targeting or acti-
vating chromatin-remodelling complexes. Additionally, PTMs intersect with cell
signalling pathways to control gene expression [52]. A summary of histone mod-
i�cations associated with transcription can be found in a recent review [127].

Commonly accepted idea it that chromatin acetylation is a marker for more
open chromatin, while methyltation of chromatin is a signal to �lock down� and
inactivate chromatin [128]. Indeed, it was shown that di�erent PTM introduced
in the same place within nucleosome can de�ne two opposing states of chro-
matin [129]. The acetylation neutralises the positive charge of lysine residues,
thus weakening the interactions between a modi�ed histone and nucleosomal
DNA, linker DNA or adjacent histones [53, 130, 131]. However, in vitro single
molecule magnetic tweezers and Förster Resonance Energy Transfer (FRET)
studies proved, that the acetylation of histone H3 has a di�erent in�uence on
the nucleosome stability and structure than the H4 acetylation [132,133]. While
H3-acetylation renders the nucleosome core more sensitive to salt induced dis-
sociation and to dimer exchange, H4 acetylation counteracts these e�ects [133].
Simon et al., using magnetic tweezers and FRET, showed that the position of
acetylation within the octamer in respect to the dyad has an in�uence on DNA
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unwrapping from the protein core [132]. Moreover, Bash et al. using Atomic
Force Microscopy (AFM) studied in�uence of chromatin acetylation in context
of short NRL nucleosomal array (as a model of transcriptionally active chromatin;
see section 2.2) [63].

The methylation does not in�uence the lysine positive charge, hence its e�ect
cannot be simply explained by changing of electrostatic interactions, like in case
of acetylation [53]. Instead, methylation of histones increases their a�nity to
several proteins, e.g. HP1 [134], and supports binding with protein domains, like
chromo-domain, Tudor, PWWP, MBT and PHD [53, 135]. The lysine residues
can be mono-, di- or trimethylated and each pattern of methylation can have
speci�c biological consequence [136�139]. Beside the lysine methylation, also
mono- and dimethylation of histone arginins occurs [139,140], however much less
is known about this PTM in�uence on nucleosome dynamics [53].

Another important PTM is the phosporylation of serines and threonines.
Adding a negatively charged phosphate residue to histones lowers their positive
charge, similarly to the acetylation [141]. Experiments with phosphorylated hi-
stones showed that this PTM increases chromatin accessibility to DNase I and
to remodelling, as well as in�uences the nucleosome wrapping [142, 143]. All
this would indicate, that addition of phosphate groups creates repultion between
histones and DNA, thus decreasing the association of DNA to octamer core [53].

Ubiquitination, which is one of the largest known modi�cations of chromatin
(additional 76 aa per single ubiquitin), was reported to have diverse e�ects on
nucleosome dynamics, depending on the site of introduced modi�cation. Fierz
et al., using combination of AUC with �uorescence spectroscopy and biochem-
ical assays, showed that H2B ubiquitination leads to open and biochemically
accessible �bre structure [144]. However, it has been also reported that H2B
ubiquitination enhances nucleosome stability in vivo [145] and in�uences nucleo-
some reassembly on Chd1 remodeler [146]. On the other hand, ubiquitination of
histone H2A was reported to play role in Polycomb silencing [147] and to repress
transcription by inhibiting RNA polymerase II elongation [53,148].

Additionaly, it is worth to mention such a modi�cations like poly(ADP-
ribosyl)ation, glycosylation and another large modi�cation, that is sumoylation
(≈100 aa). The poly(ADP-ribosyl)ation adds additional negative charge to the
histones, and, similarly to phosphorylation, in�uences histone-DNA interactions.
Studies using EM and AUC as well as scanning force microscopy proved, that
poly(ADP-ribosyl)ated chromatin has more relaxed conformation [149], even in
presence of magnesium ions [150]. Glycosylation has been connected with both
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transcription activation [151] and repression [152], however it is still poorly un-
derstood modi�cation that awaits further studies. Similarly, sumoylation has
been connected to transcription activation, nevertheless its mechanism is not
fully understood. In light of complexity of ubiquitination mechanisms, sumoyla-
tion is expected to have much broader implications on chromatin structure, than
those currently recognised [53].

It is important to stress that post-translation modi�cations oftentimes are
occurring together, and can have combinatory e�ects. For example monoubiq-
uitination of histone H2B at lysine 123 (H2BK123ub1) promotes methylation
of histone H3 lysines at positions 4 and 79 (H3K4me3 and H3K79me3) [153].
Those �ndings could be explained by conformational changes induced by ubiq-
uitination, that lead to exposure of histone H3 lysines to their modifying en-
zymes [53]. Another example is negative in�uence of H3 serine 10 phosphorylated
(H3S10p) on binding a�nity of HP1 to trimethylated lysine 9 in the same histone
(H3K9me3) [154, 155]. A similar behaviour was also reported for a pair of H3
lysine 27 and serine 28 (H3K27me and H3S28p) [53, 156]. Moreover, it has been
reported that H2B ubiquitination together with H4 acetylation has a synergistic
e�ect on inhibition of formation higher-order chromatin �bres [144].

Beside the PTMs of core histones, the modi�cations of the linker histone has
an impact on chromatin compaction [71]. LH phosphorylation has been con-
nected to both condensation and relaxation of chromatin [157�159]. This could
be a result of di�erent e�ects of phosphorylation depending on the modi�cation
site [159, 160]. However, in recent studies using both AUC and dynamic light
scattering (DLS) the chromatin relaxation in case of phosphorylation of LHs
was shown, indicating that phosphorylation of linker histones leads to impaired
chromatin aggregation [71].

Another popular PTM of linker histone is poly(ADP-ribosyl)ation. Addi-
tion of several ADP-riboses to LH changes its charge dramatically, which in
consequence can a�ect both LH-DNA and LH-LH interactions [159]. It has
been shown, using EM and AFM, that poly(ADP-ribosyl)ation causes chromatin
structure relaxation [150,161].

Broad reviews discussing histone PTM and their multiple functions were writ-
ten by Li et al. [127], Kouzarides [51], Suganuma and Workman [52] and by
Zentner and Heniko� [53].
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2.6.2 Histone variants

Additionally, the octamer composition, namely the presence of di�erent histone
variants, has an impact on the nucleosome stability. Replacement of canoni-
cal histones with their variants creates functionally distinct chromatin domains.
Histone variants exhibit di�erent expression timings and mRNA characteristics
then their canonical analogues [162].

Experiments with chromatin arrays containing histone H2A.Z showed that
it promotes folding of chromatin into regular �bres, however, at the same time
it inhibits further oligomerisation of �bres [163]. Histone H2A.Z.2.2 (alterna-
tive spliced variant of H2A.Z) was reported as a histone variant leading to the
least stable known nucleosome. Presented data showed that incorporation of
H2A.Z.2.2 leads to severely reduced stability of nucleosomal complex. It is due
to loss of interaction with histone H3, caused by changes in C-terminal docking
domain of H2A.Z.2.2 [164]. Another H2A variant, H2A.X is associated with dou-
ble-strand DNA break [165] and leads to more relaxed chromatin, which allows
better access to DNA repair proteins [162,166].

Also histone H3 existst in several distinct variations. H3.1 and H3.2 are
known as the canonical H3 proteis and are highly expressed in S-phase [162,167].
Di�erently, the H3.3 histone variant is expressed thought whole cell cycle [168]
and can replace H3.1 in transcriptionally active genes [162,169,170]. It has been
shown, that chromatin containing H3.3 has an open conformation, although only
little e�ect of H3.3 on mononucleosme stability was reported [162,171].

Another important histone H3 variant is CENPA (CENH3 in plants and Cse4
in yeast), which by substituting H3 in the nucleosomes forms the foundation of
centromeric chromatin [172]. It has been suggested that many of already iden-
ti�ed CENPA PTMs could in�uence centromeric chromatin conformation [173].
However, presented experimental data concerning di�erences between canonical
H3 and CENPA leads to many contradictions. Even the composition of CENPA
nucleosomes is ambiguous (reviewed in [162]). Recent experiments, employing
magnetic tweezers, showed similar stability of CENPA and H3 nucleosomes to
force-mediated disassembly. Nevertheless, as authors themselves pointed out,
the experiments were carried out on individual nucleosomes, hence possibility
of synergistic e�ects of multiple CENPAs within the chromatin �bre cannot be
excluded [174].

To conclude: The growing evidence show that histone variants have undeni-
ably in�uence on chromatin structure and dynamics. However, many mechanism
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concerning histone variants are still not completely understood and presence of
multipule PTM sites adds additional level of complexity to performed studies.

2.6.3 DNA in�uence on chromatin

Not only changes of the protein components within chromatin have in�uence on
its structure. Also DNA has its contribution towards the structure and dynamics
of chromatin. DNA sequence, supercoiling and methylation are the most comon
factors discussed in this context.

The DNA sequence binding a�nity towards histone octamers is one of the
most studied factors that in�uences nucleosome positioning [175]. The sequence-
dependent curvature of DNA can either favor or disfavor histone-DNA interac-
tions [19,65,176,177]. The sequence patterns containing ≈10 bp phased arrange-
ments of alternating AA/TT and GC dinucleotides are typical example. They
create intrinsic DNA curvature that promotes nucleosome assembly [65,175,178].
DNA sequences that strongly favor histone-DNA interactions are known as �nu-
cleosome positioning sequences�, (e.g. the 5S rDNA sequence or the `601' se-
quence [19,65]). The nucleosome positioning sequences may result in vivo either
from exclusion of nucleosomes by sequences like rigid polydA/dT, or by intro-
ducing high a�nity sequences, thus binding the histone octamer onto speci�c
locations in genome [65, 175, 179�181]. However, the nucleosome distributions
observed in vivo likely result from a culmination of di�erent biological mecha-
nisms [65].

Recent studies employing AFM and Fluorescent Correlation Spectroscopy
(FCS) showed that negative supercoiling of DNA led to nucleosome opening
angles smaller than in case of relaxed or positively supercoiled DNA. Moreover,
the nucleosomes reconstituted on negatively superhelical DNA are more resistant
to salt-induced destabilisation [182]. This founding corresponds with previous
studies showing that negatively supercoiled DNA is the form most preferred by
nucleosomes [31,54,183�185].

The DNA methylation of CpG dinucleotide is the most commonly occurring
epigenetic modi�cation and has been associated with transcription repression
and chromatin condensation [159,186�188]. The methylation can recruit methyl
binding domain proteins and protein complexes (i.e. SIN3A), which can facili-
tate chromatin compaction, and, in return, gene silencing [188�192]. Moreover,
recent studies, using Fluorescence Fluctuation Spectroscopy (FFS) and tetranu-
cleosomes, showed that DNA methylation itself causes the oligomerisation of
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the nucleosomal structure, independent from DNA sequence. Authors suggested
increased inter-nucleosome interactions, promoted by DNA methylation [188],
which proved that DNA modi�cation can directly modulate chromatin struc-
ture.

2.6.4 Salt dependent behaviour of chromatin units

Electrostatic interactions between DNA and the histones contribute considerably
to the stability of eukaryotic chromatin at all levels of its organization [37]. Since,
as explained already in section 2.2, a nucleosome is a polycation-polyanion com-
plex, also the chromatin can be described as a polyelectrolyte complex. There-
fore, chromosome compaction should depend on how well the negative charges
of DNA are screened to allow condensation [193]. At the same time, it is impor-
tant to investigate the processes of disassembly-assembly of the nucleosome. In
fact, the release of DNA from the histones is a necessary process for reading the
DNA code. It can be described in statistical dynamics terms as a competition
between the various polyanions in excess (DNA and acidic and/or phosphory-
lated domains of the nuclear proteins), attempting to bind to a limited pool of
polycations (the histones) [37]. Around 60% of the negative charges of DNA
are neutralized by binding to the histone proteins, while the remaining 40% in-
teracts with other positively charged molecules [193, 194]. The most abundant
cellular cations are sodium, potassium, magnesium and calcium [193, 195] and
many chromatin studies are focused on their salts in�uence on DNA-histone
mechanics.

It was shown that in high salt concentrations the NCP is destabilised [24,
164, 196�199]. The counter ions weaken the attraction between the positively
charged histone proteins and the negatively charged DNA, resulting in a partial
or complete dissociation of the complex. On the other hand, the stability of
H2A-H2B histone dimers and H3-H4 tetramers in the absence of DNA increases
with an increase of salt concentration [200�203]. It was suggested that this
stabilization is a result of a salt-induced hydrophobic e�ect and a screening of the
electrostatic repulsion between the positively charged histones [24, 203]. To test
the stability of individual nucleosomes, the in�uence of the salt on nucleosomes
was studied using single molecule FRET (smFRET) [24, 197], a combination of
smFRET and FCS [204] and AFM [205].

Furthermore, chromatin puri�ed from di�erent cells, or reconstituted from
puri�ed octamers, was investigated under various cation concentrations using
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analytical ultra-centrifugation (AUC) [22, 206�209] AUC and EM [20, 47, 210],
AUC with electrophoresis [211], EM, X-ray scattering and AUC [21], electric
dichroism [212] and TEM together with AFM [213]. It was shown that chromatin
arrays in absence of salt show extended �beads-on-a-string� conformation, while
in presence of even small amount of salt they condense into folded structure, even
in absence of linker histone. This condensation was reported to be progressive
with increasing salt concentration [20,22,214]. Nevertheless, competing e�ects as
a function of NaCl concentration have been reported by Widom [21]. However,
the puri�ed octamers and puri�ed chromatin are very heterogeneous material.
The histone proteins can carry unknown PTMs, and puri�ed chromatin can
exhibit very di�erent sizes and NRLs, varying amounts of linker histones and in
some cases other non-histone proteins [20,206].

Thanks to recent developments in recombinant biochemistry methods, well-
de�ned recombinant nucleosomal arrays have became a model for studying chro-
matin compaction and its functional dependency on salts. Many of those studies
in the past decades investigated the in�uence of magnesium ions using AUC
[42, 215, 216]. More recently, magnesium-induced self-assembly of nucleosomal
arrays into globular oligomers was studied, using a broader range of techniques
(FM, TEM, SV-AUC and SAXS) [12]. Further research considered potassium
ions [217], as well as potassium-magnesium and sodium-magnesium mixed ion
conditions [218]. It was demonstrated that both folding into the �bre structures
as well as the array self-association exhibit typical polyelectrolyte behavior upon
addition of various mono- and multivalent cations [23, 217,219]. Comparatively,
there are relatively few studies on recombinant chromatin arrays employing solely
sodium chloride, which were performed using AUC [23]. The results highlighted
an increase in the sedimentation coe�cients for increasing sodium concentra-
tions, with maximum compaction of array (54.5S) reached at≈100mMNaCl [23].
These studies, which conjectured a monotonic in�uence of sodium chloride on
chromatin arrays, are somehow in contrast to the non-monotonic dependence of
mononucleosomes on NaCl reported in recent single molecule studies [24]. More-
over, already in 1986 Widom [21] described competing e�ects related to sodium
chloride and chromatin: At high sodium concentrations (greater than 45mM to
65mM) the condensed state of chromatin is stabilised. Instead, at low concen-
trations (less than ≈45 mM), when cations of higher valence are present and
stabilizing chromatin, sodium has the opposite e�ect. It is competing with the
higher-valence cation for binding to the chromatin and destabilizing the com-
pacted state.
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Chapter 3

Physical background

In this chapter I will introduce the challenges encountered in imaging structures
as small as chromatin arrays. I will present the physical background of the mi-
croscopy methods used in my PhD project. I will also report a short summary of
previous studies where those techniques were employed to investigate chromatin.

3.1 Di�raction limit and high-resolution techniques

Since the construction of the �rst microscopes in Italy and Netherlands in the
late 16th and the early 17th century, the design of those optical apparati was
constantly improved in order to provide better resolution and contrast. Histori-
cally, the development of microscopy has been closely related to natural sciences,
mainly bio-sciences. The �rst use of microscope in biology is attributed to Galileo
Galilei, who used it to describe a bee at the beginning of the 17th century [220].
Later in the same century, pioneers of microscopy, who studied biological struc-
tures, like Robert Hooke [221] and Antoni van Leeuwenhoek [222], introduced
technical developments and enhanced the manufacturing of microscopes, leading
to greatly improved image quality [220,223].

However, towards the end of the 19th century, it became clear that even an
arbitrarily high magni�cation does not translate into the ability to see in�nitely
small details. Instead, the resolution of light microscopy is limited because light
is a wave and is subject to di�raction [224]. Based on experimental evidence and
basic principles of physics, Ernst Abbe [225] and Lord Rayleigh [226] formulated
and de�ned di�raction-limited resolution [223, 227]. Abbe's resolution limit de-
scribes the smallest level of detail that can possibly be imaged. This is encoded
in a minimal length Λmin, such that no feature smaller than Λmin can possibly be
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transferred to the image [223]. Abbe's limit is then captured by

Λmin =
λ

2n sinα
=

λ

2 NA
, (3.1)

where λ is the wavelength of the microscope light in the vacuum, n is the re-
fractive index of the embedding medium and α is half the opening angle. The
relevant quantity n sinα is commonly referred to as numerical aperture NA. As
a consequence of Eq. (3.1), even with perfect lenses, optimal alignment, and
large numerical apertures, the optical resolution of light microscopy is limited
to approximately λ/2 [223]. In practice, this means that with use of blue light
the observed objects should be at least 200 nm apart to be resolved by light
microscopy [220,223].

Although the cells are big enough to be directly observed under light mi-
croscopy, many sub-cellular structures and macromolecules are in the size range
of tens to few hundred nm, making their details beyond reach of conventional
light microscopy [223, 224]. This steered a need of circumventing the resolution
limit, in order to look closely into the elements of the cell.

The �rst approaches were based on reducing the used wavelengths, and lead to
invention of ultraviolet microscopy and Electron Microscopy (EM) [220,228]. In
fact, the employment of electrons instead of photons became a powerful approach
to obtain more detailed informations. Following analogous physical principles,
but with signi�cantly smaller wavelengths, EM is able to achieve up to ≈1000
greater resolution [223]. However, both transmission and scanning EM tech-
niques are technically demanding, relatively costly, and time-consuming. Addi-
tionally, chemical �xation and contrasting procedures may lead to artefacts, and
imaging conditions (low temperatures and/or low pressure) exclude observing
living cells in their unaltered state. Moreover, the principles of signal detection
in EM limit the possibility to speci�cally label and visualize multiple cellular
structures at once [223]. Furthermore, an electron beam can adversely a�ect a
sample during examination in various ways: E�ects like heating, electrostatic
charging, ionization damage (radiolysis), displacement damage, sputtering and
hydrocarbon contamination should be taken into account [229].

In 1984 it was presented a technique called Near-�eld Scanning Optical Mi-
croscopy (NSOM), which allowed to recognize details of 25 nm size using 488 nm
radiation [230]. The basic idea behind it is to move an extremely narrow aper-
ture along a test object equipped with �ne line structures, in order to record
a subwave length-resolution optical image [220, 230]. However, this technique
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is restricted to surface investigations, and limited by long acquisition times for
large and highly resolved areas [231].

Another important branch of microscopy techniques are di�erent variations of
Scanning Probe Microscopy (SPM), all based on basic principle of using a small
mechanical probe to scan over the surface of the sample and reconstructing the
image point-by-point based on interactions between the probe tip and the local
region of the sample [220]. The two most known types of SPM are Scanning Tun-
nelling Microscopy (STM), invented in 1982 by Binning and Rohrer [232, 233],
and Atomic Force Microscopy (AFM), developed in 1986 by Binning, Quate and
Gerber [234]. The STM requires the sample to be electrically conducting, since
the interaction is based on the tunelling current of electrons between the sample
and the tip [220]. The principles of AFM will be broadly discussed in section 3.2,
as it was the main technique applied in my PhD project. Nevetheless, also those
techniques are restricted, similarly to NSOM, to surface investigations and ad-
ditionally STM requieres metal-coating of biological samples. The classi�cation
of di�erent SPM variations is described in detail in Ref. [235].

In the year 1986 the Nobel Prise in Physics was awarded to Ernst Ruska �for
his fundamental work in electron optics, and for the design of the �rst electron
microscope� and the other half, jointly, to Gerd Binnig and Heinrich Rohrer �for
their design of the scanning tunnelling microscope� [236]. However, multiple
already mentioned technicalities restricted application of those techniques for
biological samples. Therefore, it became important to develop techniques that
would improve the spatial resolution of light microscopy without compromising
its non-invasiveness and bio-molecular speci�city [224].

The �rst improvement into far-�eld light microscopy was introduced in 1957,
as a patent of a new microscope, designed by Marvin Lee Minski [237]. The con-
focal microscope allows for a ≈1.4 times better resolution in comparison to wide-
�eld microscopy, due to an introduced pinhole that suppresses the light emitted
out of focus. However, practical use of the confocal principle in �uorescence mi-
croscopy became possible only in the 1960s, after the development of laser sources
with appropriately short wavelengths [220]. Thanks to further resolution im-
provements made in confocal [238�240] and multi-photon microscopy [241, 242],
optical microscopy is still nowadays one of the most powerful and versatile diag-
nostic tools in modern cell biology [223,227].

At the end of the 20th century and beginning of the 21st, various techniques
for far-�eld �uorescence microscopy have been developed to signi�cantly by-
pass the classical di�raction limit. Most noteworthy among them are: Struc-
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tured Illumination Microscopy (SIM) [243, 244], Stimulated Emission Deple-
tion Microscopy (STED) [245], and various Single Molecule Localisation Mi-
croscopy (SMLM) techniques, such as STochastic Optical Reconstruction Mi-
croscopy (STORM) [246,247], Photoactivated Localization Microscopy (PALM)
[248] or Fluorescence Photoactivation Localization Microscopy (FPALM) [249]
(broadly reviewed in [250]).

The importance of super-resolution �uorescence microscopy was acknowl-
edged by the Royal Swedish Academy of Sciences, which has awarded Eric Betzig,
Stefan W. Hell and W. E. Moerner with the Nobel Prize in Chemistry in 2014
for the development of those techniques [227]. In sections 3.3.3 and 3.3.4 I will
present in detail the super-resolution �uorescent techniques that where used dur-
ing my PhD project, namely STORM and STED respectively.

3.2 Atomic force microscopy

The Atomic Force Microscope was introduced in 1986 as a method combining the
principles of the scanning tunneling microscope [233] and the stylus pro�lome-
ter [251, 252]. Already the preliminary results of Binnig and coleagues [234]
demonstrated a lateral resolution of 30 Å and a vertical resolution smaller than
1 Å in air.

AFM is a force-based technique, where the sample, laid over a surface, is
probed by a mechanical cantilever. In the traditional mode of the apparatus,
known as the contact mode, the �exible cantilever, equipped with a nanometer-
size tip, is scanning across the sample surface in a raster mode [54, 253, 254].
The cantilever is de�ected by the tip-sample interaction [254]. This de�ection
is continuously monitored by a focused laser beam and detected by a photo-
detector. In contact mode the sample is scanned with pre-set small de�ection
that is maintained constant by a feedback loop [54]. The basic principle of the
atomic force microscope is presented on �gure 3.1.

Initially, AFM was developed to visualise atoms on solid surfaces [234, 253,
254]. However, the ability of such a microscope to operate in liquid environments,
especially in physiological bu�ers, drew early the attention of bio-scientists [255�
257]. Nevertheless, imaging of biological sample while employing contact mode
is di�cult, hence high lateral friction forces are exerted by the tip dragging
upon the rough sample. This may lead to deformation and damaging of the
sensitive biological samples, or to detachment of the sample itself from the surface
[253, 254]. To overcome such a shortcoming, a di�erent modality of the AFM is
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Figure 3.1: Principle of atomic force microscopy. The basic principle of AFM is to
measure the topography of a sample, based on the interactions between the tip and sample
surface. In contact mode a �exible cantilever with extremely sharp tip is dragged along the
sample. The de�ection of the cantilever, caused by the sample topography, is monitored by a
re�ected laser beam. The feedback loop keeps the small de�ection roughly constant. In tapping
mode, the cantilever is oscillating close to its resonance frequency, only slightly tapping on the
surface. In this mode the changes in oscillation amplitude are detected, and the feedback loop
keeps the amplitude set-point constant.

typically employed: the tapping mode. The tapping mode AFM was invented in
1993, and became more popular for biological applications [253,258].

In the tapping mode the cantilever position is modulated by an external,
�xed frequency. Such frequency is chosen close to the resonance frequency of the
cantilever, usually slightly below. The measurement is performed in a way, that
the oscillating tip interacts with the sample at its bottom swing, only slightly
tapping the surface. Hence, the vibrational amplitude of the cantilever is reduced.
This e�ect can be used to control the distance between the tip and the sample
surface, thus the topography of the surface can be monitored [235, 254]. In
tapping mode the feedback loop maintains a constant oscillation amplitude [54].

The free tapping amplitude, that is, the oscillation amplitude of the cantilever
without interactions, is a critical parameter for the quality of imaging in tapping
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Figure 3.2: Scanning force regimes in AFM tapping mode. The sample-tip interaction
is de�ned by the potential energy ULJ(x) = a

x12 − b
x6 (green curve), as a function of the

distance x, which describes a Lennard-Jones interaction type. The force F (x) = −dULJ(x)/dx
generated on the tip is also shown (purple curve). The solid line identi�es the repulsive regime,
while the dashed line signals the attractive regime. During the tapping-mode measurment the
tip-sample surface interactions can be repulsive or attractive depending on the amplitude of
free oscillation, the amplitude set-point and the oscillation frequency relative to the resonance
of the cantilever [54].

mode. Another relevant quantity is the amplitude set-point, which corresponds
to the cantilever oscillation amplitude damped by the tip-sample interaction.
In feedback loop protocols, this quantity can be set as a parameter. Setting
appropriately this parameter is then crucial to perform a non-destructive mea-
surement, as the amplitude set-point determines the magnitude of the tip-sample
interaction forces. When the cantilever approaches the sample, it experiences an
attractive Lennard-Jones type of force and is pulled toward the surface (see �gure
3.2). At closer ranges, the repulsive interaction forces are dominant and repel
the tip. In most cases the tapping mode AFM oscillates back and forth between
repulsive and attractive region of the Force-Distance curve (see �gure 3.2) [54].

Atomic force microscopy can operate in multiple di�erent modes beside the
aforementioned ones. They are, however, beyond the scope of my PhD thesis and
will not be discussed here. More information concerning versatile AFM modes is
detailed in Ref. [235]. Depending on the sample and the objective of the study,
a speci�c AFM mode is generally favourable. Biological samples present very
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di�erent properties and require di�erent handling [54]. Tapping-mode in liquid
is often chosen, since it usually provides gentler forces, appropriate for soft and
labile samples. Additionally, for studding biological samples under physiological
conditions, �uid environment is a better choice. However, it should be noted
that imaging resolution under �uid will be lower than in air: This is caused by
higher noise, and because softer silicon-nitride cantilevers used in liquid are less
sharp than ones entirely made of silicon. Finally, stable tapping with the soft
cantilever may be challenging and often, a slightly sti�er cantilever may give
better results [54].

Nowadays, AFM is broadly used in bio-sciences to image biological samples,
measure strengths of intra- and intermolecular bonds and estimate the elastic-
ity of biological constructs [254, 259, 260]. Especially the high-speed AFM, that
allows to capture dynamic images of biomolecules at temporal resolutions be-
low 100ms, is becoming popular in observing dynamical structures and pro-
cesses [254,261,262]. The biggest advantages of AFM are the relatively low cost
of the instruments, the ease of sample preparation and lack of any requirement
for staining, freezing, excessive denaturation or preservation of the sample [54].
However, the sample must be �rmly immobilised on a �at surface, such as mica,
glass, highly oriented polygraphite or gold-coated surfaces [253]. The attach-
ment of the sample to the substrate in order to enable stable imaging might be
challenging for some biological materials [54].

3.2.1 AFM studies of chromatin structures

As already mentioned in section 3.2, high-speed AFM is a high-resolution tech-
nique which recently gained relevance in DNA-protein complexes studies due
to multiple technical improvements [263]. In fact, atomic force microscopy has
already shown its applicability in chromatin studies: It was used to image sin-
gle nucleosomes [185, 264], chromatin arrays [265, 266] as well as whole human
chromosome [267]. Not only static, but also dynamic imaging of both mononu-
cleosomes [264,268,269] and polynucleosomes [270] were performed using AFM.
Moreover, the role of H4 biotynylation [271] and DNA supercoiling [185, 272] in
the formation processes of nucleosomes was revealed. Additionally, the in�u-
ence of histone acetylation [63], poly(ADP-ribosyl)ation [150] and truncation of
N-terminal tails of histones [273] on chromatin arrays was investigated. Further-
more, AFM allowed to image both nucleosomes [205] and arrays [213] structure
under di�erent salt conditions. Also, the in�uence of Parp-1 on the chromatin
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structure [274] and Swi-Snf remodeling were investigated using AFM [275�277].
Finally, AFM enabled the receptor-ligand analysis in the context of chromatin
[278, 279]. The summary of chromatin-related studies employing AFM can be
found in recent reviews [54,263].

Most of the published high-resolution images of mono-nucleosomes and arrays
were taken in air [63,150,205,265,269] or, if in liquid, with usage of glutaraldehyde
as a �xation agent [213,275,276,280]. Additionally, Wang et al. used glutaralde-
hyde-functionalised mica in order to immobilise the nucleosomal arrays [280].
Although they claim that the nucleosomes tethered by glutaraldehyde are still
mobile in arrays, they show that the histone protein remains �xed in place, while
the DNA is free to move and eventually di�uses away from the arrays. An inter-
esting alternative to chemical �xation is using mica covered with poly-L-lysine,
which has been already successfully used to image DNA by AFM [281]. The poly-
L-lysine binds the DNA molecule by electrostatic interactions, with a strength
dependent on the degree of polymerisation [282]. Poly-L-lysine coated surfaces
were used to immobilise nucleosomes, both in air as well as in liquid [272], trinu-
cleosomes in liquid [283] and chromatin arrays in air [132]. However, early trials
to image full arrays in liquid without chemical cross-linking resulted in compara-
tively low-resolution images, as compared to the high-resolution scans performed
in air [266,284].

An encompassing summary of other biological applications of AFM, including
combinations of AFM with other techniques, such as optical microscopy, was
reported in various reviews [253,254,259,263,285,286].

3.3 Super-resolution �uorescent techniques

In this section I will shortly introduce the physical basics of �uoresces and super-
resolution �uorescent techniques employed during my PhD project.

3.3.1 Fluorescence

In 1565 Monardes reported the �rst observation of the phenomenon, nowadays
called �uorescence. He recognized the blue tinge of the infusion of a Mexican
medicinal wood, known in Europe as Lignum nephriticum [287�289]. Throughout
the centuries, Boyle, Newton, Herschel, and many other scientists were intrigued
by this unusual phenomenon [289]. The observation of �uorescence from a qui-
nine solution reported in 1845 by Sir Herschel [290] steered Stokes to focus his

32



3.3. SUPER-RESOLUTION FLUORESCENT TECHNIQUES

Inter-systemcrossing

S0

S1

S2

T1

Vibrational relaxation

Absorption
Fluorescence

Phosphorescence
hνA

hνA

hνF

hνF

hνP

hνP

Figure 3.3: Simpli�ed Jabªo«ski diagram. The singlet ground state together with the
�rst and the second electronic states are depicted as S0, S1 and S2 respectively. The various
vibrational energy levels of each state are presented by thin black lines. The triplet electronic
state (T1) was marked. Absorption is marked in blue (dark blue for absorbed light, bright blue
arrows as electrons change of stage), �uorescence in green (light green for the return of electrons
to ground state, dark green as emitted photons), and phosphorescence in red (light red for the
return of electrons to ground state, dark red as emitted light). Vibrational relaxation (yellow
dashed arrows) was depicted, and inter-system crossing was marked in purple.

work on this e�ect. In 1852 he presented a paper, where he �rst used the term �u-
orescence [291]. This work was a turning point of luminescence research, because
he correctly identi�ed the �uorescence as an emission process occurring after an
absorption and taking place at a lower frequency than the excitation [288].

The emission of light from a substance that occurs from electronically excited
states is generically referred to as luminescence. Depending on the nature of
excited state, the luminescence can be divided to two categories: �uorescence
and phosphorescence. Both e�ects take place when an electron in an atomic or
molecular orbital is optically excited and then relaxes to a di�erent, optically
active, excited state, typically of lower energy than the original excitation. In
phosphorescence the emission process of this electron back into the ground state
is forbidden by the presence of another electron with parallel spin in the ground
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Figure 3.4: Typical absorption and emission spectra of organic �uorophore. The
absorption spectrum (blue) and �uorescence emission spectra (red) are depicted to present
typical shape of organic �uorophore. Distance between maximum absorption wavelength and
maximum emission wavelength was marked with the double-head arrow, which represent the
Stokes shift.

orbital, and thus by Pauli principle. This results in very long decay time-scales,
typically of in the range of 103 − 100 s−1. On the other hand, in �uorescence
this transition is not forbidden and the excited states emits rapidly, often in the
range of 109 − 107 s−1 [292]. Beside the radiative processes the molecule can
return to the ground state also using a non-radiative (�dark�) pathway such as
quenching through collision with other molecules.

The luminescence processes are typically illustrated by a Jabªo«ski diagram
(see �gure 3.3) [293]. The Jabªo«ski diagram describes accurately several char-
acteristics of the luminescence phenomena. Firstly, the �uorescence emission
spectrum is generally insensitive to the excitation wavelength. This rule, known
as Kasha's rule [294], comes from the fact that upon excitation to higher elec-
tronic states the excess energy is quickly dissipated. Precisely, the relaxation
takes place in about 10−12 s, then the photon emission occurs from the lowest
vibrational level of the excited states. Secondly, the emission spectrum is usually
an approximate mirror image of the absorption spectrum. The Franck-Condon
principle [295, 296] explains this with the molecular geometry. According to it,
all electronic transitions are enhanced when the change in the position of the nu-
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clei are minimal (are vertical). The symmetry of absorption and emission than
follows from the fact that the vibrational spectra of the molecule are equally
spaced [292]. The mirror characteristic of �uorescence is also nicely illustrated in
the absorption-emission spectra plot (see �gure 3.4). The �uorescence spectral
data are often presented as a plot of the �uorescence intensity as a function of
the wavelength [292]. Additionally, it is possible to easily estimate the amount
of energy relaxed into mechanical modes (�Stokes shift�) by measuring the dis-
tance of the absorption and emission peaks. The presence of the Stokes shift is
fundamental for the implementation of �uorescence protocols, since it allows for
the spectral separation between absorbed and emitted photons.

3.3.2 Förster resonance energy transfer

Förster Resonance Energy Transfer (FRET) is another physical process that can
occur in the excited state. In FRET energy is transferred non-radiatively from
an excited �uorophore, called donor, to another �uorophore, the acceptor, by
means of an intermolecular long-range dipole-dipole coupling [292,297,298]. The
�gure 3.5 shows simpli�ed Jabªo«ski diagram of the FRET process.

The �uorescence spectrum of the donor and the absorption spectrum of the
acceptor overlap (see �gure 3.6) is the essential requirement for an e�ective trans-
fer of energy over distances from 10Å to 100Å. Additionally, both the quantum
yield of the donor and the absorption coe�cient of the acceptor must be su�-
ciently high. Moreover, for the dipole-dipole vectorial interaction to occur, either
the transition dipoles of donor and acceptor dye must be oriented favourably rel-
ative to each other, or at least one of the dyes must have a certain degree of rapid
rotational freedom. This latter condition is usually satis�ed for �uorophores at-
tached to biomolecules in solution [292,298].

The extent of energy transfer is determined by the distance between the donor
and the acceptor as well as by the spectral overlap. The e�ciency (E) of energy
transfer is the fraction of photons transferred to the acceptor with respect to all
photons absorbed by the system. Such e�ciency E is strongly dependent on the
distance r between the two �uorophores [292]:

E =
R6

0

R6
0 + r6

, (3.2)

as illustrated on �gure 3.7.
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Figure 3.5: Simpli�ed Jabªo«ski diagram of FRET. The electronic and vibrational states
of both a donor and an acceptor �uorophore are shown. Upon absorption of a photon (blue)
by the donor, its excited state energy, instead of emitting photon (green), can be transferred
to the acceptor through dipole-dipole coupling (purple arrows in grey box). In this way, the
donor �uorescence is quenched and the acceptor emits a photon (red) during relaxation to its
ground state.

The distance R0 is the Förster distance, a distance parameter calculated
from the spectroscopic parameters of the donor and the acceptor and in�uenced
by mutual dipole orientation of �uorophores [292, 298]. The Förster distance is
speci�c for each donor-acceptor pair and takes valuse of tens of Å. It is de�ned as
the distance between donor and acceptor that yields a FRET e�ciency of 50%
(see �gure 3.7). The R0 can be calculated from the spectral properties of the
donor and the acceptor and the quantum yield of the donor (QD):

R0 = 0.211

(
κ2QDJ(λ)

n4

)1/6

, (3.3)

where κ2 is the orientation factor, determined by the relative orientation of the
transition moments of both dyes, n is the refractive index of the medium and
J(λ) is the overlap integral of the two �uorophores, when the wavelength λ is
expressed in nm.
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Figure 3.6: Spectral overlap of donor emission and acceptor absorption spectra
essential for FRET. Absorption spectrum (light blue) and �uorescence emission (navy blue)
of the donor �uorophore are shown together with absorption (light green) and �uorescence
emission spectrum (dark green) of the acceptor �uorophore. The spectral overlap of the donor
emission spectrum and the acceptor absorption spectrum is shaded in gray.

In this framework it is convenient to quantify the amount of transferred ex-
citations per unit time, given by

kT (r) =
1

τD

(
R0

r

)6

, (3.4)

where τD is the lifetime of the donor in the absence of energy transfer. The
e�ciency of energy transfer E can be conveniently expressed in terms of kT (r),
precisely as

E =
kT

τ−1D + kT
. (3.5)

From Eqs. 3.4 and 3.5 it can be determined if the rate of the energy transfer
will be competing with the donor decay rate (τ−1D ). When the transfer rate is
much faster than the decay rate (kT � τ−1D ), the energy transfer will be e�cient.
Instead, little transfer will occur during the exited-state lifetime if the transfer
rate is slower than the decay rate (kT � τ−1D ) [292].

The strong distance dependence of the FRET e�ciency can be used to de-
termine the relative position of the dyes (�uorophores) and to monitor a con-
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Figure 3.7: Energy transfer e�ciency as a function of distance. The strong dependency
of energy transfer e�ciency from the distance between donor and acceptor molecules is depicted
in light blue. The Förster distance R0 is marked in green, where the e�ciency of the transfer
is equal to 50%.

formational movement of the biomolecular complex, to which they are attached
[299, 300]. With single molecule FRET the distance range of ≈20Å to 80Å is
accessible [301], so it is possible to have a closer look at the details of the protein-
DNA complexes. The principle of smFRET experiment requires the usage of two,
site-speci�c �uorescent labels, acting as the donor and the acceptor.

The large variety of possible applications of FRET made the technique ex-
tremely valuable in many biological and biophysical �elds. smFRET is used as a
�spectroscopic ruler� to measure distances and detect molecular interactions in a
plethora of systems. Among the various applications, it was employed to measure
intra-molecular distances between domains of a single protein, providing an in-
formation regarding its conformation and conformational changes, as well as for
detecting protein-protein interactions [302�304]. The FRET was even applied in

vivo to detect the locations and interactions of genes and cellular structures [305]
and to obtain information about metabolic and signalling pathways [306]. Based
on the mechanism of FRET a variety of novel chemical sensors and biosensors
were developed [307].

Single molecule FRET experiments were also employed in several cases to
study the conformational changes of nucleosomes [24,133,308,309] and trinucle-
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osomes [283,310] under di�erent conditions, as well as to investigate nucleosomes
remodelling [311] and interactions of linker histone H1 with nucleosomes [312].

3.3.3 Stochastic optical reconstruction microscopy

As previously mentioned in section 3.1, STochastic Optical Reconstruction Mi-
croscopy (STORM) belongs to family of techniques known together as Single
Molecule Localisation Microscopy (SMLS) techniques. SMLS techniques di�er
in employed labelling methods (organic dyes, �uorescent proteins, �uorescently
labelled antibodies), type of samples (in vivo or in vitro) or small technicalities
(used lasers, di�erent illumination schemes), but they all follow the same ba-
sic principle of image acquisition. Application of the STORM requires samples
labelled with photo-switchable �uorophores, that can be switched from a �uo-
rescently active to a dark state by illumination with green and red laser light,
respectively. First, an intense red laser is used to switch all �uorophores to the
dark state. Afterwards, with green laser illumination, a small subset of �uo-
rophores is switched to the �uorescent state, which is in the next step excited
with a red laser. The emitted �uorescence allows for the localisation of the

Di�raction
limited image

Images of subsets of �uorophores

Reconstructed
picture

Localisation of �uorophores

Σ

Figure 3.8: Principle of stochastic optical reconstruction microscopy. A long movie
(typically 10 to 20 minutes) of static sample is recorded, while the �uorophores are blinking
due to employment of alternating laser light. Thanks to the �orophore switching between the
dark and the �uorescent state, in each frame only small subset of dyes is visible, thus can be
later localise with high precision. After combining localisations from all frames of the movie,
a reconstructed, high-resolution image is obtained.
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�uorophores with high accuracy, determined mainly by the number of photons
collected from the sample [313, 314]. The precision of localization scales as the
inverse square root of the number of photons in the spot for the shot noise lim-
ited case and as the inverse of the number of photons for the background noise
limited case. The optimal image magni�cation depends on the expected number
of photons and background noise [313]. After repeating the process described
above (with di�erent subsets of activated �uorophores) for thousands of times,
the image can be reconstructed by combining the detected positions [247, 315]
(see �gure 3.8).

The greatest advantage of the STORM microscopy is its high resolution down
to 10 nm and possibility to expand it to 3D [316] and multicolour imaging [247].
The resolution of SMLS techniques can in principle reach molecular scale. How-
ever, in practice, the resolution of the images is not only limited by the intrinsic
optical resolution, but also by sample speci�c factors including the labelling den-
sity, probe size and sample preservation [224]. The biggest drawback of STORM
is the slow measurement speed, hance the reconstruction of image requires several
hundred images to be recorded for each region of interest. Due to this disadvan-
tage STORM can be used only for experiments showing stable and immobilised
structures.

Other SMLS techniques were also employed in the chromatin studies, mainly
to visualise the chromatin organisation in the cell nucleus [11, 317, 318]. This
techniques were also used to analyse distribution of histone H2B in HeLa and
human �broblasts [314,319], and to achieve a super-resolution reconstruction of
prometaphase/metaphase chromosomes in Drosophila embryos [314,320].

3.3.4 Stimulated emission depletion microscopy STED

The setup of the STED microscope is based on a conventional confocal �uo-
rescence microscope design. In addition to the excitation laser pulse (green), a
second laser pulse (red) is focused into the �uorescent sample. This laser pulse
is shaped by a vortex phase plate to form a so called doughnut mode with zero
intensity in the centre (see �gure 3.9). First, �uorophores in the confocal ex-
citation volume are excited by an excitation laser pulse. This pulse is, after a
few picoseconds, followed by a STED laser pulse, which results in depletion of
the �uorophores at the outer region of the confocal excitation volume due to
stimulated emission. Only �uorophores in the centre remain excited and �nally
emit spontaneously [321].
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Excitation beam Emitted �uorescence

Depletion beam Co-aligned beams

Figure 3.9: Principle of stimulated emission depletion microscopy. STED uses a fo-
cused laser beam (blue circle) to excite �uorophores within a di�raction-limited volume. Af-
terwards, a subset of �uorophores is depleted by use of the doughnut-shaped STED beam (red
"doughnut", bottom raw). Consequently, this leads to an e�ective reduction in the excitation
area to a sub-di�raction region in the centre (green circle, bottom raw) [314].The residual exi-
tation area depends on the intensity of the STED beam. By increasing the doughnut intensity,
an increasing fraction of the excited area will be depleted. As long as the STED intensity in
the center is zero, there will always be some residual area for emitting �uorescence photons.
Consequently, the achievable resolution is potentially in�nite.

Although resolution achieved in STED is not as good as resolution obtained in
STORM measurements (≈30 nm-40 nm), it has several advantages. The biggest
advantage of the STED microscopy is its fast image acquisition time, which
makes observing dynamics possible. The STED setup can also be expanded to
3D super-resolution imaging [321,322] and to multicolour imaging [323,324].

The STED imaging in combination with immunolabeling of histone H3 was
used to visualise chromatin domains on a scale of 40 nm�70 nm [325].
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Chapter 4

Molecular biology methods

Standard molecular biology procedures, such as restriction enzyme analysis, poly-
merase chain reaction (PCR), cloning, agarose gel electrophoresis, PAA-gel elec-
trophoresis etc., were carried out as described in Molecular Cloning [326].

4.1 Bu�ers

Bu�ers were prepared using ultra-pure water (Synergy UV, Merc- Millipore)
or double distilled (Glass Water Still 2302, GLS ) and sterile �ltered (Ster-
icup®Filter Units, Merc-Millipore) water. Additionally bu�ers used for FPLC
experiments were degassed. Reducing agents like DTT and β-mercaptoethanol
(β-ME) were added immediately before usage. Recipes for bu�ers speci�c for
di�erent protocols are described in the tables 4.1 to 4.3 below.

4.2 Preparation of DNA

For the reconstitution of chromatin arrays I used synthetic DNA containing 25
repetitions (also refereed to as `mers') of the nucleosome positioning sequence, so
called `601' Widom sequence. The `601' sequence has a higher a�nity for histone
octamers than other natural or unnatural DNA sequences (∆∆G = −2.9 ±
0.33kBT relative to the 5S rDNA) and therefore better positioning strength [19].
That is why this sequence allows for a high accuracy of the composition of the
chromatin �bre. In 2005 Huynh et al. have shown that genuine 30 nm �bres can
be obtained reproducibly, when using DNA containing repetitive `601' sequences
[327].

Plasmid containing this sequence was a kind gift from prof. Daniela Rhodes
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Histone Expression and Puri�cation

SAU-0
Ingredient Concentration
Urea 8M
Sodium Acetate, pH 5.2 40mM
EDTA, pH 8 1mM
β-mercaptoethanol 5mM
L-lysine 10mM

SAU-1000
Ingredient Concentration
Urea 8M
Sodium Acetate, pH 5.2 40mM
NaCl 1M
EDTA, pH 8 1mM
β-mercaptoethanol 5mM
L-lysine 10mM

Q Bu�er A
Ingredient Concentration
Tris-HCl, pH 8 15mM

Q Bu�er B
Ingredient Concentration
Tris-HCl, pH 8 15mM
NaCl 1M

Table 4.1: Recombinant histone expression and puri�cation bu�ers. The table shows
application and composition of the bu�ers used during expression and puri�cation of recombi-
nant human histones.
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Histone Octamer Assembly

Unfolding bu�er
Ingredient Concentration
Guanidine HCl 7M
Tris HCl, pH 7.5 20mM
DTT 10mM

Refolding bu�er
Ingredient Concentration
NaCl 2M
Tris HCl, pH 7.5 10mM
EDTA, pH 8 1mM
β-mercaptoethanol 5mM

Table 4.2: Histone octamer assembly bu�ers. The table shows application and composi-
tion of the bu�ers used for assembling of recombinant human histone octamers.

Chromatin Arrays Assembly

High salt bu�er
Ingredient Concentration
Tris HCl, pH 7.5 10mM
NaCl 2M
EDTA*, pH 8 1mM
NP40 0.01%
DTT 1mM

Low salt bu�er
Ingredient Concentration
Tris HCl, pH 7.5 10mM
NaCl 50mM
EDTA*, pH 8 1mM
NP40 0.01%
DTT 1mM

EX50
Ingredient Concentration
Hepes, pH 7.6 10mM
KCl 50mM
MgCl2 1.5mM
EGTA, pH 8 0.5mM

Table 4.3: Chromatin arrays assembly bu�ers. The table shows application and compo-
sition of bu�ers used for assembly of chromatin arrays. *After it was realized, that EDTA is
causing instability of human chromatin arrays, it was not longer used in the bu�ers. EGTA
was still used in bu�er EX50, since this bu�er is used only for the digestion test of chromatin
arrays.
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Figure 4.1: Map of plasmid pUC15 25mer `601'. The map shows the pUC18 25mer `601'
construct. The insert contenting 25 repetitions of 197 bp long Widom sequence is depicted in
blue. Lac operon as well as its promoter are marked in dark red. In yellow ampicillin resistance
gene and its promoter are depicted. Origin of replication is marked in green. In purple binding
sides of M13 primers were marked and with red strokes the most important restriction enzymes
digestion sites were depicted. The plasmid map was created using AngularPlasmid. The full
sequence of the plasmid can be found in appendix B.1.

(NTU, Singapore) (see appendix A.3). Map of the plasmid is presented on �gure
4.1 and full sequence of the plasmid can be found in appendix B.1.

4.2.1 Transformation of chemically competent cells

Chemically competent cells XL1Blue

XL1Blue competent cells were used to amplify the DNA plasmids in all cases, un-
less otherwise stated. An aliquot of chemically competent E. coli strain XL1Blue
was thawed on ice. 50-150 ng of proper plasmid DNA were added to the cells
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(see list of plasmids in appendix A.3), gently mixed and incubated on ice 5-10
minutes. The cells were then treated with heat shock (42°C, 45-60 sec.) and
again incubated on ice for 5-10 minutes. In next step 500µL of LB medium
was added to cells and they were grown in 37°C, shaken at 350 rpm for 1 hour.
After incubation the cells were centrifuged down (5minutes, 1700 rcf, RT), su-
pernatant was discarded, pellet was resuspended in 150µL of fresh LB medium
and plated on LB-agar plates containing 1mM of ampicillin (all used plasmids
were encoding ampicillin resistance). The plates were left under sterile laminar
�ow for drying (around 30 minutes) and then incubated over night in 37°C.

Chemically competent cells StbL3

StbL3 cells were used to amplify DNA constructs containing multiple repetitions
of Widom `601' positioning sequence (see appendix A.3). This E. coli strain does
not have the gene recA. The lack of that gene leads to a lower mutation rate of
plasmids with high repetitions of a single sequence.

To the ice thawed StbL3 cells aliquot was added around 120 ng of plasmid
DNA and gently mixed. The cells were incubated in ice bath for 30 minutes and
treated with a heat shock (42°C, 60 sec.) afterwards. The procedure was followed
by second incubation in ice bath (2 minutes). In next step 250µL of pre-warmed
(30°C) LB medium were added to the cells and the solution was incubated for 1
hour in thermomixer (30°C, 300 rpm). The 100µL of the transformed cells were
plated on LB-agar plates containing 1mM of ampicillin and incubated ON in
30°C.

4.2.2 Extraction and puri�cation of DNA

DNA puri�cation using commercial kits

The plasmid DNA extraction and puri�cation from E. coli cells was performed
using QIAGEN Plasmid Kit (Mini, MIDI or Maxi appropriate to needed amounts
of DNA) according to producer protocol. The extraction and puri�cation of lin-
ear DNA from agarose gel was performed using QIAquick Gel Extraction Kit
according to producer protocol. Finally, DNA puri�cation after enzymatic reac-
tions (i.e. restriction digestion, dephosphorylation, ligation, PCR) was performed
using QIAquick PCR Puri�cation Kit.
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DNA puri�cation using organic solvent extraction and ethanol precip-

itation

For the experiments, where high amounts of DNA were required as well as its high
purity levels, the organic solvent extraction, followed by ethanol precipitation,
was used as DNA puri�cation method.

The organic extraction was performed by adding 1 volume of Roti®-Phenol/
Chloroform/ Isoamyl alcohol solution (25:24:1) and 1 volume of the DNA solution
into a 2mL pre-centrifuged (30 seconds, 16000 rcf) MaXtract High Density Tube.
This mixture was vigorously shaken until it resulted in a homogeneous suspension
and then centrifuged for 5 minutes at 16000 rcf in RT. The aqueous phase above
MaXtract gel, containing the DNA, was transferred into a fresh eppendorf tube.

In following step of DNA puri�cation protocol, the ethanol precipitation was
performed. Therefore, 0.3 volume of 1M sodium acetate and 2.5 volume of
ice cold pure ethanol were added to the sample, mixed and then centrifuged
(20800 rcf, 4°C, 10minutes). After discarding the supernatant the remaining
pellet was incubated in -20°C for 20 minutes or longer. Subsequently the pellet
was washed with 500µL of 70% ethanol, and centrifuged again with 20800 rcf for
2 minutes. The supernatant was again discarded and the pellet was air dried for
a maximum of 30 minutes in RT and then dissolved in appropriate amount of
double distilled water and stored in -20°C for future use.

4.2.3 Restriction digestion of plasmid pUC18 25mer `601'

The ampli�ed pUC18 25mer `601' plasmid was digested with restriction en-
zymes before further use in array assembly protocol. In order to excise the insert
containing Widom sequences HindIII-HF®and EcoRI-HF® endonucleases were
used. DraI enzyme was used to fragment the backbone of the plasmid, which
served as low a�nity competitor DNA in array assembly. The exact positions
of restriction sides are depicted on plasmid map on �gure 4.1. All the enzymes
were used together in a single pot reaction performed in CutSmartTM bu�er.
The mixture of the plasmid DNA and the enzymes was incubated at 37°C for at
least 3 hours. The quality of the ampli�ed and digested DNA was checked on a
1% agarose gel via electrophoresis.
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4.2.4 Biotinylation of 25mer `601' DNA

In order to immobilise chromatin arrays inside chambers used for STORM and
STED measurements (see section 5.1), the incorporation of biotin was necessary.
To achieve this, the digested 25mer `601' sequence was separated from backbone
of plasmid DNA on a 1% agarose gel via electrophoresis, and extracted from gel
using QIAquick Gel Extraction Kit according to producer protocol.

The biotin was introduced into the construct by ligating the 25mer `601'
DNA with oligomers biotinylated at 3' ends of DNA. The oligomers were design
to contain appropriate restriction side and were synthesised by IBA GmbH (Göt-
tingen, Germany).

The sequences of the oligomers are presented below:

� 5'-TGCAAGCTTGGC-3'-biotin;

� 5'-ATCGAATTCGTA-3'-biotin.

In blue colour are marked restriction sides for HindIII and EcoRI endonucleases
respectively. The lyophilised oligos were dissolved in ultra-pure water, combined
with corresponding restriction enzyme (amount of enzyme U equal to µg of DNA
oligomer) and 5µL of 10 xNEBu�er 4 (nowadays substituted by CutSmartTM

bu�er) adding up to �nal mixture volume of 50µL. The digestion reaction was
held at 37°C for 10 h. The enzymes were deactivated at -20°C for 30 minutes.
Afterwards, DNA oligos were puri�ed using QIAquick PCR Puri�cation Kit,
according to producer protocol. In next step, 50µL of 25mer `601' (≈30-35 pmol
of DNA) were combined with three fold excess of each of oligos (≈90-105 pmol
DNA), 7.5µL 10 xT4 DNA Ligase Reaction Bu�er and 800U of T4 DNA Ligase in
total reaction volume of 75µL. The reaction took place at 16°C for 20 h and was
stopped increasing the temperature to 65°C for 20 minutes. Ligation product was
puri�ed with QIAquick PCR Puri�cation Kit and used for chromatin assembly.

4.3 Preparation of recombinant histone octamers

For the expression and puri�cation of recombinant histones the protocol discussed
by Klinker et al. was followed [328]. Below is presented protocol adopted for
recombinant human histones and the related laboratory equipment, available in
the Institute of Biophysics at Ulm University.
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4.3.1 Expression of human recombinant histones in E. coli

The BL21(DE3) chemically competent cells were transformed as described for
XL1Blue E. coli strain in section 4.2.1 and plated on LB-agar plates containing
1mM ampicillin . Afterwards, 2-3 tubes containing 5mL LB medium and 1mM
ampicillin were inoculated with colonies from agar plate, and grew around 10 h
(during the day) or ON in 37°C and 120 rpm. In the next step the same number
of Erlenmeyer �asks with 50mL LB medium, containing 1mM ampicillin , was
inoculated with 5mL cultures and grew in the same conditions ON. Subsequently,
4 or 6 times 2 L of LB with ampicillin (6 times for histone H4 both wild type
and mutant, 4 times 2 L for other human histones) were inoculated with 50ml
culture to �nal OD600 = 0.02 and grew in 37°C with 120 rpm until OD600 was
between 0.5 and 0.6. Afterwards 2mL of 1M IPTG were added to each 2L
of the culture. The cultures were shaken for additional two hours at 37°C at
120 rpm and afterwords harvested by centrifugation at 1700 rcf for 20 minutes
in 4°C. Supernatant was discarded, pellets were transferred into 50mL falcon
tubes and �ash frozen in liquid nitrogen. The pellets were stored in -80°C until
puri�cation.

4.3.2 Puri�cation of human recombinant histones

The histone pellets were thawed in warm water and put immediately afterwords
on ice. The pellets were resuspended in 50mL of bu�er SAU-200 (prepared by
combining 1 part of bu�er SAU-1000 and 4 parts of SAU-0) and homogenized
in Potter-Elvehjem-type tissue grinder. Subsequently PMSF was added to a
�nal concentration of 10µM and solution was sonicated inside a Rosette Cool-
ing Cell (placed in ice bath) for 4 minutes of e�ective sonication time (Digital
Soni�er®Cell Disruptor, Branson). On pulse of 15 seconds, o� pulse of 30 sec-
onds and amplitude of 30% were used. The lysate was separated into liquid and
solid state phases by centrifugation (38360 rcf, 4°C, 15min). Supernatant was
collected and �ltrated following three steps:

� �cheese cloth� �ltration through single layer of Miracloth;

� �ltrated through syringe �lter FP 30/50 CN 5µm Whatmann;

� �ltrated through syringe �lters PVDF Filter 0.45µm Whatmann.

In next step the solution was puri�ed by ion exchange chromatography using
ÄKTApuri�er FPLC system (GE Healthcare Life Sciences) and cation exchange
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column HiTrap SP FF (one 1ml CV or two 1ml CV columns in tandem, depending
on the protein amount in the sample). The SAU-0 (pump A) and SAU-1000
(pump B) bu�ers were used following presented bellow gradient pattern:

� 20% B, 4CV;

� 25% B, 4CV;

� 25% - 60% B, 8CV;

� 60% - 100% B, 4CV;

� 100% B, 1CV.

The samples from fractionation were run on PAA-SDS gel (17% PAA),to
identify fractions containing pure histones. An example of typical chromatogram,
and corresponding SDS-PAGE gels for histone H3WT, are presented in �gure
6.4. For chromatograms of other wild type and mutant histones see appendix
C. Chosen fractions were combined together and dialysed in Spectra/ Por®1
Dialysis Membrane according to scheme:

� 1L H2O + 1mM DTT, 4°C, 1 h;

� 1L H2O + 1mM DTT, 4°C, ON;

� 1L H2O + 1mM DTT, 4°C, 1 h.

After the last dialysis step, in order to separate any possible protein aggre-
gates, the solution was centrifuged for 20 minutes at 38360 rcf and 4°C. The
supernatant was �ltered though PVDF Filter 0.45µm syringe �lter and adjusted
with Tris-HCl (pH8) to a �nal concentration of 15mM.

Thereafter the sample was puri�ed using ÄKTApuri�er FPLC system and
anion exchange column HiTrap Q HP (1mL; GE Healthcare Life Sciences).This
puri�cation step is performed to separate histones from DNA strands bound to
them. The DNA in 15mM Tris bu�er is binding to the anion exchange column,
while the puri�ed proteins are found in the �ow-trough fraction. To regenerate
the column, it was washed with linear 0%-100% B gradient (bu�ers recipe in
table 4.1) over 5CV. Typical chromatogram and corresponding SDS-PAGE gel
are presented in �gure 6.5. More chromatograms, presenting second puri�cation
step of other human histones, can be found in appendix C.
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Histones and Octamer Properties
Histone MW [Da] ε[M−1 · cm−1]
H2AWT 14091.4 4470
H2BWT 13906.1 7450
H3WT 15388.0 4470
H4WT 11367.3 5960
H2AN110C 14080.5 4470
H2AL116C 14081.4 4470
H2AK120C 14066.4 4470
H3C110A 15355.9 4470
H4G13C 11414.4 5960
Octamer ≈ 108000 48600

Table 4.4: Properties of human recombinant histones and histone octamer. All the
values for the wild type human histones and their mutants were calculated based on their
amino acid sequences. The values for octamers were calculated by summing up the values
for histones contained in octamer. WT and mutant octamer are not distinguished, since the
di�erences in molecular weights, as well as in extinction coe�cients, negligible.

The concentration of histones was calculated according to the equation:

c =
(A276 − A320) ·MW

ε
, (4.1)

where c is the concentration, in [mg/mL], A276 and A320 are absorption values
measured at 276nm and 320nm respectively, MW is the molecular weight of the
proteins in [Da = g ·mol−1] and ε is extinction coe�cient in [M−1 · c−1]. The
values of extinction coe�cients and molecular weights of human histones are
presented in table 4.4.

The absorption at 276 nm and 320 nm was measured using NanoDrop 2000
UV-Vis Spectrophotometer (Thermo Scienti�c). If necessary, the protein so-
lution was concentrated using Amicon®Ultra 4mL Centrifugal Filters with
MWCO 10 kDa. The concentrated solution was divided into 1mg aliquots, freeze
dried (Alpha 1-2 LDplus, Martin Christ Gefriertrocknungsanlagen GmbH, -20°C,
0.1 bar) and stored in -80°C for future use.

4.3.3 Assembling of human recombinant histone octamer

Fixed amounts (5-7mg) of each lyophilised histone were prepared. A single
aliquot of each histone was diluted in 800µL of unfolding bu�er (see table 4.2),
incubated for 30 minutes at RT and centrifuged (15min., 20800 rcf, 4°C). The
supernatant was transferred to new eppendorf tubes and the concentration of
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each aliquot was measured and calculated as described at the end of the section
4.3.2. The histones were mixed together in a ratio: 1x H2A : 1x H2B :1.1x
H3 : 1.1x H4 (according to mass) and �lled up with unfolding bu�er to a �nal
concentration of 1mg/mL. In the next step the mixture was dialysed against
refolding bu�er (see table 4.2) in three steps:

� 2L refolding bu�er, 4°C, 3h;

� 2L refolding bu�er, 4°C, ON;

� 2L refolding bu�er, 4°C, 3h.

On the following day the refolded histones were centrifuged (20min., 17000 rcf,
4°C) and concentrated in Amicon®Ultra 10mL Centrifugal Filters, MWCO
30 kDa to a volume of 5mL or less. The octamers were then puri�ed using the
ÄKTApuri�er FPLC system and HiLoad Superdex 200 16/600 pg size exclusion
column (GE Healthcare Life Sciences) with the refolding bu�er as elution bu�er
(exemplary chromatogram is presented in �gure 6.6). Hexamer contamination
has visible impact on the purity of octamer fractions, precisely on the right side
of the peak. Since this contamination has high probability [328], only fractions
from the left part of the peak were combined (see �gure 6.7). The concentration
was measured at NanoDrop 2000 UV-Vis Spectrophotometer as described ear-
lier in section 4.3.2 and, eventually, concentrated using Amicon®Ultra 0,5mL
Centrifugal Filters with MWCO 100 kDa (or 10mL, 30 kDa, in case of bigger
volumes). The puri�ed histone octamers were stored either for short time (few
days) in a refolding bu�er in 4°C or for longer time (several months) in a refolding
bu�er containing 40% glycerol in -20°C.

4.3.4 Labelling of human histone octamers

Single cysteine mutant labelling with maleimide conjugates

The human H3 histone is the only one histone, that has a natural cysteine in
position 110. It has been shown earlier for chicken histones, that labelling at
this position destabilizes the nucleosome core [329]. I experienced the same
is true for the recombinant human histone, since after labelling of the octamers
containing H3WT histone, the protein complex was falling apart. It was observed
as protein precipitation in the reaction tube. That is why in case of preparing
mutant octamers, for later labelling with maleimide conjugates, containing one
of H2A cysteine mutants or H4G13C mutant, I always used also H3C110A. The
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precipitation of proteins has never occurred in any other labelling reaction, when
used additionally mutated histone H3.

The puri�ed mutant human histone octamers were transferred to refolding
bu�er (see table 4.2) of slightly acidic pH (around 6.5) and concentrated to above
2mg/mL. The chosen for experiment maleimide-dye conjugate (see appendix A.6
for list of used dyes) was dissolved in 10µL of appropriate solvent (sterile Milli-Q
H2O, DMSO or mixture depending on used organic dye). The concentration of
the dye as well as it in�uence on absorption at 276nm and 320nm were measured
using Cary 50 Bio UV-Visible Spectrophotometer (Varian Inc. part of Agilent

Techologies) (1:1000 dilution of prepared stock solution was used for measure-
ment of absorption). Three to �ve time molar excess of dye with respect to
octamer was added to the octamer solution and incubated ON in 4°C in the
refolging bu�er of pH≈6.5. It should be noted that incubation for 60 h in 4°C
is also possible. I did not observed negative e�ects on proteins stability or their
concentration and it can increase �nal labelling e�ciency.

After incubation DTT was added to �nal concentration of 3mM to quench the
reaction. The mixture was concentrated in Amicon®Ultra 0.5mL Centrifugal
Filters (MWCO 30KDa, 30min, 14000 rcf, 4°C; recovery: 2min., 1000 rcf, 4°C).
Afterwards the free, unbound dye was separated from labelled octamers using
illustraTM AutoSeqTM G-50 Dye Terminator Removal Kit (GE Healthcare Life

Sciences) according to producer protocol. The procedure was repeated through
as many illustraTM AutoSeqTM G-50 columns, until the column's media after
centrifugation was colourless. The concentration of protein complex and dye
bound to it was calculated as described previously in section 4.3.2, based on
absorption values measured at NanoDrop 2000 UV-Vis Spectrophotometer. The
labelling e�ciency e (usually expressed in %) was calculate using formula:

e =
cdye

coctamers

, (4.2)

where cdye is molecular concentration of the dye and coctamers is molecular concen-
tration of the octamers in �nal mixture. The typical values of labelling e�ciency
that I achieved were varying between 20% and 60%. Speci�city of labelling re-
action and quality of the dye removal process were tested on SDS-PAGE gel (see
�gure 6.8).
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Lysine labelling with succinimide ester conjugates

I made an attempt to label wild type octamers using succinimide ester conju-
gates (also known as NHS-esters). I followed the protocol recommended by the
producer of �uorescent dyes, the ATTO-TEC [330]. The trials were unsuccessful
even after 36h of reaction time. After the dye separation (as described above in
section 4.3.4) the absorption of the dye in solution at absorption maximum wave-
length was in range of NanoDrop 2000 UV-Vis Spectrophotometer measurement
error in the best case.

4.4 Assembling of chromatin arrays

4.4.1 Chromatin array assembly

The chromatin arrays were assembled from 25mer `601' DNA and recombinant
human histones following the salt gradient dialysis protocol from [327] and [331].

To achieve proper saturation of chromatin arrays with histone octamers, an
empirical approach using series of titration was applied. Since the molecular
weight of 197 bp `601' DNA and the human histone octamer is similar (≈130kDA
and ≈110kDA respectively), the mass ratio of single `601' sequence per octamer
was used instead of molar ratio. This approach simpli�es the calculations of
titration volumes, since mass concentrations of DNA and octamers are typically
used in a laboratory practise. Moreover the calculations are independent of DNA
construct that is used, so the same mass ratios can be applied for mononucleoso-
mal or any n-mer array assembly. For the 25mer arrays assembly 5mg of DNA
was used per titration. It was calculated, that mass of 25mer DNA is equal
to 65.2% of total mass of digested pUC18 25mer `601' plasmid. As mentioned
before (see section 4.2.3) the DraI fragmented backbone of plasmid served as low
a�nity competitor DNA. The total amount of DNA (7.67mg) and appropriate
amount of histone octamers (for example of mass values for typical experiment
see table 4.5) were combined in bu�er containing 10mM Tris and 2M NaCl in
total volume of 50µL. Each titration was pipetted into Slide-A-LyzerTM MINI
Dialysis Device (pre-wetted with high salt bu�er (see table 4.3)) and dialysed
against decreasing salt gradient (>≈20 h, 4°C).

During time-line of this thesis two di�erent dialysis protocols were tested. For
the �rst protocol 3L of low salt bu�er were pumped in to 1L of high salt bu�er
with speed of 2.2mL/min. The bu�er from the dialysis reservoir was at the same
time pumped out with the same velocity (for bu�er recipe refer to table 4.3).

55



CHAPTER 4. MOLECULAR BIOLOGY METHODS

Example of titration scheme for chromatin array assembly

DNA to octamer
ratio

Histone octamer
mass [mg]

Widom DNA mass
[mg]

1:0.7 3.5 5
1:0.8 4.0 5
1:0.9 4.5 ...1:1.0 5.0
1:1.1 5.5
1:1.2 6.0
1:1.3 6.5
1:1.4 7.0

Table 4.5: Example of titration series for array assembly. This table is showing amounts
of histone octamers taken per 5mg of `601' sequence for chromatin array assembly. The values
were used for one of experiments conduct during the time-line of this thesis and are corre-
sponding to results from an array quality control presented below (see �gures 6.9-6.11). For
other batches of octamers and DNA tested titration ratios were varying from 1:0.7 to 1:2.8
with steps varying from 0.1 to 0.3.

For the second protocol 1.8L of low salt bu�er were pumped in to 200mL of high
salt bu�er with speed of 1.6mL/min., without pumping out from the dialysis
reservoir. Although, in theory, the �rst protocol is more advantageous, because
provides a linear salt gradient, in practise a technical issues with a multichannel
head of peristaltic pump and a proper tubing disquali�ed that approach. In
comparison, the second protocol did not cause any technical di�culties and had
no negative in�uence on the product, hence an exponential salt gradient was
observed.

After the salt gradient dialysis, additional dialysis step against 0.5 L of low
salt bu�er was performed (4°C, 3.5 h or more). In next step the volume of each
sample was measured and the arrays concentration was measured using Nan-
oDrop 2000 UV- Vis Spectrophotometer. The concentration of chromatin arrays
was measured as the concentration of DNA in solution. Afterwards a centrifu-
gation step was performed (15min., 20800 rcf, 4°C), supernatant of each sample
was transferred to new low binding eppendorf tube and again concentration of
the arrays was measured using NanoDrop 2000 UV-Vis Spectrophotometer. Any
sample that underwent a signi�cant concentration loss after the centrifugation,
was discarded as a sample with highly over-saturated chromatin arrays. From
each of the remaining samples volume corresponding to 300-600 ng of the array
was transferred to a separate eppendorf tube and marked as �input� sample. To
the remaining volume equal volume of 8mM MgCl2 was added and incubate for
15minutes on ice. Another centrifugation step was performed (15min., 20800 rcf,
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4°C), again volume corresponding to 300-600 ng of the array was transferred to
new tubes and marked as �supernatant�. Remaining supernatant was discarded
and pellets were re-suspended in TE bu�er to �nal concentration of 300 ng/µL.
As a �rst step of quality control of the arrays a native agarose gel of samples
from di�erent stages of MgCl2 precipitation (�input�, �supernatant� and puri�ed
arrays) were used (see �gure 6.9).

4.4.2 Digestion tests

As further quality control test two restriction digestions using AvaI and AluI
enzymes were performed. AvaI restriction site is located in 50 bp linker DNA
between the 146 bp of `601' sequence (see �gure 4.2). Conversely, the AluI re-
striction site is located in the middle of the positioning sequence. If the chromatin
array is properly saturated with histone octamers, none of the AluI restriction
sites are available and all AvaI sides are exposed to the enzyme. If array is under-
saturated, some of the AluI restriction side are accessible for the endonuclease,
hence in the agarose gel several bands of size below ≈5000 bp are visible. In
case when the array is over-saturated with proteins, some of AvaI digestion sites
are not accessible for the restriction enzyme, and as a result of digestion several
bands of length exceeding 200 bp are visible on the gel. Additionally, if the the
excess of protein complex on DNA strand is signi�cant and the octamers will be
considerably moved away from the original positioning sequence, some of AluI
restriction sites might get exposed, also showing additional digestion patterns.

AvaI digestion

1-2µl of arrays (300-600 ng/µL in respect to DNA concentration) were combined
with 1.5µL of AvaI restriction enzyme and 12.5µL of EX50 bu�er (see table
4.3). The reaction was incubated for 75min. at 26°C and mixed with 300 rpm
in thermomixer. Afterwards, in order to stop enzymatic reaction, sample was
kept in -20°C for at least 30min. The restricted DNA was separated on 1.1%
agarose, 0.2xTB gel and stained with ethidium bromide (see �gure 6.10).

AluI digestion

1-2µl of arrays (300-600 ng/µL in respect to DNA concentration) were combined
with 1µL of AluI restriction enzyme and 18µL of EX50 bu�er (see table 4.3).
The reaction was incubated for 75min. at 26°C and mixed with 300 rpm in
thermomixer. Afterwards, in order to stop enzymatic reaction, sample was kept
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Figure 4.2: Scheme visualising principle of arrays' digestion tests. For simpli�cation
only �rst 5 
mers of the array are presented. The histone octamer is depicted as yellow circle,
DNA strand is represented with a black line. Blue and green arrow are showing restriction
sites of enzymes AvaI and AluI respectively. (a) Properly saturated chromatin array. All AvaI
digestion sites are accessible for the restriction enzyme and all AluI digestion sites are covered
by histone octamers. (b) Under-saturated chromatin array. All AvaI digestion sites as well as
some of the AluI sites are accessible for the restriction enzymes. (c) Over-saturated chromatin
array. Some of AvaI digestion sites are covered by histone octamers, blocking access to the
site for the enzyme. Also some of the AluI sites are exposed to the restriction enzymes, while
others are inaccessible.
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in -20°C for at least 30min. The samples were afterwards treated with Proteinase
K (protocol below in section 4.4.2).

ProteinaseK

To the sample from AluI digestion 7.45µL of EX50 bu�er, 0.45µL of 20% SDS,
1.2µL of 0.5M EDTA and 0.9µl of ProteinaseK were added, incubated for 2 h,
in 37°C and mixed with 300 rpm in thermomixer. Afterwards 3µL of 2M NaCl
and 75µL of ice cold ethanol were added and incubated for 20min. in −20°C.
In next step samples were centrifuged (12min., 20800 rcf, 4°C), supernatant was
discarded, pellet was washed with 0.5mL of 70% ethanol. After drying at room
temperature, the samples were incubated for minimum 30 minutes at -20°C.
Finally the pellets were re-suspended in 10µL of TE bu�er. The restricted DNA
was separated on 1.0% agarose, 0.5xTBE gel and stained with ethidium bromide
(see �gure 6.11).
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Chapter 5

Microscopy methods

5.1 Chamber preparation for �uorescent measure-

ments

In order to immobilise chromatin arrays for the �uorescent microscopy, I tested
two protocols for STORM measurements. The �rst protocol used a spermidine
solution in order to immobilise chromatin arrays using electrostatic interactions
between the spermidine and DNA (see section 5.1.1). The second protocol used
PEG-biotin-Neutravidin-biotin linkage (see section 5.1.3) in order to immobilise
arrays containing biotinylated DNA (see section 4.2.4) to the glass surface. In
the latter, it is necessary to �rst functionalise the glass surface with amino-groups
(see section 5.1.2) to allow covalent attachment of long chains of amino-reactive
polyethylene glycol (PEG) and biotin-PEG molecules.

5.1.1 Immobilisation with spermidine

In the spermidine protocol, house-designed chambers were used. These are usu-
ally employed in the Institute of Biophysics for smFRET experiments in a TIRF
set-up. The description of the �ow chamber construction is detailed in the
PhD theses of R. Lewis [332], B.Treutlein [333] and J.Nagy [334]. In brief, a
�ow chamber was built from microscopic quartz glass slide (3mmx1mmx1mm,
Technical Glass Products) and cover slip (24mmx60mm, Marienfeld) connected
with pre-cut sealing �lm (Nesco�lm). The sealing �lm is cut in such a way that
it creates a channel between the quartz glass slide and slip. A hole is drilled
on each end of the quartz glass slide, in order to match the edges of the �ow
channel. The holes with attached silicone tubing were used as inlet and outlet
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of the chamber. 500µL of 10mM spermidine solution was �ushed into chamber
and incubated for 15-20 minutes in RT. The unbound spermidine was washed
out by �ushing into the chamber 300µL of 1x PBS. Afterwards, 150µL of 0,2 nM
chromatin arrays were �ushed into chamber and incubated for 10 minutes in RT
in darkness. In next step the chamber was washed with PBS solution of oxygen
scavenger (≈200µL, recipe in table 5.1). The arrays were nicely immobilised on
the surface (see �gure 6.12a), however, the fast bleaching of �uorophores did not
allow to collect enough data for image reconstruction (no data is shown since it
is not informative).

5.1.2 Silanization

Cover slips (22 x 22mm2, LH24.1, Carl Roth) and object slides (SuperFrost, Carl
Roth) were cleaned by soaking them in ethanol and then wiping them with lens
cleaning tissue. Afterwards, they were �amed shortly in a butane �ame (CV360,
Campingaz ), immersed in 2% solution of (3-aminopropyl)-triethoxysilane (APTES)
in acetone and incubated for 15-30 minutes in room temperature.

5.1.3 PEGylation

For the PEGylation a solution of biotin-PEG-succinimidyl valerate (13-15mg/mL)
and mPEG-succinimidyl valerate (390-400mg/mL) was prepared in a sodium
carbonate-bicarbonate bu�er (pH9.4). The glass slides were covered with biotin-
PEG-mPEG mixture and incubated for 45 minutes at room temperature. After-
wards, they were washed with distilled water and dried with nitrogen.

5.1.4 Sample preparation

In �rst step the PEGylated glass surface was covered with 0.5mg/mL solution
of NeutrAvidin® (in 1x PBS) and incubated for 10 minutes. The unbound
NeutrAvidin® was washed o� two times with 1mL of 1x PBS and the glass was
dried with nitrogen. The 50µL of biotinylated, �uorescently labelled chromatin
arrays (2 nM with respect to the dye concentration) were put on the glass surface
and incubated for 10 minutes. The unbound sample was washed o� two times
with 1mL of 1x PBS.

The aforementioned oxygen removal system was used also for the PEG-biotin-
Neutravidin-biotin linkage immobilisation protocol (see table 5.1). The glucose
was added to the oxygen scavenger and 200µL of the mixture was put on the
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microscope slide. This was covered with cover slip (so that no air bubble would
be created between the slip and the slide) and the edges of the cover slip were
sealed with transparent nail polish.

For the STED measurement an analogous protocol, but without the oxy-
gen scavenger, was tested. Instead 2,2'-thiodiethanol (TDE) was used to enable
matching of the refractive indices of immersion and mounting media. The pure
TDE was diluted to 97% in PBS and the pH was adjusted to value of 7.5. 7µL
of the solution were added on the microscope slide and sealed in the same way
as described for the STORM measurement. This protocol lead to unsatisfactory
results (not shown since not informative) for the imaging of chromatin arrays,
which encouraged me to perform a second trial with the oxygen scavenger. The
protocol, analogues to the one previously described for the STORM measure-
ment, di�ers from it in the composition of oxygen scavenger mixture (see table
5.2). This protocol was ultimately successful in acquiring STED images.

5.2 STORM measurement

In the STORM measurements chromatin arrays labelled with Cy5 at positions
H2AK120C or H2AN110C were imaged. For the illumination, an objective type
TIRF con�guration with oil-immersion objective (Nikon) was used. I employed
a blue laser λ=490 nm with 10mW (approx2.9mW in front of the objective), as
activation laser, and, as excitation laser, red laser λ=642 nm with a power of
100mW (approx44mW in front of the objective). I adopted exposure times of
100ms with 300 electron multiplying gain. 20 000 frames were recorded. After-
wards, the images were analysed with custom-written software (FIRESTORM)

Oxygen scavenger for STORM

Ingredient Concentration
Glucose oxidase 100U/mL
Catalase 2600U/mL
MEA 3.9mg/mL
Glucose 40mg/mL

Table 5.1: Oxygen scavenger for STORM. The table shows components and concentrations
of substances used for oxygen removal in STORMmeasurements. Glucose oxidase, catalase and
glucose were separately prepared as 10x (glucose oxidase and glucose) and 50x (catalase) stock
solutions, and kept in -80°C (glucose oxidase) and 4°C (catalase and glucose) respectively. Both
enzymes were dissolved in 1xPBS, while MEA and glucose solutions were prepared using ultra-
pure water. Note, that MEA solution needs to be prepared freshly, otherwise it polymerises
within half a day. The glucose was added to the mixture freshly before measurement.
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Oxygen scavenger for STED

Ingredient Concentration
Glucose oxidase 100U/mL
Catalase 2600U/mL
Trolox 1mM
Glucose 40mg/mL

Table 5.2: Oxygen scavenger for STED. The table shows components and concentrations
of substances used for oxygen removal in STED measurements. Glucose oxidase, catalase and
glucose were prepared as 10x (glucose oxidase and glucose) and 50x (catalase) stock solutions,
and kept in -80°C (glucose oxidase) and 4°C (catalase and glucose) respectively. Both enzymes
were dissolved in 1xPBS, while glucose solutions was prepared using ultra-pure water. The
glucose was added to the mixture freshly before measurement.

scripted by Jochen Reichel in Matlab (MathWorks) environment. The algorithm
I used processes image data by using the centre-of-mass of �tting to identify
the location of each blinking event of the �uorophores and then reconstructs the
image based on the number of localisations (see section 3.3.3). For the recon-
struction a 7 x 7 pixel region was used to �nd the centre-of-mass. The maximum
Full Width at Half Maximum (FWHM) was set to 3 px, and a subpixel size of
10 nm and a maximum centre-of-mass uncertainty of 50 nm were used. Lower lo-
calization precisions were not considered for image reconstruction. More details
about the STORM set-up, measurement protocol and analysis algorithm can be
found in [335] and in the PhD thesis of J. Reichel [231].

5.3 STED microscopy measurements

Chromatin arrays labelled with Atto590 at the position H2AK120C were imaged
in STED microscopy. STED imaging pixels have a dimension of 20 nmx 20 nm
and dwell times of 600µs, and they span a scanning size of 19.4µmx19.4µm.
The average power used for STED depletion beam was 1.5mW. More detailed
procedure for STED measurements as well as description of experimental set-up
can be found in publications [336,337] and in PhD thesis of Ch.Osseforth [324].

5.4 Atomic force microscopy (AFM)

This parts of the dissertation was at time of writing submitted for publication
in open access journal and was published [338] shortly before submission of the
thesis.
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5.4.1 Sample preparation and AFM measurement

AFM images were acquired with Dimension FastScan BioTM Atomic Force Mi-
croscope (Bruker) in tapping mode in liquid. For the measurements sheets of
mica (V1 quality) were attached to metal holders using thin layer of epoxy glue.
The holders with mica were left at least for 24h for drying in room temperature
before �rst usage. Poly-L-lysine was used to cover the mica and create positively
charged layer for immobilisation of the chromatin arrays. In order to create uni-
form layer of the polymer 160µL of poly-L-lysine water solution (0.01%) were
deposited on freshly cleaved sheet of mica and incubated for few minutes at room
temperature. Afterwards mica sheet was rinsed intensively with ultra-pure water
and dried with compressed air. The chromatin arrays were �rst diluted in bu�er
containing 10mM Tris to a �nal DNA concentration of 30 ng/µL. In this con-
centration, stored in 4°C, the arrays were stable for 1-2 weeks. In the next step,
the samples were further diluted in bu�er containing 10mM Tris and varying
amount of NaCl to a DNA concentration of 1 ng/µL. In this concentration the
arrays were preserving their structure for a time varying from few hours to sev-
eral days, depending on the salt concentration. Subsequently, the last dilution
to a DNA concentration of 125 pg/µL was performed, and used for the scanning
experiments. For each NaCl 160µL of this �nal solution was deposited on mica
covered with poly-L-lysine and incubated for 10 to 30 minutes at room tempera-
ture just before the measurements. All bu�er used for preparing arrays dilutions
were centrifuged down (15min., 20800 rcf) and �ltered (cellulose acetate syringe
�lters, 0.25µL, VWR) in order to remove any impurities and salt crystals. Mea-
surements were then performed without bu�er exchange. Additionally, on the
day of every measurement, the bu�ers were sonicated for at least 30 minutes in a
sonication bath at a temperature of 70-80°C. Images at scan rate of 3-6Hz were
recorded with use of FASTSCAN−D probes (Bruker), having nominal resonant
frequency of 110 kHz in �uid and nominal spring constant of 0.25N/m. The
typical amplitude setpoint was set between 200mV and 350mV, and the drive
amplitude was between 900mV and 1300mV. Values used for tapping integral
gain were varying between 0.4 and 0.7.

5.4.2 Image processing and analysis

The recorded AFM images were processed and analysed using an algorithm,
based on graph theory. The custom MATLAB (The MathWorks) script soft-
ware was written by Maximilian Beckers (Institute of Biophysics, Ulm Univer-
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Figure 5.1: Flowchart diagram of the post-processing algorithm. The schematic
�owchart diagram on the left shows the main algorithmic steps for post-processing the pixel
graphics images from AFM measurements of chromatin arrays. The panels on the right show
intermediate post-processing results.

sity) [338]. In detail, the algorithm runs through the following steps (see �gure
5.1): At �rst, images were �attened by a 3rd order polynomial �t. Recognition
and reconstruction of the chromatin arrays was subsequently done in a binary
representation of the �attened image. Obvious arti�cial streaks arising from
feedback errors were removed from the data. To this end, lines of 10 connected
pixels in x- and y-direction were detected as an arti�cial streak in the binary im-
age. Every pixel of the streak was subsequently averaged in the �attened original
image by the values of the two neighbouring pixels orthogonal to the direction
of the streak and a new binary image was calculated. Arrays tend to be dis-
persed into several sets of connected pixels, especially for more loosely packed
structures. To resolve the arrays without arti�cially raising the area occupied by
arrays, an analysis scheme based on a graph theory [339] was developed, which
enables quanti�cation of topographies of structures even if constituted by more
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than one component in the binary image. To this end, every set of connected
pixels was assigned a node with its size equal to the number of pixels in the
respective set of connected pixels. Next, all nodes smaller than a user speci-
�ed minimum size were erased from the graph together with all edges incident
with the respective nodes, to ensure that not too much noise is added to the
structures. Then a maximum distance was speci�ed, which allows a connection
between two nodes only if it is smaller than the given input. The result is a graph
with nodes greater than the minimum size and edges between two nodes closer
than the maximum distance. Single structures in the remaining graph are thus
sets of nodes, which are path-connected to each other, i.e. connected sub-graphs.
To �nd the �bres in the image, we use a breadth-�rst-search algorithm [340] to
get the connected sub-graphs. As a structure in the image which contains more
than one node is not connected in the original image, these connections have to
be added for proper analysis. To interfere as little as possible, the shortest path
traversing all nodes in the respective sub-graph at least once is calculated using a
genetic algorithm [341] and the pixels on this path that are missing in the binary
image are added to the binary image of the reconstructed array. To quantify
compaction, the ratio of the volume of the chromatin array as found in the anal-
ysis to the complete area enclosed by the reconstructed array. Pixels added to
the reconstruction to get path-connections in the image were not considered for
the calculation of volumes, but for the calculation of the enclosed area. Holes
enclosed by the structure were determined with a �ood-�ll algorithm [342].

For each of the arrays ratio of the volume to the occupied area was calculated
and use as a factor determining compaction level (see section 6.3.2). For this
analysis pictures with a pixel size of 0.5 nm to 2 nm were used. Additionally,
the recorded arrays were conservatively �ltered, by discarding those that had
calculated volume equal or exceeding 200% of the theoretical volume of 25mer
array (≈10770 nm3). The Theoretical volume was calculated as sum of 25 times
volume of single nucleosome (modelled as a cylinder with height of 5.5 nm and
diameter of 10 nm).
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Chapter 6

Results and discussion

6.1 Preparation of recombinant chromatin arrays

At the time I started my PhD project, there was no established biochemistry
protocols necessary to prepare human recombinant chromatin arrays in the lab-
oratory of prof. Michaelis group. Therefore, it required me to adapt the existing
protocols to suit this task. In this section I will present the results of the key
biolab protocols previously described in chapter 4, and I will comment on the
challenges and key points concerning production of human recombinant nucleo-
somal arrays.

6.1.1 Preparation of 25mer `601' DNA

Ampli�cation of 25mer `601' DNA

The 25mer `601' DNA was ampli�ed using pUC18 plasmid in E.coli and later
puri�ed with a commercial kit (see section 4.2.2). Afterwards, the plasmid was
digested using three restriction enzymes, in a �one-pot� reaction. The one-pot di-
gestion using three enzymes (HindIII, EcoRI and DraI) was successful (see �gure
6.1). Often times it was performed over night, and no star activity of the enzymes
was observed. On the other hand side, the ampli�cation of plasmids containing
long inserts with repetitive sequences was challenging. Generally, many E. coli

strands tend to reduce the number of repeated DNA sequences. As a result of
this, reduced inserts ("mutated") are produced, which impair the homogeneity
of the generated recombinant arrays. Therefore, after every ampli�cation and di-
gestion, an agarose gel analysis was performed in order to test each sample (see
�gure 6.1). To reduce the amount of ampli�cations containing mutated `601'
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Figure 6.1: Digested pUC18 25mer `601' on 1% agarose gel. The gel shows products of
digestion of pUC18 25mer ´601' plasmid. Each lane shows DNA extracted from single culture,
prepared from single colony picked from transformation plate. All samples were restricted
in identical conditions. As a DNA ladder O'GeneRuler 1 kb Plus was used. (a)Undigested
plasmid displaying several bands due to super-coiling. (b) Properly excised 25mer `601' insert.
(c) Insert missing one or more copies of `601' sequence, probably due to mutations occurring
during transformation into E. coli . (d)Undigested plasmid backbone. (e) Pieces of properly
digested plasmid backbone.

sequences, I replaced the E. coli strain commonly used, the XL1Blue, with the
StbL3 strain, which does not contain the gene recA. The lack of this speci�c gene
leads to a lower mutation rate of plasmids with multiple sequence repetitions. It
is also important to inoculate each liquid medium with a single colony from the
agarose plate. This reduces the chance to mix the properly ampli�ed plasmid
with those originating from a mutated colony. In principle, a regular sequencing
of the plasmid could be helpful to maintain a high a�nity of the properly am-
pli�ed insert. However, the conventional sequencing techniques do not allow to
sequence such a long and repetitive DNA insert like the 25mer `601' (≈5000 bp).
Although, in 2013 the �rst long-range sequencing techniques were introduced
on the commercial market [343], those methods are still not broadly available
and are still limited by their relatively high costs (both in terms of equipment
and consumable materials) [344]. Moreover, those new techniques exhibit lower
precisions (≈12-13% error pro�le) than the traditional sequencing techniques
(≈0.1-1% error pro�le) [344]. In the end, the regular gel analysis introduced
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Figure 6.2: Biotinylation of 25mer `601' DNA. Agarose gel (1%) showing the products of
biotinylation of digested pUC18 25mer `601' plasmid. Gel shows products of two ligation reac-
tion (Biotin-DNA lanes), carried out in parallel in the same conditions. Unmodi�ed DNA (Free
DNA lane) was used as a negative control. As a DNA ladder O'GeneRuler 1 kb Plus was used.
(a) Product of ligation of 25mer `601' DNA with biotinylated oligomers. (b)Unmodi�ed 25mer
`601' insert. (c)Di�erent products of ligation of digested plasmid backbone with biotinylated
oligomers. (d)Unmodi�ed pieces of digested plasmid backbone.

above was su�cient to assure a satisfactory quality of the DNA.

Biotinylation of 25mer `601' DNA

In order to immobilise the samples inside the measurement chambers (see section
5.1) via PEG-biotin-Neutravidin-biotin linkage, it was necessary to introduce the
biotin residues at the ends of the 25mer `601' DNA. To achieve that, the puri�ed
and digested DNA was ligated together with short oligomers containing biotin
(see section 4.2.4). Successful incorporation was tested usig gel electrophoresis
(see �gure 6.2). The observed shift between unmodi�ed DNA (b) and the 25mer
`601' after ligation (a) proves the successful incorporation of biotin oligomers.
The biotinylated DNA was then used in the assembly of the chromatin arrays
designed for STORM and STED imaging (see �gures 6.12b and 6.13). The
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same biotin-modi�ed oligomers could also be used (using the same digestion and
ligation protocols) to add additional biotin to site-speci�c labelled DNA prepared
for smFRET experiments (see section 6.4).

6.1.2 Expression and puri�cation of human recombinant

histones

For expression and puri�cation of recombinant human histones I adopted the
protocol from Klinker and colleges [328], designed for Drosophila histones. The
protocol is based on simple over-expression, induced with IPTG, and followed by
mechanical lysis of cells (see sections 4.3.1 and 4.3.2 for details). The puri�cation
of histones is divided into two FPLC steps: The �rst step is cation exchange in
a high urea bu�er, in order to bind highly positively charged histones to the
column (see �gure 6.4). Then, after ON dialysis into water, anion exchange
chromatography is performed (see �gure 6.5), to separate puri�ed proteins from
the DNA bound to them.

PC BC INC M CSN CP SP

H4 −→

100

30

25
20

15

10

Figure 6.3: Human histone H4WT expression and lysis. SDS gel (17% PAA) of samples
from expression (PC- pre-culture; BC- big culture before induction; INC- big culture after
2 h from induction time-point), harvest (CSN- culture supernatant; CP- culture pellet) and
lysis (SP- pellet after sonication) of human recombinant histone H4. M is Protein Marker LR
Unstained (Thermo Fisher Scienti�c). Samples were stained with Brillant blue R250 solution.
The thick band corresponding to histone H4WT (H4) is marked with an arrow. All the other
protein bands are corresponding to bacterial proteins.
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The expression protocol is straightforward and the only di�culty is the in-
duction of a big culture: It is critical to induce cultures with an OD600 between
0.5 and 0.65 and after induction incubate cultures no longer than 2 h (or 3 h in
case of H4 histone). The over-expression of histones can be highly cytotoxic for
bacterial cells, it is thus important not to overgrow the cultures. The typical
yields for expression and puri�cation were varying between 12mg up to 40mg of
protein out of 6 L of culture, varying between di�erent histone types and batches.
Such relatively high yields allowed me to perform at least 2 di�erent octamer as-
semblies (4.3.3) from each single batch of histones. The histones expression was
veri�ed by SDS-PAGE electrophoresis (see �gure 6.3, lanes PC, BC and INC).
After expression, the cells were harvested and the pellets were stored in -80°C
until puri�cation. The lanes CSN and CP in �gure 6.3 show SDS samples from
the supernatant and the pellet of a harvested culture, respectively. The empty
CSN lane con�rms that all proteins are still contained in cells and the over-
expressed histones were not secreted into the medium. It also proves that the
centrifugation speed and time were properly adjusted, to collect the vast major-
ity of the material. The CP lane shows a the more intensive band, marked with
an arrow in �gure 6.3. This band highlights the expressed histone H4.

Since the crude cell lysate is used directly for ion exchange, it is mandatory
to properly perform lysis of cells and afterwards �lter the samples su�ciently
before the FPLC run. This step is necessary since, if the crude lysate blocks
the column, it could lead to signi�cant overpressure during the chromatography,
making the run signi�cantly slower, if not even impossible. In extreme cases it
might also lead to a blockade of the columns �lters or a squeezing of the col-
umn resin, thereby destroying the column. In the original protocol [328] the
French Press was used prior to the sonication (2min. e�ective sonication time).
As a substitute of the French Press, which is not available at the Institute of
Biophysics, I used a Potter-Elvehjem-type tissue grinder and extended the son-
ication time to 4 minutes. After centrifugation, the supernatant was �ltered,
using multiple e�ective syringe �lters (5µm �rst, followed by 0.45µm diameter).
The supernatant usually is very viscous, since it is containing big amounts of
cellular DNA bound to over-expressed histones. Hence, the �ltration requires
signi�cant physical strength and a frequent exchange of the �lters (typically ev-
ery 2-5mL of �ltered liquid). I tested several �lters available on the market,
including bottle �lters employing vacuum. The �ltration using vacuum �lters
was ultimatelty ine�cient: Although the vacuum �lters were bigger than syringe
�lters, they were blocked relatively fast. From all the tested syringe �lters the

73



CHAPTER 6. RESULTS AND DISCUSSION

 0

 1000

 2000

 3000

 4000

1A1 1A6 1A11 1B9 1B4 1C2 1C7 1C12 1D8

 10

 20

 30

 40

 50

A
b
so

rp
ti
on

 [
m

A
U

]

C
on

d
u
ci

vi
ty

 [
m

S
/c

m
]

Elution fractions

H3WT human histone, HiTrap SP FF

A276nm
A260nm

Gradient

1

2

(a)

A4       A7        A9      A10       M     A11      A12      B9       B8       B7           B6        B5        B4       M       B3       B1       C3        C4        C5       FF

100

30

15

10

100

30

15
10

i −→
h −→ ←− i

(b)

Figure 6.4: Human histone H3WT puri�cation on cation exchange column. (a) Partial
chromatogram of ÄKTApuri�er run using two HiTrap SP FF 1ml columns in tandem, showing
only part of elution that was fractionated. In blue and green are marked absorption values
for 276 nm and 260 nm respectively. In red the conductivity in mS/cm is depicted in order to
present the used salt gradient. The �rst peak (1), collected into fractions A11 to B4, contains
mainly pure histone H3WT (band h on the gel below). The second peak (2) contains lower con-
centrations of histone H3WT (h) and bigger amounts of impurities (i). For full chromatogram
refer to the appendix C. (b) SDS gel (17% PAA) of samples from chosen fractions of ÄKTApu-
ri�er run shown above. M is Protein Marker LR Unstained (Thermo Fisher Scienti�c), FF is
a �ow-through fraction, A4-C5 are samples from respective wells in fraction collector. Samples
were stained with Brillant blue R250 solution. Bands corresponding to histone H3WT (h) and
two di�erent bands of minor impurities (i) are visible at heights corresponding to ≈30 kDa and
≈10 kDa.
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Figure 6.5: Human histone H4WT puri�cation on anion exchange column. (a) Partial
chromatogram of ÄKTApuri�er run using HiTrap Q HP 1ml column, showing �ow-through
(FF),containing puri�ed protein, and only part of elution (peak 1 containing DNA). In blue and
green are marked absorption values for 276 nm and 260 nm respectively. In red the conductivity
in mS/cm in depicted in order to present the used salt gradient. For full chromatogram refer
to the appendix C. (b) SDS gel (17% PAA) of sample taken just after dialysis (D) and from
�ow−through fractions (FF) of ÄKTApuri�er run showed above. M is Protein Marker LR
Unstained (Thermo Fisher Scienti�c). Samples were stained with Brillant blue R250 solution.
The thick band corresponding to histone H4WT (h) as well as thin bands of impurities (i) are
visible.

best e�ciency of �ltration was achieved with Whatmann, GE Healthcare �lters.

The products of cell lysis, after the centrifugation, were tested on SDS-PAGE
gel (see �gure 6.3, lanes SP, SSN1 and SSN2). Although the supernatant (SSN1
and SSN2 lanes) contained relatively big amounts of over-expressed protein, it is
clear that in the pellet (SP) there are still some intact cells present, containing
the expressed histone. It is possible, that a more e�cient mechanical lysis could
increase the �nal e�ciency of expression and puri�cation. After I �nished my
bio-laboratory work in the Institute, a new homogeniser (PandaPLUS 2000, GEA
Niro Soavi) was acquired. Other PhD students employed it for cell lysis, and
reported signi�cant increase in their expression/puri�cation protocols. Similarly,
I would expect to observe the same improvement for histone puri�cation.

The �rst step of chromatography was performed using a tandem of two 1mL
columns (HiTrap SP FF, GE Healthcare). Using only one 1mL column was not
su�cient for the amount of expressed proteins from a single batch, since in the
�ow-through fraction still big amounts of histones were detected. The producer of
the columns o�ers also bigger, 5mL columns, however, their diameter is increased
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while having the same height. This leads to a broadening of the chromatography
peaks, thus worse separation of peaks and bigger dilution of the �nal product.
Therefore, after preliminary tests with 5mL column, I decided to apply a tandem
of 1mL columns, increasing the height of the column, while keeping its diameter
constant.

The partial chromatogram of an exemplary cation exchange run, together
with the corresponding SDS-PAGE gel, is shown at �gure 6.4. The chromatogram
contain two peaks: The �rst (marked as 1 on the chromatogram), correspond-
ing to fractions from A11 to B6, contains big amounts of the expressed histone
(marked as h on the gel) and minor amounts of impurities (i) of MW around
30 kDa. The second one (2 on chromatogram), corresponding to fractions from
B5 to C5, contains visibly smaller amounts of histone H3 and two types of im-
purities: In addition to 30 kDa impurity, another one of MW≈10 kDa is shown.
Those two impurities were observed in all four histones, regardless of the expres-
sion batch. The smaller impurity (≈10kDa) could be in fact a product of histone
degradation, hence the second peak, which contains it, was never collected.

Isocyanate (products of urea degradation) can irreversibly modify proteins
[345]. Hence, it is extremely important to always use fresh SAU bu�ers (not older
than 24-48 h) and never store histones in them. Consequently, it is important to
conduct the dialysis step against water shortly after a cation exchange run. The
urea is a reaction product of isocyanate and amines. Accordingly, addition of
lysine to SAU bu�ers prevents carbamylation of histones [328], therefore lysine
should always be included.

The second step of puri�cation is conducted in order to separate unspeci�cally
bound DNA strands from histones. Therefore, after the dialysis, Tris-HCl is
added to water solution of histones to a �nal concentration of 15mM. In such
a conditions, DNA binds to the strong anion-exchange column (HiTrap Q HP,
GE Healthcare, see �gure 6.5 (a)), while histones do not bind to the column and
are detected in the �ow-through fraction (FF). Afterwards, DNA is eluted from
the column with increasing salt gradient, in order to clean the resin. The bound
DNA is shown on the chromatogram as multiple sharp peaks. These peaks are
signalled by a higher absorption intensity at 260 nm wavelength with respect to
276 nm, opposed to the proteins, which instead show larger absorption at 276 nm.
On the partial chromatogram in �gure 6.5 only one peak (1) is visible, while the
full chromatograms presented in appendix C) display multiple peaks.

The protein pro�le looks unaltered by the anion chromatography (compare
lanes D and FF on SDS-PAGE gel on �gure 6.5 (b)). The main band of expressed
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Figure 6.6: Chromatogram of size exclusion of WT histone octamers. Partial chro-
matogram of ÄKTApuri�er run using HiLoad Superdex 200 16/600 pg column, showing only
part of elution that was fractionated. In blue and red are marked absorption values for 276nm
and 260nm respectively. For full chromatogram refer to the appendix C.

histone (h) is visible alongside minor bands of impurities (i). I did not observe
a negative in�uence of the impurities on the octamer assembly. Most likely, the
impurities were removed during size-exclusion following octamer assembly, hence
they were never observed in the octamer fractions (see �gure 6.7).

The puri�ed histones were aliquoted (1mg aliquots), rapidly frozen in liquid
nitrogen and stored in -80°C. In these conditions they can be kept for several
months up to a few years. All the puri�cation steps, unless otherwise stated,
were performed in 4°C or on ice.

6.1.3 Histone octamer assembly

Assembly of histone octamers was performed according to the long established
protocols from Luger et al. [345, 346]. The procedure is based on unfolding
histones in a high guanidinium chloride bu�er, mixing them together and then
refolding them via over night dialysis (see section 4.3.3 for details). Afterwards,
the octamers are separated from side products (aggregates, tetramers and dimers)
via size exclusion chromatography. Similarly to bu�ers containing high amounts
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Figure 6.7: SDS gel (17% PAA) of samples from chosen fractions of ÄKTApuri�er
size-exclusion run of histone octamers. M is Protein Marker LR Unstained (Thermo

Fisher Scienti�c), C7-D12 are samples from respective wells of second plate in fraction collector
(the main peak containing histone octamers). Samples were stained with Brillant blue R250
solution. Bands corresponding to each of four histone (H3, H2A, H2B and H4 from top to
bottom) were marked with respective arrows.

of urea (compare section 6.1.2) the bu�ers containing guanidinum chloride should
also be prepared freshly and used within 24 h. Also, the unfolding of histones
should take at least 30min. but no longer than 3 h [328,345,346].

A crucial part of protocol is to measure properly the concentration of each
aliquot of histones, in order to properly calculate the ratios of histones for re-
folding. Poorly chosen respective amounts of proteins can lead to a high rate
of aggregation, an increased amount of dimers and/or tetramers, and thus to
lower �nal concentrations of octamer. In extreme cases, a total loss of proteins
can occur. Therefore, it is important to measure the concentration against the
unfolding bu�er and to measure both absorption values at 276 nm and 320 nm.
The histones contain a small amount of aromatic amino acids, consequently the
absorption maximum is a bit shifted to the lower wavelengths than for typical
proteins, which is 280 nm. The absorption value at 320 nm indicates an amount
of aggregated proteins and should be used to correct the 276 nm value [345].
Since it is possible that di�erent batches of histones will behave di�erently, it is
advised to always use all the aliquots of the single histone from the same batch.

Often, after the refolding, some fraction of proteins precipitates in the dialysis
tube. Hence, it is essential to remove those aggregates from the solution by cen-
trifugation. If the amount of precipitated protein is big (white "snow�ake-like"
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precipitant reaching 0.5 cm or more of tube hight), it is necessary to measure the
protein concentration before the size-exclusion run. In case, when the concentra-
tions are really low, it may happen that the refolding did not proceed correctly.
In such cases, I repeated the unfolding-refolding protocol with histones from
di�erent batches.

The separation of octamers from the side-products of refolding is accom-
plished by a size-exclusion chromatography. Figure 6.6 shows a partial chro-
matogram from a typical puri�cation of octamers. Four peaks are clearly visible,
belonging to protein aggregates, octamers, tetramers and dimers respectively.
The slight shoulder tailing of the octamer peak towards later elution volumes
(right side) indicates that the late eluting octamers can be contaminated with
hexamers and/or H3-H4 tetramers [328]. Theoretically, the proper stoichiometry
of histones could be tested for each fraction via electrophoresis. However, this
is challenging in practice: It is impossible to test samples on a native gel, since
the histones have highly positive charge and would escape the pockets instead
of running into the gel. The only possibility is to run a SDS-PAGE gel (see
�gure 6.7). Nevertheless, it is di�cult to access a stoichiometry of histones on
the gel, especially in the fractions containing the samples from the sides of main
peak. As shown on �gure 6.7, the protein bands in lanes B1, C6 and C7 are
on the border of detection for Brillant blue R250 solution. Additionally, a high
concentration of salt in the bu�er in�uences negatively the gel (�smearing� of
bands). Alternatively, the gel could be stained with, for example, silver stain.
However, the sensitivity of such staining agent is often strongly dependent on
the amino acid composition of the proteins [347], therefore it cannot be used
to access relative concentrations. Another pathway could be to concentrate the
proteins from separate fractions. Nonetheless, the chromatography fractions are
relatively small (500µL) and contain strongly diluted proteins. Additionally, hi-
stone octamers, due to their highly positive charge, tend to stick to vessels [348].
Hence, the concentrating of single fractions could lead to signi�cant protein loss.
After all these considerations, it is preferable to conservatively pool the peak,
leaving out the shoulder tailing.

The pooled fractions were concentrated, mixed with glycerol to a �nal con-
centration of 40% (v/v) and stored at -20°C.
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Figure 6.8: SDS-PAGE gradient gel (4%-20% PAA) of labelling reaction products.
(a)Green excitation channel picture taken using Typhoon Imager (GE Healthcare) at 532 nm
wavelength. All four lanes depict octamers containing H2AN110C mutant histone after reaction
with CyTM3B maleimide carried in the same conditions. The samples were di�erentiated
between the lanes, because they were separately puri�ed from free dye. The H2AN110C histone
with CyTM3B dye is marked with an arrow (H2A-Cy3B). (b)The same gel as in (a) after
silver staining with PlusOneTM Silver Staining Kit (performed according to producer protocol).
As the protein marker (lane described with M) the Precision Plus ProteinTM Dual Color
Standard was used. Only three bands corresponding to histones are visible (indicated with
arrows), because the molecular weight di�erence between H2A and H2B histones is to small
too separately visualise those two histones (H2B/H2B) on gradient gel.

6.1.4 Histone octamer labelling

The site-speci�c labelling of single cystein mutants in human histone octamers
was successful (see section 4.3.4 for details). All three di�erent H2A mutant
variants were labelled with e�ciencies varying between 20% to 60%. The pH of
the labelling bu�er is crucial for the successful reaction of the maleimide with
the cystein side chain, and should be kept between 6.5 and 7.0. The speci�city of
the reaction was dependent on the dye. Good results were achieved with CyTM5,
CyTM3B and Alexa Fluor®647, however ATTO 550 was �sticking� to all four
histones within the octamer, indicating some non-speci�c reaction of the dye
with the proteins.

Figure 6.8 shows the products of the labelling reaction of octamers contain-
ing H2AN110C mutant with CyTM3B maleimide conjugate. On the left (a) the
gradient (4%-20%) gel was imaged with a green excitation laser at 532 nm wave-
length and it shows a single protein band, corresponding to the labelled H2A
mutant. It is important to notice, that on the gel no free dye is visible, which
con�rms that the removal of the free dye was successful. On the right (b) the
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same gel is shown, after staining with PlusOneTM Silver Staining Kit. Three
di�erent protein bands are visible, corresponding to each of the four histones.
From top to bottom: The band belonging to H3C110A is visible (H3). Then,
a thicker band belonging to both H2AN110C and H2B histone (H2A/H2B) is
shown. The last, faint band belongs to histone H4 (H4). The small di�erence
between molecular weights of H2A and H2B histones did not allow to separate
those two histones while using gradient gel, and thus appears as a single, thick
band. However, running products of the labelling reaction on the gradient gel is
necessary to detect traces of free dye, which has very small molecular weight (in
comparison to proteins). As previously mentioned (section 6.1.3) the intensity of
protein bands stained using silver depends highly on amino acid composition of
the proteins [347], therefore the di�erence between the bands do not necessarily
indicate di�erent concentrations of histones.

The alternative, non-site-speci�c labelling protocol was not successful. The
succinimide ester conjugates are reacting with NH-groups of lysines. The nega-
tive results may indicate that all the lysines' residues contained in human histones
are inaccessible due to protein folding as well as protein-protein interactions.
However, after an in-depth analysis of lysine positions within the histone oc-
tamer (especially number of lysines in histone tails), such an explanation seems
highly improbable. Since the labelling using cystein residues brought satisfac-
tory results, the NHS-ester protocol was tested only twice. For this protocol I
used Alexa Fluor®647 NHS Ester, that was used before by other students in
the Institute. Therefore, it is possible that the employed dye conjugate lost its
reactivity due to a long and/or inappropriate storage.

6.1.5 Chromatin array assembly

Chromatin arrays were assembled from human recombinant octamers and 25mer
�601� DNA (NRL=197 bp) following thr protocol described in section 4.4. The
di�culty of the protocol lies in choosing a proper range of titration ratios. If the
wrong titration range is chosen, all of the prepared samples may be under- or
over-saturated. Consequently, it is advised for the �rst assembly to use bigger
steps, covering a broader range of titrations. Afterwards, the titration steps can
be resized, covering a narrower range but with larger sampling. However, it is
crucial to estimate properly the amounts of the biological material used in each
assembly. Therefore, it is important to properly measure the concentrations of
both the DNA and the octamers. The protein complex measurement should be
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Figure 6.9: Native agarose gel of chromatin arrays assembly. For �rst step of quality
control a 0.7% agarose (Biozym LE GP Agarose), 0.2xTB gel was used. As a DNA ladder
O'GeneRuler 1 kb Plus was used (marked as M). IN stands for INPUT samples, SN for SU-
PERNATANT samples, F for puri�ed arrays and fD for free, digested pUC18 25mer `601'
plasmid, used as reference. (a) 25mer `601' DNA shifted upwards, due to packing with histone
octamers. (b) 25mer 601' DNA without any proteins. (c) Three bands corresponding to the
competitor DNA. (d) The competitor DNA shifted upwards, due to saturation with histone
octamers.

performed as the measurement of single histones, that was previously explained
in detail in sections 4.3.2 and 6.1.3. Since the DNA is used in the assembly
protocol in high concentrations, it is important to ensure that the measured
concentration is within detection range of the spectrophotometer used. Often
times, it can be necessary to dilute the sample up to a 100 times before the
absorption measurement.

The assembly of chromatin is achieved by gradient dialysis from high to low
salt bu�er. Afterwards, the samples are collected and the arrays are separated
from free DNA and competitor DNA by magnesium precipitation. In case of
largely over-saturated arrays, the precipitation can occur without the use of
magnesium and be observed as a DNA concentration drop during the �rst two
centrifugation steps. During the precipitation protocol several samples for native
agarose gel are collected. A typical gel from the array assembly is presented on
�gure 6.9. For each titration three di�erent samples are collected: input (IN)
sample, collected before the addition of magnesium chloride and containing both
the assembled arrays and competitor DNA; supernatant (SN) from the precipita-
tion, which should contain only competitor DNA; and puri�ed arrays (F). Beside
the DNA ladder an unpacked, digested plasmid pUC18 25mer `601' was used as
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Figure 6.10: AvaI digestion test of chromatin arrays. This picture shows results of AvaI
restriction test of chromatin arrays on 1.1% agarose, 0.2xTB gel. Gel was stained with ethidium
bromide and as a DNA ladder O'GeneRuler 1 kb Plus was used. (a)Monomer of `601' sequence.
(b)Competitor DNA not separated properly during precipitation with MgCl2. (c)Additional
bands due to over-saturation with histone octamer.

reference. Consequently, a shift between the unpacked 25mer `601' band (b)
and the 25mer saturated with octamers (a) in the array lane can be observed.
Also, a shift of competitor DNA bands (compare c and d on �gure 6.9) in both
input lanes can be observed. The '601' sequence has very high a�nity towards
histone octamers. Hence, the binding of octamers to competitor DNA is a sig-
nature that the arrays are not under-saturated in those titrations. Nevertheless,
to properly access the saturation of the respective samples, additional digestion
tests have to be conducted. A sketch of such a digestion tests is illustrated in
�gure 4.2 and described in detail in section 4.4.2. Concisely, each repetition of
the `601' DNA contains two digestion sites: AvaI in the linker DNA and AluI in
the nucleosomal DNA. Consequently, properly saturated arrays are not digested
by AluI restriction enzyme. Instead, they are cut into 197 bp pieces by AvaI
endonuclease.

On �gure 6.10 a gel showing samples after the AvaI digestion test is presented.
In all tested titration lanes (0.7-1.2), a band corresponding to single `601' mers is
present (a). Additionally, traces of competitor DNA (b) are visible in all lanes.
However, in lanes 1.0, 1.1 and 1.2 additional bands (c) are detected. Those pieces
of DNA belong to multiple copies of `601' DNA, proving that some of the AvaI
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Figure 6.11: AluI digestion test of chromatin arrays. This picture shows results of AluI
restriction test of chromatin arrays on 1% agarose, 0.5xTBE gel. Gel was stained with ethidium
bromide and as a DNA ladder O'GeneRuler 1 kb Plus was used. Uneven height of main band
between the samples might be explained by not fully successfully removal of proteins in reaction
with ProteinaseK.

restriction sites are blocked by histone octamers.

The results of the AluI digestion test is presented in �gure 6.11. In all lanes
(0.7-1.2) a main band around 5000 bp, corresponding to the full 25mer `601'
DNA, is present. The height of those bands is uneven between the samples.
However, this can be easily explained with a not complete removal of the histone
octamers in reaction with ProteinaseK. Additionally, in lanes 1.0, 1.1 and 1.2
several shorter DNA strands are visible. This proves that some of the AluI restric-
tion sites were exposed to the restrictase. This can happen in two cases: When
arrays are under-saturated, some of the `601' DNA sequences are not occupied
by the octamer, exposing the AluI digestion site. Alternatively, the restriction
site can be also exposed in case of over-saturated arrays. In this scenario, the
octamers will be shifted aside from the positioning sequence, uncovering some of
the palindromic sequences recognised by the enzyme.

The comparison of results from both tests (�gure 6.10 and 6.11) con�rms that
the samples from titration 1:1.0 and higher contain over-saturated arrays. The
additional information from the native gel (�gure 6.9) relates to octamers bound
both to the 25mer `601' DNA and to the competitor DNA. This analysis allows
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to choose sample 1:0.9 as the one containing properly saturated arrays.

The aforementioned results show that the chromatin arrays can be assem-
bled from recombinant human histone octamers and arti�cial DNA containing
the `601' positioning sequence. The native gel with samples from the precipita-
tion procedure combined with digestion tests can provide enough information to
unambiguously choose the properly saturated arrays.

6.1.6 Summary of the molecular biology protocols

During my PhD project I established all the laboratory protocols necessary to
prepare human recombinant chromatin arrays. The biggest setback of those
protocols is their long preparation time. Expression and puri�cation of a single
histone takes 5 days, thus preparation of all four histones takes 4 weeks. However,
experienced personnel can partially express and purify histones in parallel, reduc-
ing this time to 12-15 days. Such a procedure requires a lot of good organisation
and access to all necessary the equipment, which normally is sheared by several
co-workers of the lab environment The octamer assembly and octamer labelling
take 2 days each, although their have long �waiting� times. Consequently, in the
same days the 25mer `601' DNA can be prepared, without big organisational
e�ort. The assembly of arrays, together with all the digestion tests, takes 4 to 5
days on average and cannot be sped up. Summarising, even with an optimised
organisational e�ort the preparation of full arrays takes typically 4 to 5 weeks.

Regardless of time constrains of array preparation, recombinant arrays are
an acknowledged model system for chromatin studies [36]. They are preferred
over native chromatin because of their well-de�ned features (NRL, homogeneous
histone octamers) and consistent sample quality [188,327]. Moreover, expression
of human histones in E. coli guarantees the lack of any PTMs, unless intentionally
introduced.

6.2 Super-resolution �uorescent imaging

The goal of my PhD project was initially to (non-speci�cally) label the chro-
matin arrays with organic �uorescent dyes for imaging, using both stochastic op-
tical reconstruction microscopy (STORM) and stimulated depletion microscopy
(STED). The decision to employ super-resolution techniques stems from the small
size of the chromatin arrays: As described in details in introduction (see sections
2.1 and 2.4), the cross section of a single nucleosome is about 10 nm and, ac-
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cording to published models [4, 6], a condensed chromatin �bre in vitro has a
cross section of about 30 nm, while the length of an array is on the order of 100
nm, depending on the number of nucleosomes involved. Structures of such small
dimensions cannot be visualised with a traditional light microscope due to the
di�raction limit, therefore super-resolution �uorescence techniques can be used
to resolve details of structures smaller than 200 nm (see section 3.1). Addition-
ally, one can take advantage from using the two techniques together as they have
complementary speci�cations: While STORM has better resolution (achievable
5-10 nm lateral resolution [349]) than the STED (≈40 nm according to [322]), it
generally requires long measurement times. This makes STORM applicable only
for experiments featuring stable structures. In turn, STED microscopy allows
fast image acquisition times, which makes observing dynamics possible. More
technical detail about both methods are described in sections 3.3.3 and 3.3.4.

10µm

(a) Wide �eld

200 nm

200 nm

1

2

(b) Reconstruction

Figure 6.12: STORM imaging of chromatin arrays. (a) Wide �eld image of chromatin
arrays labelled with Cy5 dye at the position H2AN110C. Immobilization using spermidine-
covered objective slide is employed. (b) 1-Reconstructed picture of chromatin arrays labelled
with Cy5 dye at position H2AK120C. Immobilization using PEG-biotin-Neutravidin-biotin on
cover slide is employed. 2-The reconstruction of the same data as in 1 with additionally applied
Gaussian blur of width 21.7nm.

The measurements were performed as earlier described in sections 5.2 and
5.3. Images from both �uorescent microscopies did not reveal any underlying
structure. Both reconstructed STORM images (see �gure 6.12 b) and STED im-
ages (see �gure 6.13 b) showed multiple single �uorescent spots. Further analysis
(photon count per �spot�) con�rmed that most of the visible spots in fact origi-
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(a) Confocal (b) STED

Figure 6.13: STED imaging of chromatin arrays. Image of chromatin arrays labelled with
Atto590 at the position H2AK120C. Immobilization using biotinPEG - neutravidin- biotin on
cover slide is employed. (a) Confocal image. (b) Super-resolution image with STED. Each
panel consists of image of full scan size (19.4µmx19.4µm) and zoomed section (left bottom
corner), representing an area of 5µmx5µm.

nate from single �uorophores, while only a small fraction from two dye molecules.
With a labelling e�ciency between 40% and 60% per octamer, it would be ex-
pected to see a signal from 10 to 15 �uorescent molecules per �spot�. This results
indicates, that arrays are probably not stable in such measuring conditions and
eventually disassembling into DNA strands and single octamers. To con�rm
this hypothesis and investigate the in�uence of the contact with a surface on
chromatin arrays, I decided to switch to atomic force microscopy (AFM).

6.3 Atomic force microscopy imaging

Preliminary tests for the di�erent imaging modes (namely contact mode in air
and tapping mode in liquid) and conditions (immobilisation with bivalent ions
and with poly-L-lysine; di�erent salt conditions) were performed by Michael
Budde on MFP3D AFM (Asylum Research) and described in details in his PhD
thesis [350]. The �rst measurements con�rmed our hypothesis: that (i) chromatin
arrays are unstable while immobile on surface and (ii) proper conditions have to
be found, to assure their preservations throughout the measurement. In the
outcome of M. Budde's studies, he concludes that imaging of nucleosomal arrays
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in the open conformation (�beads on a string�) was easily achieved, while imaging
of more condensed structures was not achievable. He pointed out importance of
imaging in liquid using tapping mode and use of softer cantilevers, to preserve
the actual arrays state, without deforming the structure with more destructive
AFM modes.

In the year 2014, Institute of Biophysics acquired new AFM instrument: the
Dimension FastScan BioTM Atomic Force Microscope (Bruker). It is speci�-
cally designed for high-resolution scanning of biological samples and molecular
complexes. Additionally, the use of high quality, uniquely shaped AFM probes
allowed imaging of fragile biological molecules with high scanning speed and
without deforming the sample.

The �rst imaging attempts with the new equipment were performed with
the help of the Master student Salina Quack and are summarised in her Master
thesis [351]. The imaging performed using a Dimension FastScan BioTM AFM
exceeded expectations towards quality of the obtained images (see �gure 6.14).
As a consequence, I decided to adopt this microscopy technique as preferable
method to further investigate the in-solution compaction of nucleosomal arrays
and their salt-dependence. Later in this section I will present imaging results
of chromatin arrays in di�erent sodium chloride concentrations. This parts of
the dissertation was at time of writing submitted for publication in open access
journal and was published [338] shortly before submission of the thesis.

6.3.1 Imaging of chromatin arrays

In order to image di�erent compaction states of chromatin arrays I used the
surfaces with high density of electrostatic charges. This allowed for transfer of
arrays from solution to the surface without the freedom to rearrange, thus pre-
serving the in-solution structure. To achieve this, I used (previously tested by
M.Budde [350]) high molecular weight poly-L-lysine adsorbed on freshly cleaved
mica (see section 5.4.1), which has been shown to e�ectively attach DNA preserv-
ing its in solution characteristics [281,282]. Experiments on free DNA molecules
show that there is very limited interaction with the poly-L-lysine surface and
the in-solution state of the molecule is well preserved (see �gure 6.15). When
attaching nucleosomal arrays to poly-L-lysine surfaces, in solution characteris-
tics are also preserved, since the rapid transfer from solution to the surfaces is
happening without the freedom to rearrange upon binding. Due to this rapid
binding, the in-solution structure is preserved, a procedure that resembles rapid
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(c) 75mM NaCl
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Figure 6.14: AFM imaging of chromatin array under di�erent salt concentrations.
Data showing arrays in (a) 10mM Tris, 0 mM NaCl; (b) 10mM Tris, 30 mM NaCl; (c) 10mM
Tris, 75 mM NaCl; (d) 10mM Tris, 250 mM NaCl. Each panel consist of AFM image of single
array showed together with height plot of marked cross-section (dark blue). The AFM pictures
were chosen to best represent the average compaction level of corresponding sodium chloride
concentration. First published in: [338].
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freezing preparations for electron microscopy. This protocol yielded strongly at-
tached arrays, which can be imaged using non-contact tapping mode AFM in
liquid, without additional chemical cross-linking. Importantly, this attachment
scheme uses DNA electrostatic interactions with the surface, while the protein
interfaces remain intact. While the poly-L-lysine coating of the mica substrate
increases the surface roughness this resulting volumetric contribution is negligible
as compared to topography of the imaged arrays (see appendix D.2).

0.0

2.5

5.0

7.5

10.0 nm

(a) 0mM NaCl

0.0

2.5

5.0

7.5

10.0 nm

(b) 75mM NaCl

0.0

2.5

5.0

7.5

10.0 nm

(c) 250mM NaCl

Figure 6.15: Exemplary AFM images of DNA on poly-L-lysine surfaces. I used DNA
from the digested pUC18 plasmid to investigate the in�uence of the surface on the shape of
the DNA molecules. Independent of salt concentration I typically observe smoothly bending
polymers with estimated persistence lengths close to the in-solution value. Exemplary images
for (a) 10mM Tris, 0mM NaCl; (b) 10mM Tris, 75mM NaCL; (c) 10mM Tris, 250mM NaCl
are shown. First published in: [338].
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6.3.2 Salt-dependent compaction of chromatin arrays

I used in situ AFM imaging to study the conformation of chromatin arrays as
a function of the sodium chloride concentration. Di�erent salt concentrations
yield the arrays in varying compaction states. For each salt concentration, I
collected a su�cient amount of images (compare table 6.1 and �gure 6.16) in
order to perform a statistical data analysis of array compaction (see section 5.4.2
and �gure 5.1). In order to quantify array compaction from noisy AFM data,
Maximilian Beckers developed an e�cient algorithm based on graph theory (see
section 5.4.2) to compute the ratio between the volume of each single array and
the surface area occupied by it (see �gure 6.17). This ratio was used as a factor
determining the compaction state of single arrays.

I recorded images for eight di�erent salt concentrations from 0mM to 500mM
of NaCl (see �gure 6.16). For each NaCl concentration I analysed individual ar-
rays and constructed histograms of observed compaction (see �gure 6.16). These
histograms are �tted by Gaussian functions and the results are summarised in
table 6.1. One should note that for all salt concentrations I observe rather broad
histograms, indicating a dynamic compaction and decompaction of the arrays in
solution. Previously, in salt dependent array compaction studies using analytical
ultra-centrifugation, also inhomogeneous distributions have been reported [218].
When comparing the centre of the Gaussian functions for di�erent NaCl one
realized a non-monotonic behaviour of the array compaction (see �gure 6.17 and
table 6.1). Analysed data show an increase in compaction between 0mM and

Analysis of AFM data

NaCl Vol./area SE SD Analysed
(mM) (nm3/nm2) (nm3/nm2) (nm3/nm2) arrays
0 1.291 0.015 0.551 100
20 1.422 0.032 0.732 83
30 1.613 0.021 0.879 158
50 1.227 0.018 0.420 83
75 1.236 0.030 0.724 88
110 1.469 0.027 0.656 49
250 1.785 0.014 0.372 31
500 1.915 0.064 0.636 9

Table 6.1: Summary of the analysed AFM data. Table shows mean values of Gaussian
distributions �tted to histograms of each analysed salt concentration, together with its stan-
dard deviation, standard error and number of analysed arrays images per subset of data. All
corresponding histograms together with �tted Gaussians are presented in 6.14. First published
in: [338].
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Figure 6.16: Salt-dependent chromatin array compaction. Shown are histograms (blue)
of chromatin arrays analysed by AFM to extract volume and area of each array. Plotted is the
volume over area ratio. In black the Gaussian �ts for each histogram are presented. (a) 10mM
Tris, 0mM NaCl. (b) 10mM Tris, 20mM NaCl. (c) 10mM Tris, 30mM NaCl. (d) 10mM Tris,
50mM NaCl. (e) 10mM Tris, 75mM NaCl. (f) 10mM Tris, 110mM NaCl. (g) 10mM Tris,
250mM NaCl. (h) 10mM Tris, 500mM NaCl.
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Figure 6.17: Salt-dependent compaction of the chromatin arrays. Depicted are the
mean values of ratio between the volume of arrays and the surface area occupied by them,
plotted against increasing NaCl concentrations (red line). Each point represents a di�erent salt
concentration and has depicted standard error (red line). The colour coded stripes represent
the normalised (area equal to 1) Gaussian distribution for each salt concentration, displaying
a fairly low heterogeneity. First published in: [338].

30mM salt, followed by a drop of compaction for values between 50mM and
75mM NaCl. Further increase of salt, from 110mM to 500mM sodium chloride,
yields a gradual increase in arrays' compaction.

This quantitative observation also becomes visible, when comparing the AFM
images for di�erent salt concentrations directly. In the less compacted state in-
dividual histone octamers are clearly separated by the connecting linker DNA
(see �gure 6.14c). On the other hand, when imaging highly compacted arrays
(see �gure 6.14d) free DNA is only visible at the outside of the array, while at
the inside neighbouring nucleosomes are tightly associated with each other. Ad-
ditionally, a cross-section through the array shows an increase in average height
of the whole structure. In order to explain this surprising complexity of salt in-
�uence on arrays, one needs to include at least three important energetic factors
in a physical model of array compaction.

Previous studies of mononucleosomes have investigated two opposing e�ects
on the salt-dependent stability of mononucleosomes [24]. First, increasing salt
concentration reduces the ionic interactions between negatively charged DNA
and positively charged histone octamers due to electrostatic screening. As a
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result the stability of mononucleosomes has been reported to decrease in this
low to intermediate salt condition regime and also partially disassembled states
have been observed where H2A/H2B dimers are partially disengaging from the
rest of the structure. While a disengagement within the array is unlikely due to
the inter-nucleosomal interactions, still one would expect to observe an energetic
e�ect.

Secondly, it has been shown that higher salt concentrations are favourable for
the histone-histone interactions due to electrostatic screening and the screening
induced hydrophobic e�ect, hence providing the stabilising energetic contribu-
tion for the stability of the mononucleosome. Hazan at al. used single molecule
FRET studies to probe the salt dependent stability of mononucleosomes, as-
sembled from recombinant Xenopus l. histones on `601' sequence [24]. They
observed that the fraction of intact nucleosomes drops for increasing salt con-
centrations to a minimum at around 150mM, followed by rise to maximum at
about 800mM NaCl. Even higher salt concentrations yield the reduction of
a fraction of intact nucleosomes, which becomes negligible. Here I observe a
similar e�ect. From a maximum array compaction at 30mM salt, compaction
is decreased between 50 and 75mM salt, followed by another increase of com-
paction for higher salt concentrations. While there is a qualitative agreement,
the transition point between the two competing e�ects in chromatin array ex-
periments takes place at a lower salt concentration. One explanation for this
discrepancy could be di�erence in local protein concentration. In both studies
nucleosomes were present in nano-molar concentrations, however the presence
of 25 repeats on a single DNA strand, yields a much higher local concentration
(estimated local concentrations of octamers are between 2 and 10µM). Addi-
tionally, while for both array compaction as well as mononucleosome stability
histone-histone interactions are important, in the �rst situation inter-octamer as
well as intra-octamer interactions are responsible for increasing stability. In the
second case only intra-octamer interactions are occurring. Moreover, the possi-
bility that there are existing quantitative di�erence for human versus Xenopus
l. histones cannot be excluded, since Xenopus l. histones are known to be more
stable than histones from other species [308].

A third physical property of nucleosomal arrays becomes important for the
explanation of the increasing compaction from 0 to 30mM salt. In the arrays
nucleosomes are connected by ≈50 bps of double stranded linker DNA. It is well
known that the sti�ness of the DNA is salt dependent [352, 353]. This can be
understood by poly-electrolyte theory, due to salt dependent screening of the
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Figure 6.18: Salt dependant compaction of single chromatin arrays (red), versus arrays aggre-
gates (blue). Each point represents a di�erent salt concentration and has depicted standard
error. Table D.1 summarises presented data. First published in: [338].

negatively charged DNA. While for high salt concentrations the DNA is well
shielded, yielding a persistence length of about 50 nm, at low salt concentrations
(below ≈50mM) the persistence length is much larger, reaching ≈100 nm for
vanishing salt concentrations. The increase of the persistence length for low salt
is a destabilising factor for the arrays, thus leading to a more open structure as
observed below 30mM NaCl.

Interestingly, in experiments studying salt dependent chromatin compaction
using analytical ultra-centrifugation [20, 22, 23, 47, 206�210], compaction usually
only increased with increasing salt concentration. However, the possibility arises
that the measured sedimentation coe�cients may be inaccurate due to the �pri-
mary charge e�ect� or due to a large second viral coe�cient (e.g. aggregation, or
repulsion). The AUC experiments do not rule out the possibility that both the
primary charge e�ect and aggregation occur simultaneously [21]. It was previ-
ously reported that fraction of aggregated arrays possibly makes an in�uence on
the AUC measurements causing broadening of the sedimentation curves [218].
Indeed, the discrepancy between AUC and AFM results arises from the fact that
here, I was analysing only single arrays, whereas in the bulk experiments many
arrays are known to interact with each other [21]. In fact, when the AFM images
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where two or more arrays are forming aggregates were analysed (see �gure 6.18
and table D.1), the decrease in compaction for intermediate salt concentration
begins to disappear.The �gure 6.18 shows the analysis for those discarded data
versus single arrays data. All volume over area values for salt concentration
from 0mM to 110mM are much higher for the aggregates than for the single
arrays. The points at 250mM and 500mM have similar or lower values, how-
ever the amount of data points in both cases was below 10 (compare with table
D.1). The presented AFM method allows to discriminate between intra-�bre and
inter-�bre interactions, contrary to AUC. Additionally, a dual e�ect of sodium
chloride on chromatin was already reported [21]. At concentrations of 45mM to
65mM or greater, it acts to fold chromatin. However, at concentrations below
this, when other multivalent cations are present and cause chromatin to fold,
sodium acts competitively to unfold or destabilize the condensed chromatin [21].

6.4 smFRET project

During my PhD studies, alongside the super-resolution microscopie techniques,
I performed measurement attempts using single molecule FRET (smFRET) to
further investigate structural details of chromatin arrays. A substantial part of
this research project became the central topic of the thesis project of Master
student Tobias Rath, who worked in the Institute of Biophysics under my super-
vision. The project is described in detail in the Master thesis of T. Rath [354].
A brief summary of the results follows.

As described in detail in section 3.3.2, smFRET experiments require the
simultaneous usage of two site-speci�cally attached �uorescent dyes. If such a
labelling scheme is successful, it allows to measure the distance between two dye
molecules, and thus between the two binding sites. In this respect, smFRET is
a valuable tool to distinguish between the one-start and the two-start models of
the chromatin �bre (see section 2.4), and in turn helps to discriminate between
various proposed models for chromatin compaction. Speci�cally, in the one-
start models (solenoid structures) the consecutive nucleosomes are the closest to
each other, while in two start models (zig-zag structures) the next neighbours in
the sequence are actually closer to a nucleosome than its nearest neighbours in
sequence (as in �gure 2.4).

My idea was to site-speci�cally label the �rst and the second or, alternatively,
the �rst and the third nucleosomes within the chromatin array, and then measure
the distances between them (compare �gures 6.19 and 6.20). Comparing these
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66.1Å

NucI NucII NucIII

Figure 6.19: Design of labelling positions for one-start model. The model was built
based on structural model presented by Robinson et al. [4]. The crystal structure of human
nucleosome core particle (PDB ID: 2CV5) [355] was used as a nucleosomes in the model.
Colour coding of the histones is the same as for �gure 2.2: yellow for H2A, red for H2B, blue
for H3 and green for H4. DNA ladder is depicted in dark grey and the labelling positions as
well as distance between them is presented in light green. Molecular graphic was performed
with the UCSF Chimera package. Chimera is developed by the Resource for Biocomputing,
Visualization, and Informatics at the University of California, San Francisco (supported by
NIGMS P41-GM103311) [33].

two distances would thus allow me to pinpoint which one of the two structures,
one-start or two-start, emerges in the experimental conditions.

The site-speci�c labelling of a repetitive structure, such as the chromatin ar-
ray, is not straightforward because of the di�culty to target a speci�c element
of the structure in the sequence. The strategy I employed to work around this
problem is to separately modify single mers and then attach them to the edge of
the structure. Precisely, I labelled site-speci�cally `601' DNA sequences and lig-
ated them to the unlabelled 25mer `601' sequence (see section 4.2). The labelled
oligomers that I used were prepared with a standard DNA labelling method,
where a thymine base is substituted with a functionally analogous group, but
conjugated with a �uorescent dye. In order to select appropriate labelling posi-
tions for smFRET experiments, I made atom-atom distance estimations based
on chromatin �bre models. In particular, I considered two 3D models based on
chromatin �bre structures published in [4], which I reconstructed using UCSF
Chimera (Resource for Biocomputing, Visualization, and Informatics at the Uni-
versity of California, San Francisco). There are no Protein Data Bank �les
(.PDB) of chromatin �bres models in the data base repository. Therefore, I re-
constructed them using several copies of single nucleosome crystal structure. To
do this I employed the original �gures as a reference, and controlled the dimen-
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Figure 6.20: Design of labelling positions for one-two model. The model was built
based on structural model presented by Robinson et al. [4]. The crystal structure of human
nucleosome core particle (PDB ID: 2CV5) [355] was used as a nucleosomes in the model.
Colour coding of the histones is the same as for �gure 2.2: yellow for H2A, red for H2B, blue
for H3 and green for H4. DNA ladder is depicted in dark grey and the labelling positions as
well as distance between them is presented in light green. Molecular graphic was performed
with the UCSF Chimera package. Chimera is developed by the Resource for Biocomputing,
Visualization, and Informatics at the University of California, San Francisco (supported by
NIGMS P41-GM103311) [33].
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Theoretical FRET distances for di�erent constructs

Label position One-start Two-start
NucI NucII/NucIII Distance [Å] E�ciency Distance [Å] E�ciency

a T-3 T+41 66.1 54.2% 170.7 0.398%
b T+6 T+10 182.2 0.270% 71.6 42.3%
c T-3 T-16 187.3 0.228% 54.8 82.4%
d T-10 T-28 225.7 0.075% 65.5 55.6%

Table 6.2: Theoretical FRET distances chosen to design di�erent double-labelled
`601' DNA constructs. The values of the distances between the labels were estimated based
on chromatin �bre models [4] reconstructed in UCSF Chimera (Resource for Biocomputing,

Visualization, and Informatics at the University of California, San Francisco). The theoretical
FRET e�ciency values were calculated based upon known value of DFRET=68Å for the Alexa-
Fluor® 647-CyTM3B dyes pair.

sions of reconstructed arrays according to EM measurements described in [4]. I
calculated all the theoretical distances for all possible labelling sites. Equipped
with this data, I could design DNA constructs that would show a FRET signal ac-
cording to either model, but not both. Testing the two-start model was promising
since several distances were in FRET range. However, only a few distances are
below 100Å in the one-start model, which makes it a more challenging scenario.
Ultimately, I designed three constructs compatible with the two-start model with
predicted distances between the dyes ranging from ≈53Å to ≈72Å (see �gure
6.20) and only one construct compatible with the one-start model with predicted
distance of ≈66Å (see �gure 6.19).

My �rst step towards this goal was to prepare trinucleosomal particles (see
�gure 6.21). In later steps, these could be ligated to the 25mer `601' sequence,
creating site speci�c labelled 28mer array. I started from the construct, compat-
ible with the two-start model, with a theoretical distance of 65.5Å and predicted
FRET e�ciency of 55.3%. The decision to start from this speci�c construct is
based on the fact that its distance is close to the Förster distance of the donor-
acceptor pair (here for AlexaFluor® 647-CyTM3B pair DFRET=68Å). Hence, it
is in the range of distances where FRET has maximal sensitivity for distance
measurement.

All methods I employed to produce site-speci�c labelled trinucleosomal par-
ticles are described in detail in T. Rath Master thesis [354], and brie�y re-
sumed in the following. As �rst step, the appropriate primers (see appendix
E.1) were designed and synthesised by IBA GmbH (Göttingen, Germany) or
biomers.net GmbH (Ulm, Germany). Then, they were used in PCR reaction
(for PCR reagents and condition see tables E.3 and E.4 respectively), to achieve
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Figure 6.21: Design of DNA for smFRET experiments. (a) One-start model (solenoid),
theoretical distance between labels =66.1Å, predicted e�ciency of energy transfer E=54.2%.
(b) Two-start model (zig-zag), �rst construct, theoretical distance between labels D=71.6Å,
predicted e�ciency of energy transfer E= 42.3%. (c) Two-start model (zig-zag), second con-
struct, theoretical distance between labels D=52.6Å, predicted e�ciency of energy transfer
E= 82.4%. (d) Two-start model (zig-zag), third construct, theoretical distance between labels
D=65.5Å, predicted e�ciency of energy transfer E= 55.3%. Nuc with the Roman numbers
indicate the order of `601' sequence in the array (I for �rst, II for second, III for third); T with
number and dye name indicates labelling site, the positive numbers responding to labelling
site on forward strand and negative number indicating labelling site present on reverse strand.
The primers designed to produce presented constructs can be found in appendix E.1 in tables
E.1 and E.2.

double-stranded, appropriately labelled `601' DNA sequences, ready for restric-
tion digestion and ligation. As a template for such PCR reactions, I used a
plasmid (cloned by Nadine Jacobi, Institute of Biophysics, Ulm University) con-
taining a single `601' sequence (for map and sequence see appendix B.1). The
products of PCR were later digested with appropriate restriction enzymes (see
section E.3 for details of digestion protocol) and ligated together.

The ultimate e�ciency of the combined reactions in the whole process be-
came a serious drawback for the project. The amounts of DNA necessary to
assemble trinucleosomes or arrays (≈5µg per single titration), plus the several
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Summary of smFRET measurements

Sample Number of Number of FRET
Type Salt conc. molecules measurements e�ciency

Free DNA 0M 308 8 0.00793

T
ri
nu
cl
eo
so
m
e

0M 342 1 -0.00225
50mM 233 2 0.0023
100mM 80 1 0.01482
200mM 146 1 -0.00042
500mM 337 2 0.00272
1M 550 1 -0.00274
2M 374 1 0.00081

Mononucleosomes 0M 11 1 0.80625

Table 6.3: Summary of smFRET measurement data. Presented are FRET e�ciencies,
together with the number of analysed molecules and the number of measurements performed.
All measured samples are included: trinucleosomes in salt concentrations from 0M to 2M and
control measurments using free double-labelled DNA and double-labelled mononucleosomes.

steps between the PCR reactions and the �nal product, scales up noticeably the
amount of the initial materials required. Tobias Rath and I tried to minimise
the number of steps in the protocol, at the expense of �nal purity. In the end
a �single-pot� ligation reaction (see section E.4 for deitalis of ligation protocol)
was su�cient to produce satisfactory yields.

Ultimately, we acquired an adequate amount of double-labelled trimer DNA
for the nucleosome assembly: We improved the yield of single ligation reactions
form 300 ng to 1200 ng of DNA. Combining products of thirteen improved lig-
ation reactions, allowed us to perform single trimer assembly (three di�erent
titrations, see sectionE.5 for protocol), eligible for several smFRET experiments.
We con�rmed co-localisation of the two dyes by performing measurements em-
ploying alternating laser excitation (ALEX). At the same time, we performed
smFRET measurements on this construct at di�erent salt concentrations (0M
NaCl � 2M NaCl). All of the measurements, independently of the salt concen-
tration, showed no FRET signal (see �gure 6.22b-d). The same results were also
shown for the measurements of the free trimer DNA (see �gure 6.22a), performed
as control measurements.

This result suggests that the prepared trinucleosomal construct is not folding
into any structure where the two �uorescent labels are in a distance yielding a
FRET signal (such as the two-start model). Nevertheless, we have a con�rmation
that our trimer DNA is properly ligated, since we detect signal from both green
and red dye molecule. Additionally, we can say that our construct is properly
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Figure 6.22: Results of smFRET experiments. Depicted are frame-wise histograms (yel-
low) of free DNA and trinucleosomes experiments. All histograms were �tted with single
Gaussian (black line). (a) Free trimer DNA, 66mM Tris, 543 molecules. (b) Trinucleosomes,
66mM Tris, 0mM NaCl, 342 molecules. (c) Trinucleosomes, 66mM Tris, 50mM NaCl, 174
molecules. (d) Trinucleosomes, 66mM Tris, 200mM NaCl, 146 molecules. (e) Trinucleosomes,
66mM Tris, 1M NaCl 373 molecules. More salt concentrations were measured, but are not
presented here, since all the histograms look alike. A summary of all FRET measurement data
is presented in table 6.3.
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immobilised in the chamber through PEG-biotin-Neutravidin-biotin linkage. We
were initially concerned that the trinucleosome might be disassembling in the
measurement chamber, leaving only labelled DNA bound during the imaging.
To exclude such a possibility, we performed analogous tests with double-labelled
mononucleosomes (only DNA wrapped around the octamer core is within FRET
detectable distance). In fact, such measurements showed high FRET e�ciency
(≈80%), proving that the DNA-protein complex is stable in these conditions. To
further prove stability of the structure against disassembly, one could, in principle
perform a three colour experiment, using mutant octamers labelled with blue dye
or perform the same measurement using di�erent pair of dyes.

The presented smFRET data clearly shows that the trinucleosolmal struc-
ture is not compatible with the assumed two-start arrangement. This suggests,
in turn, that either the two-start structre is not exhibited in the experimental
conditions, or simply that the employed trinucleosomeal structure is too short to
be compacted, and instead is present in solution in a �beads-on-a-string� confor-
mation. Additionally, it would be possible, in principle, to rule out one of those
scenarios with additional FRET experiments: In the �rst scenario, tests using
another of the constructs I designed could show measurable FRET e�ciencies.
In the latter scenario, measuring the full 28mer array would be needed. However,
because of time constrains and high material costs of preparing double-labelled
trinucleosomes, the smFRET project was not continued. The data from AFM
microscopy, which I obtained later than the smFRET experiments, allows me
to draw further conclusions. As the AFM microscopy shows no de�ned struc-
ture even for the highly condensed arrays, it is indeed possible that that there
is no �xed distance between consecutive nucleosomes within the array, which is
compatible with the smFRET results. Although the protocols established by T.
Rath and me are time and material consuming, we showed that smFRET is a
promising technique for investigating the structure, and eventually the dynamics,
of chromatin arrays.
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Chapter 7

Summary and outlook

This PhD thesis focused on the structure of chromatin and its salt-dependent
compaction properties. I reviewed the problem of existence of the so called
�30 nm chromatin �bres�, which still causes many controversies in the scienti�c
community, and it is matter of current investigation. I stressed how the under-
standing of the chromatin structure is fundamental for a better understanding
of all DNA-involving processes in the cell. Speci�cally, during my PhD thesis
I addressed the problem of organisation of nucleosomal arrays into higher-level
ordered structures. These nucleosomes, protein-DNA complexes that span across
146 bp of DNA [2], are the basic repeating units of chromatin and I reviewed in
detail their molecular and biochemical properties. At a higher level, the nucleo-
somes are connected by a linker DNA into structures called �beads-on-a-string�.
The following stages of nucleosomes condensing into chromatin �bres are, in-
stead, still ambiguous. Despite huge experimental e�orts spent in recent years in
this direction, many questions concerning high-level DNA packing mechanisms
are still open and constitute the core of my project.

Several developments in the last decades were addressing the issue of chro-
matin structure and its stability, and proved it to be a complex problem, in-
�uenced by several factors. To mention a few: Post-translation modi�cations
(PTM) of nucleosome [63, 129, 132, 133], the octamer composition (namely the
presence of di�erent histone variants) [163, 164], and DNA super-coiling [182].
Most of all, the salt in�uence on the nucleosome stability and on the chromatin
array structure is a broadly discussed topic. Several experimental approches
have already been employed to de�ne the biochemical and biophysical properties
of chromatin, for instance: single molecule Förster Resonance Energy Transfer
(smFRET) [24], Fluorescent Correlation Spectroscopy (FCS) [204], Atomic Force
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Microscopy (AFM) [205, 213], Electron Microscopy (EM), X-ray scattering and
analytical ultracentrifugation (AUC) [20,21].

Thanks to recent developments in recombinant biochemistry methods, well-
de�ned recombinant nucleosomal arrays became a suitable model for studying
chromatin compaction and its functional dependence on salt. Many of those stud-
ies investigated the in�uence of magnesium ions on nucleosomal arrays or puri�ed
chromatin [12,42,215,216]. Other studies considered potassium ions [217], as well
as mixtures of potassium and magnesium or sodium and magnesium ions [218].
The studies that solely focused on chromatin arrays in sodium chloride, were
performed using AUC [22, 23] and highlighted an increase in the sedimentation
coe�cients for increasing sodium concentrations. This would suggest a mono-
tonic behaviour of the chromatin compaction as a function of the sodium con-
centration, in contrast to the non-monotonic dependence of mononucleosomes on
NaCl reported in recent single molecule studies [24]. This discrepancy warrants
more direct and systematic studies of the compaction of chromatin arrays under
di�erent NaCl concentrations.

While a wealth of information has been obtained from various AFM experi-
ments of nucleosomal arrays [63, 150,213,265,266, 273�275,280,284], in order to
gain mechanistic insight into salt dependent array compaction a good control of
experimental conditions is important. This means that experiments need to be
performed using well established array reconstitution protocols, where one can
ensure a complete occupancy of the array. Moreover, one also needs to ensure a
uniform chemical composition. This is not possible if complete arrays or histone
proteins are puri�ed from cells due to the varying concentration and composition
of linker histones as well as the unknown post-translational modi�cation state
of the histone proteins [188,327]. Thus, an assembly using recombinant proteins
and a quality control for complete array occupancy is required.

Therefore, the overall goal of this thesis project was to prepare human re-
combinant chromatin arrays and image them in di�erent sodium chloride con-
ditions using various super-resolution and single-molecule methods. Therefore,
I established a protocol for assembling chromatin arrays containing human re-
combinant histone octamers on arti�cial DNA. The latter consists of 25mers of
a strong positioning sequence known as `601' [19]. I also expressed single cystein
mutants of histones, that after assembling into octamers, were labelled using
organic chemical dyes. I applied two super-resolution �uorescent microscopy
techniques, namely (i) Stochastic Optical Reconstruction Microscopy (STORM)
and (ii) STimulated Emission Depletion microscopy (STED), to image the la-
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belled arrays. Unfortunately, the acquired data show that the chromatin arrays
are most probably disassembling in the measurement conditions involved. To
con�rm that and test di�erent immobilisation techniques the Atomic Force Mi-
croscopy (AFM) was employed. The AFM is a scanning microscopy technique
bene�ting from remarkable recent developments. Namely, thank to multiple
technical improvements introduced in the last years, it gained importance in the
imaging of DNA- protein complexes. The high-speed AFM device newly acquired
by the Institute is especially designed for measurements of biological samples.
Together with the usage of highly charged poly-L-lysine chains to immobilise the
chromatin arrays, it allowed me to image with high-resolution the chromatin ar-
rays in liquid. Even the scans of highly condensed structures showed very good
quality and allowed me to distinguish the various components of the arrays.
Thus, I conducted further experiments using AFM as the method of choice.

In this PhD thesis I presented high-resolution AFM images of the non-cross-
linked, human octamer chromatin arrays taken in liquid. My results show that
even small changes in the amount of sodium ions in solution lead to changes
in compaction of the chromatin arrays. A detailed statistical analysis of the
imaging data reveals that the array compaction is not-monotonically dependent
on sodium chloride concentration (see �gure 6.17). It shows highly compacted
arrays already in 20mM and 30mM salt, followed by more loosely compacted
arrays between 50mM and 75mMNaCl and again gradually condensing structure
for salt concentrations above 110mM NaCl. Interestingly, I never observed a
highly organised structure of chromatin arrays that would support the existence
of 30 nm chromatin �bres.

In order to explain this surprising complexity one needs to include at least
three important factors in a physical model of array compaction. Firstly, the
electrostatic interactions in�uence the persistence length of the DNA, leading
to increasing condensation of the arrays in very low salt concentrations (20mM
and 30mM NaCl). Secondly, shielding of the DNA by the salt ions, disrupts the
protein-nucleic acid interactions, manifested in sudden drop of compaction values
for 50mM and 75mM NaCl. This negative e�ect is countered by the histone
octamer stabilisation in increasing salt and leads to enhancement of protein-
protein interaction, hence to re-establishment of dense arrays structure in the
salt concentrations equal and higher than 110mM. The discrepancy of my results
towards earlier studies showing linear in�uence of NaCl on chromatin arrays [217,
218] can be easily explained by the fact that AFM method allows to discriminate
between intra-�bre and inter-�bre interactions, contrary to AUC. In fact, when
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I analysed data from originally discarded images showing aggregated arrays (see
�gure 6.18), the drop in compaction values for salt concentration between 50mM
and 75mM was vanishing.

The established AFM scanning protocol for chromatin arrays, equipped with
the analysis software developed by M. Beckers, is a powerful tool that enables
many follow-up experiments. It would be interesting to test the impact of other
salts or mixed salt conditions on chromatin arrays and compare them to ex-
isting AUC data [194, 218]. The technique can be also used to investigate the
in�uence of other factors on chromatin array structures. There are many top-
ics worth deeper investigation of their in�uence on arrays structures, i.e. arrays
consisting of di�erent core particles (i.e. octamers containing histone H2A.Z),
containing histones with PTM (i.e. acetylation, methylation, ubiquitination) or
with addition of linker histones.

Another possible application of the AFM technique would be to visualise the
remodelling of chromatin arrays. Such an experiment, with Swi-Snf remodeler,
was conducted in 2004 and 2005 by Wang et al. [275, 276], yet with chemical
cross-linking of the arrays. The imaging protocol presented here, which uses
electrostatic interactions of the DNA with the surface while the protein inter-
faces remain unbound, may add new insights into the mechanism of remodelling.
Finally, investigating chromatin remodelling factors belonging to other families
could be an interesting topic of future projects.

As a side remark, most of the packing con�gurations of the chromatin struc-
ture hinder transcription processes, in primis, those mediated by RNA poly-
merase II [127]. Previous AFM experiments involving mononucleosomes �xed
with formaldehyde and RNA polymerase II investigated such hindrance: This
studies showed the kinetic competition between transcription elongation, his-
tone transfer and histone-histone dissociation [356]. It would be interesting to
repeat those experiments using long chromatin arrays without any cross-linking
instead of �xed mononucleosomes.

The initial measurements with STORM and STED were never repeated, due
to time constraints of my PhD project. Nevertheless those techniques are worth-
while tools and they can provide meaningful supplementary data to the AFM
studies, especially thanks to the protocols for human octamer labelling and im-
mobilisation of arrays that I presented. Those techniques are constantly im-
proving due to the e�orts of several scienti�c groups. The STORM set-up of
the Institute of Biophysics was recently upgraded with a second objective, al-
lowing to double the amount of collected photons, thereby increasing its res-
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olution [357, 358]. Further improvements in the labelling protocol of histone
octamers could lead to higher labelling e�ciency, ultimately improving of the
resolution, since STORM resolution highly depends on the quality of the �uo-
rescent sample [359].

Alongside the super-resolution studies of chromatin arrays, I conducted a se-
ries of smFRET experiments using site-speci�cally labelled trinucleosome. Sam-
ple preparation for this experiment proved to be challenging, as well as consuming
in time and materials. The smFRET data shows that the prepared trinucleosol-
mal structure is not folding into any structure where the distance between the
dye molecules would resulted in FRET signal. This is likely a result of one of the
following scenarios: (i) the two-start structure is not manifested in the experi-
mental conditions or (ii) trinucleosomeal structure is too short to be compacted,
regardless of salt conditions. Testing another of the designed trinucleosomal con-
structs or measuring the full 28mer array could show FRET e�ciencies above
zero. However, by cross-comparing these to the AFM data, it emerges that that
there is no �xed distance between consecutive nucleosomes within the array.

Although I could obtain no measurable FRET e�ciency in my experiments,
the smFRET is nevertheless a valuable technique, and can be successfully used
in future, especially for observing arrays dynamics. On a side note, the smFRET
results (namely implementation of ALEX) con�rmed proper ligation of the trimer
DNA, since the signal in both green and red channel was detected. Additionally,
I could see that the prepared construct is properly immobilised in the chamber
through PEG-biotin-Neutravidin-biotin linkage.

Furthermore, several improvements could be implemented in future similar
experiments. First of all, the biochemical protocols need revising: Increasing
the yields of ligation and restriction digestion steps would reduce the material
costs of biosynthesis. Puri�cation of the produced DNA with HPLC could be a
valid alternative to the tested FPLC protocols, thereby increasing purity of the
�nal product. Exchanging the �uorescent dyes, to change the Förster radius,
could change the range of detectable distances. Also an alternative protocol,
employing protein-labelled arrays, should be considered. Since, especially in the
proposed two-start models, the histones are facing each other, using labelled
proteins, instead of labelled DNA, could result in a signi�cant decrease of the
distances to be measured. In this scenario, a ligation of already assembled,
speci�cally labelled mononucleosomes with unlabelled array would be necessary.
The linker length of 50 bp should allow DNA ligase to combine the two DNA
strands, although one cannot exclude possibility of steric hindrance inhibiting the
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reaction. Additionally, the single labelled nucleosome would potentially carry two
�uorescent dyes, as it contains two copies of each histone.

The main drawback of this labelling scheme is that the nucleosomes carrying
the dyes are the one closest to the chamber surface. A possible solution to this
problem would be to introduce biotin modi�cation to the side of the array oppo-
site to the labelled trinucleosomes. This can be executed without major changes
in the protocol. The existing biotin can be removed with a restriction enzyme
and a short oligonucleotide carrying biotin can be ligated to the opposite end
of array, similarly to the non-speci�cally labelled arrays used in STORM and
STED experiments. As a further perspective, one could ligate 25mer '601' se-
quence on both sides of labelled trimer DNA, creating 53mer array and excluding
the possibility of negative boundary e�ects in�uencing the measurement.

As to the microscopy itself, introducing a third �uorescence colour in the
experiment would allow to visualise also the octamers themselves (e.g. labelled
in blue), thereby granting possibility to test constructs stability during the mea-
surement.

Finally, although linker histones like H1 or H5 are not necessary for the for-
mation of chromatin �bres in vitro [22, 45, 91], it is known that they stabilise
nucleosomes and help to build higher chromatin structures [327]. Therefore, a
sensible future goal would be to prepare a chromatin array with incorporated
linker histone. Although the involvement of histone H1 in organisation of chro-
matin is studied already since the '70s [20, 214], the incorporation of linker his-
tones into recombinant array is often troublesome due to di�culties in handling
this insoluble and poorly behaving protein [348].

Additionally, it is known that di�erent linker histones are binding to the
nucleosome in di�erent places, which could have implications for higher-order
structures of chromatin. The globular domain of H5 binds to the nucleosome
on the dyad [66], while the globular domains of Drosophila H1 and human H1.4
histones bind to the nucleosome away from the dyad [76,77]. Therefore, studies
comparing the structure of chromatin arrays containing H5 vs H1 linker histones
could be another interesting topic for investigation with the methods previously
discussed in this thesis.

In conclusion, during my PhD project I established several protocols allow-
ing to produce wild type and �uorescent labelled (non-speci�c and site-speci�c)
human recombinant chromatin arrays. I presented a protocol for imaging the
chromatin arrays in liquid with AFM without the need of chemical �xation of
the sample. Moreover, the results presented in this thesis add new insights into
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the issue of higher-order chromatin structure and its salt hypdependent stability,
in the same way contributing to further understanding of mechanism of DNA
packing.
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Appendix A

List of chemicals and consumables

A.1 Chemicals

Acetic Acid Carl Roth, Karlsruhe, Germany

Acrylamid Carl Roth, Karlsruhe, Germany

Agarose Carl Roth, Karlsruhe, Germany

Agarose (Biozym LE GP) BioZym Vertrieb GmbH, Hessisch Oldendorf, Ger-
many

Ampicillin Carl Roth, Karlsruhe, Germany

Acetic Acid Carl Roth, Karlsruhe, Germany

(3-aminopropyl)-triethoxysilane Sigma-Aldrich, St. Louis, MO, USA

Ammonium persulfate Carl Roth, Karlsruhe, Germany

biotin-PEG-succinimidyl valerate, MW 3.4 kDa Laysan Bio Inc., Arab,
AL, USA

Boric Acid Carl Roth, Karlsruhe, Germany

β−mercaptoethanol Carl Roth, Karlsruhe, Germany

β−mercaptoethylamine (MEA) Sigma-Aldrich, St. Louis, USA

Brillant blue R 250 Carl Roth, Karlsruhe, Germany

Catalase (from bovine liver) Sigma-Aldrich, St. Louis, USA
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Dithiothreitol Carl Roth, Karlsruhe, Germany

Epoxy glue UHU plus endfest 2-K-Epoxidharzkleber, UHU GmbH & Co. KG,
Bühl/Baden, Germany

Ethanol VWR Chemicals, Radnor, PA, USA

Ethylenediaminetetraacetic acid Carl Roth, Karlsruhe, Germany/Merck KGaA;
Darmstadt, Germany

Ethyleneglycoltetraacetic acid Calbiochem/Carl Roth, Karlsruhe, Germany

Ethidium bromide Carl Roth, Karlsruhe, Germany

D-(+)-Glucose Sigma-Aldrich, St. Louis, USA

Glucose oxidase (from Aspergillus niger) Sigma-Aldrich, St.Louis, USA

Glutaraldehyde Carl Roth, Karlsruhe, Germany

Glycine Merck KGaA, Darmstadt, Germany

Glycerol Carl Roth, Karlsruhe, Germany

Guanidine hydrogen chloride Sigma Aldrich, St. Louis, MO, USA

4 − (2 − hydroxyethyl) − 1−piperazineethanesulfonic acid Carl Roth, Karl-
sruhe, Germany

Hydrogen chloride VWR Chemicals, Radnor, PA, USA

Isopropyl β −D− 1−thiogalactopyranoside Carl Roth, Karlsruhe, Ger-
many

Liquid nitrogen VWR Chemicals, Radnor, PA, USA

L−Lysine Carl Roth, Karlsruhe, Germany

Magnesium chloride hexahydrate Carl Roth, Karlsruhe, Germany

Mica Plano GmbH, Wetzlar, Germany

Milli−Q water Merck KGaA, Darmstadt, Germany

mPEG-succinimidyl valerate, MW 5kDa Laysan Bio Inc., Arab, AL, USA
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A.1. CHEMICALS

NeutrAvidin®Biotin-binding Protein Invitrogen, Thermo Fisher Scienti�c,
Waltham, MA, USA

Phenylmethylsulfonyl �uoride Carl Roth, Karlsruhe, Germany

Poly−L−lysine Sigma Aldrich, St. Louis, MO, USA

Potassium chloride Carl Roth, Karlsruhe, Germany

Roti®−Phenol/Chloroform/Isoamyl alcohol Carl Roth, Karlsruhe, Ger-
many

Sodium acetate Sigma Aldrich, St. Louis, MO, USA

Sodium azide Carl Roth, Karlsruhe, Germany

Sodium chloride VWR Chemicals, Radnor, PA, USA

Sodium dodecyl sulfate Carl Roth, Karlsruhe, Germany

Sodium hydroxide Carl Roth, Karlsruhe, Germany

Tergitol Sigma Aldrich, St. Louis, MO, USA

Tetramethylethylenediamine Carl Roth, Karlsruhe, Germany

2,2'-thiodiethanol (TDE) Sigma Aldrich, St. Louis, MO, USA

Tris(hydroxymethyl)aminomethane Carl Roth, Karlsruhe, Germany

Tris(hydroxymethyl)aminomethane hydrogen chloride Carl Roth, Karl-
sruhe, Germany

Triton X100 Carl Roth, Karlsruhe, Germany

Trolox Sigma Aldrich, St. Louis, MO, USA

Tryptone Carl Roth, Karlsruhe, Germany

Urea Carl Roth, Karlsruhe, Germany

Yeast extract Carl Roth, Karlsruhe, Germany
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A.2 Restriction endonucleases and other DNA en-

zymes

AluI New England BioLabs, Ipswich, MA, USA

AvaI New England BioLabs, Ipswich, MA, USA

CutSmartTM bu�er New England BioLabs, Ipswich, MA, USA

DraI New England BioLabs, Ipswich, MA, USA

EcoRI−HF® New England BioLabs, Ipswich, MA, USA

HindIII−HF® New England BioLabs, Ipswich, MA, USA

NEBu�er 4 New England BioLabs, Ipswich, MA, USA

NotI−HF® New England BioLabs, Ipswich, MA, USA

Proteinase K New England BioLabs, Ipswich, MA, USA

Q5®HiFi DNA polymarase New England BioLabs, Ipswich, MA, USA

Quick LigationTM Kit New England BioLabs, Ipswich, MA, USA

Shrimp Alkaline Phosphatase (rSAP) New England BioLabs, Ipswich, MA,
USA

T4 DNA Ligase New England BioLabs, Ipswich, MA, USA

T4 DNA Ligase Reaction Bu�er New England BioLabs, Ipswich, MA, USA

XbaI New England BioLabs, Ipswich, MA, USA

XhoI New England BioLabs, Ipswich, MA, USA

A.3 Plasmids

pET21a H2AWT Group of prof. Gernot Längst, Genetics and Microbiology,
Institute of Biochemistry, Universität Regensburg, Germany

pET21a H2AK120C Institute of Biophysics, Ulm University, Germany

pET21a H2AL116C Institute of Biophysics, Ulm University, Germany
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A.4. CELL LINES

pET21a H2AN110C Institute of Biophysics, Ulm University, Germany

pET21a H2BWT Group of prof. Gernot Längst, Genetics and Microbiology,
Institute of Biochemistry, Universität Regensburg, Germany

pET21a H3C110A Institute of Biophysics, Ulm University, Germany

pET21a H3WT Group of prof. Gernot Längst, Genetics and Microbiology,
Institute of Biochemistry, Universität Regensburg, Germany

pET21a H4G13C Institute of Biophysics, Ulm University, Germany

pET21a H4WT Group of prof. Gernot Längst, Genetics and Microbiology,
Institute of Biochemistry, Universität Regensburg, Germany

pUC18 25mer '601' Group of prof. Daniela Rhodes, Labolatory of Molecular
Biology, Medical Research Council, Cambridge, United Kingdom

pET21b '601' Institute of Biophysics, Ulm University, Germany

A.4 Cell lines

Chemically competent cell lines

Cell line Genotype Company
BL21(DE3) fhuA2 [Ion] ompT gal (λ DE3)

[dcm] ∆hsdS λ DE3 = λ sBamHIo
∆EcoRI − B int :: (lacI :: PlacUV 5 ::
T7 gene1) i21 ∆nin5

NewEngland
Biolabs, Ip-
swich, MA,
USA

StbL3 F − mcrB mrrhsdS20(rB−, mB−)
recA13 supE44 ara − 14 galK2 lacY 1
proA2 rpsL20(StrR) xyl−5 λ−leumtl−
1

Invitrogen,
Carlsbad, CA,
USA

XL1Blue recA1 endA1 gyrA96 thi − 1
hsdR17 supE44 relA1 lac [F ′ proAB
lacIqZ∆M15 Tn10 (Tetr)]

Agilent Tech-
nologies, Santa
Clara, CA,
USA

Table A.1: List of the cell lines used during time-line of the thesis.
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A.5 DNA ladders and protein markers

6xDNA Loading Dye Thermo Fisher Scienti�c, Waltham, MA, USA

O'GeneRuler 1 kb Plus Thermo Fisher Scienti�c, Waltham, MA, USA

Precision Plus ProteinTM Dual Color Standard Bio−Rad Laboratories GmbH,
Hercules, CA, USA

Protein Marker LR Unstained Thermo Fisher Scienti�c, Waltham, MA, USA

Orange Loading Dye New England BioLabs, Ipswich, MA, USA

A.6 Fluorescent dyes conjugates

Alexa Fluor®647 C2 Maleimide Thermo Fisher Scienti�c, Waltham, MA,
USA

Alexa Fluor®647 NHS Ester (Succinimidyl Ester) Thermo Fisher Scien-
ti�c, Waltham, MA, USA

ATTO 550 Modi�cation: maleimide ATTO−TECGmbH, Siegen, Germany

CyTM3B maleimide mono-reactive �uorescent dye Amersham, GE Health-
care Europe GmbH, Freiburg, Germany

CyTM5 maleimide mono-reactive �uorescent dye Amersham, GE Health-
care Europe GmbH, Freiburg, Germany

A.7 Other materials

Amicon®Ultra Centrifugal Filters (0.5mL, 5mL, 10mL; 3K, 10K,

30K and 100K MWCO) Merck KGaA, Darmstadt, Germany

Epoxy minute adhesive Weicon GmbH & Co. KG, Münster, Germany

Eppendorf Tubes Eppendorf, Hamburg, Germany

Fast Scan D cantilevers Bruker, Billerica, MA, USA

FP 30/50 CN 5µm syringe �lter Whatmann, GE Healthcare Europe GmbH,
Freiburg, Germany
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A.7. OTHER MATERIALS

illustraTM AutoSeqTM G−50 Dye Terminator Removal Kit GE Health-
care Europe GmbH, Freiburg, Germany

Low Binding Pipette Tips (10µL, 200µL) BioZym Vertrieb GmbH, Hessisch
Oldendorf, Germany

Low Binding Reaction Tubes BioZym Vertrieb GmbH, Hessisch Oldendorf,
Germany

MaXtract High Density Tubes 2mL QIAGEN GmbH, Hilden, Germany

Miracloth Calbiochem, San Diego, CA

Pasteur pipette VWR International, Radnor, PA, USA

Pipettes (sterile; 2mL, 5mL, 10mL, 25mL) VWR International, Radnor,
PA, USA

Pipette tips (10µL, 200µL, 1000µL) STARLABGmbH, Hamburg, Germany

QIAGEN Plasmid Maxi Kit QIAGEN GmbH, Hilden, Germany

QIAGEN Plasmid Midi Kit QIAGEN GmbH, Hilden, Germany

QIAGEN Plasmid Mini Kit QIAGEN GmbH, Hilden, Germany

QIAquick Gel Extraction Kit QIAGEN GmbH, Hilden, Germany

QIAquick PCR Puri�cation Kit QIAGEN GmbH, Hilden, Germany

PVDF Filter 0.45µm syringe �lter Whatmann, GE Healthcare Europe GmbH,
Freiburg, Germany

PlusOneTM Silver Staining Kit (Protein) GE Healthcare Europe GmbH,
Freiburg, Germany

Slide−A−LyzerTM Dialysis Cassettes (3mL, 7 kDa MWCO) Thermo Fisher
Scienti�c, Waltham, MA,USA

Slide−A−LyzerTM MINI Dialysis Devices (0.5mL) Thermo Fisher Scien-
ti�c, Waltham, MA, USA

Spectra/Por®1 Dialysis Membrane, Standard RC Tubing, MWCO: 6−8 kDa
Spectrum Laboratories, Inc., Rancho Dominguez, CA, USA
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StericupTM Filter Units (250mL, 500mL) Merck−Millipore KGaA, Darm-
stadt, Germany
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Appendix B

Maps and sequences of used

plasmids

B.1 Plasmids containing Widom sequence

B.1.1 pET21a `601'

Bf uA I - BspMI(5641)
Sbf I(5638)

PmlI(5567)
BsiW I(5508)

Mf eI(5470)
EagI - Not I(5435)

P aeR7I - P spXI - TliI - XhoI(5427)
BlpI(5349)

DraII I(5027)

P siI(4899)

ScaI(4364)

P vuI(4254)

BsaI(3945)

A hdI(3884)

A lw NI(3407)

P ciI(2991)

BspQI - SapI(2875)

HindII I (0)
Eco53kI (15)

SacI (17)
EcoRI (19)

BamHI (25)
NheI (57)

Bmt I (61)
NdeI (64)

lac  operator

T7  promoter

BglI I (168)
SgrA I (209)

EcoNI (425)
P f lMI (472)

BstA P I (573)

MluI (890)
BclI* (904)

BstEII (1071)
P spOMI (1097)
A paI (1101)

BssHII (1301)

HpaI (1396)

P shA I (1735)

FspA I (1972)
P puMI (1997)

Bpu10I (2097)

P f lFI - Tth111I (2736)
BstZ17I (2762)

pET21a'610'
5646 bp

Figure B.1: Map of plasmid pET21a `601'. Map generated using SnapGene®Viewer.
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1 AGCTTGTCGA CGGAGCTCGA ATTCGGATCC CGACCCATTT GCTGTCCACC  

51  AGTCATGCTA GCCATATGTA TATCTCCTTC TTAAAGTTAA ACAAAATTAT  

101  TTCTAGAGGG GAATTGTTAT CCGCTCACAA TTCCCCTATA GTGAGTCGTA  

151  TTAATTTCGC GGGATCGAGA TCTCGATCCT CTACGCCGGA CGCATCGTGG  

201  CCGGCATCAC CGGCGCCACA GGTGCGGTTG CTGGCGCCTA TATCGCCGAC  

251  ATCACCGATG GGGAAGATCG GGCTCGCCAC TTCGGGCTCA TGAGCGCTTG  

301  TTTCGGCGTG GGTATGGTGG CAGGCCCCGT GGCCGGGGGA CTGTTGGGCG  

351  CCATCTCCTT GCATGCACCA TTCCTTGCGG CGGCGGTGCT CAACGGCCTC  

401  AACCTACTAC TGGGCTGCTT CCTAATGCAG GAGTCGCATA AGGGAGAGCG  

451  TCGAGATCCC GGACACCATC GAATGGCGCA AAACCTTTCG CGGTATGGCA  

501  TGATAGCGCC CGGAAGAGAG TCAATTCAGG GTGGTGAATG TGAAACCAGT  

551  AACGTTATAC GATGTCGCAG AGTATGCCGG TGTCTCTTAT CAGACCGTTT  

601  CCCGCGTGGT GAACCAGGCC AGCCACGTTT CTGCGAAAAC GCGGGAAAAA  

651  GTGGAAGCGG CGATGGCGGA GCTGAATTAC ATTCCCAACC GCGTGGCACA  

701  ACAACTGGCG GGCAAACAGT CGTTGCTGAT TGGCGTTGCC ACCTCCAGTC  

751  TGGCCCTGCA CGCGCCGTCG CAAATTGTCG CGGCGATTAA ATCTCGCGCC  

801  GATCAACTGG GTGCCAGCGT GGTGGTGTCG ATGGTAGAAC GAAGCGGCGT  

851  CGAAGCCTGT AAAGCGGCGG TGCACAATCT TCTCGCGCAA CGCGTCAGTG  

901  GGCTGATCAT TAACTATCCG CTGGATGACC AGGATGCCAT TGCTGTGGAA  

951  GCTGCCTGCA CTAATGTTCC GGCGTTATTT CTTGATGTCT CTGACCAGAC  

1001  ACCCATCAAC AGTATTATTT TCTCCCATGA AGACGGTACG CGACTGGGCG  

1051  TGGAGCATCT GGTCGCATTG GGTCACCAGC AAATCGCGCT GTTAGCGGGC  

1101  CCATTAAGTT CTGTCTCGGC GCGTCTGCGT CTGGCTGGCT GGCATAAATA  

1151  TCTCACTCGC AATCAAATTC AGCCGATAGC GGAACGGGAA GGCGACTGGA  

1201  GTGCCATGTC CGGTTTTCAA CAAACCATGC AAATGCTGAA TGAGGGCATC  

1251  GTTCCCACTG CGATGCTGGT TGCCAACGAT CAGATGGCGC TGGGCGCAAT  

1301  GCGCGCCATT ACCGAGTCCG GGCTGCGCGT TGGTGCGGAT ATCTCGGTAG  

1351  TGGGATACGA CGATACCGAA GACAGCTCAT GTTATATCCC GCCGTTAACC  

1401  ACCATCAAAC AGGATTTTCG CCTGCTGGGG CAAACCAGCG TGGACCGCTT  

1451  GCTGCAACTC TCTCAGGGCC AGGCGGTGAA GGGCAATCAG CTGTTGCCCG  

1501  TCTCACTGGT GAAAAGAAAA ACCACCCTGG CGCCCAATAC GCAAACCGCC  

1551  TCTCCCCGCG CGTTGGCCGA TTCATTAATG CAGCTGGCAC GACAGGTTTC  

1601  CCGACTGGAA AGCGGGCAGT GAGCGCAACG CAATTAATGT AAGTTAGCTC  

1651  ACTCATTAGG CACCGGGATC TCGACCGATG CCCTTGAGAG CCTTCAACCC  

1701  AGTCAGCTCC TTCCGGTGGG CGCGGGGCAT GACTATCGTC GCCGCACTTA  

1751  TGACTGTCTT CTTTATCATG CAACTCGTAG GACAGGTGCC GGCAGCGCTC  

1801  TGGGTCATTT TCGGCGAGGA CCGCTTTCGC TGGAGCGCGA CGATGATCGG  

1851  CCTGTCGCTT GCGGTATTCG GAATCTTGCA CGCCCTCGCT CAAGCCTTCG  

1901  TCACTGGTCC CGCCACCAAA CGTTTCGGCG AGAAGCAGGC CATTATCGCC  

1951  GGCATGGCGG CCCCACGGGT GCGCATGATC GTGCTCCTGT CGTTGAGGAC  

2001  CCGGCTAGGC TGGCGGGGTT GCCTTACTGG TTAGCAGAAT GAATCACCGA 

2051  TACGCGAGCG AACGTGAAGC GACTGCTGCT GCAAAACGTC TGCGACCTGA  

2101  GCAACAACAT GAATGGTCTT CGGTTTCCGT GTTTCGTAAA GTCTGGAAAC  

2151  GCGGAAGTCA GCGCCCTGCA CCATTATGTT CCGGATCTGC ATCGCAGGAT  

2201  GCTGCTGGCT ACCCTGTGGA ACACCTACAT CTGTATTAAC GAAGCGCTGG  

2251  CATTGACCCT GAGTGATTTT TCTCTGGTCC CGCCGCATCC ATACCGCCAG  

2301  TTGTTTACCC TCACAACGTT CCAGTAACCG GGCATGTTCA TCATCAGTAA  

2351  CCCGTATCGT GAGCATCCTC TCTCGTTTCA TCGGTATCAT TACCCCCATG  

2401  AACAGAAATC CCCCTTACAC GGAGGCATCA GTGACCAAAC AGGAAAAAAC  

2451  CGCCCTTAAC ATGGCCCGCT TTATCAGAAG CCAGACATTA ACGCTTCTGG  

2501  AGAAACTCAA CGAGCTGGAC GCGGATGAAC AGGCAGACAT CTGTGAATCG  

2551  CTTCACGACC ACGCTGATGA GCTTTACCGC AGCTGCCTCG CGCGTTTCGG  

2601  TGATGACGGT GAAAACCTCT GACACATGCA GCTCCCGGAG ACGGTCACAG  

2651  CTTGTCTGTA AGCGGATGCC GGGAGCAGAC AAGCCCGTCA GGGCGCGTCA  

2701  GCGGGTGTTG GCGGGTGTCG GGGCGCAGCC ATGACCCAGT CACGTAGCGA  

2751  TAGCGGAGTG TATACTGGCT TAACTATGCG GCATCAGAGC AGATTGTACT  

2801  GAGAGTGCAC CATATATGCG GTGTGAAATA CCGCACAGAT GCGTAAGGAG  

2851  AAAATACCGC ATCAGGCGCT CTTCCGCTTC CTCGCTCACT GACTCGCTGC  

2901  GCTCGGTCGT TCGGCTGCGG CGAGCGGTAT CAGCTCACTC AAAGGCGGTA  

2951  ATACGGTTAT CCACAGAATC AGGGGATAAC GCAGGAAAGA ACATGTGAGC  

3001  AAAAGGCCAG CAAAAGGCCA GGAACCGTAA AAAGGCCGCG TTGCTGGCGT  
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3051  TTTTCCATAG GCTCCGCCCC CCTGACGAGC ATCACAAAAA TCGACGCTCA  

3101  AGTCAGAGGT GGCGAAACCC GACAGGACTA TAAAGATACC AGGCGTTTCC  

3151  CCCTGGAAGC TCCCTCGTGC GCTCTCCTGT TCCGACCCTG CCGCTTACCG  

3201  GATACCTGTC CGCCTTTCTC CCTTCGGGAA GCGTGGCGCT TTCTCATAGC  

3251  TCACGCTGTA GGTATCTCAG TTCGGTGTAG GTCGTTCGCT CCAAGCTGGG  

3301  CTGTGTGCAC GAACCCCCCG TTCAGCCCGA CCGCTGCGCC TTATCCGGTA  

3351  ACTATCGTCT TGAGTCCAAC CCGGTAAGAC ACGACTTATC GCCACTGGCA  

3401  GCAGCCACTG GTAACAGGAT TAGCAGAGCG AGGTATGTAG GCGGTGCTAC  

3451  AGAGTTCTTG AAGTGGTGGC CTAACTACGG CTACACTAGA AGGACAGTAT  

3501  TTGGTATCTG CGCTCTGCTG AAGCCAGTTA CCTTCGGAAA AAGAGTTGGT  

3551  AGCTCTTGAT CCGGCAAACA AACCACCGCT GGTAGCGGTG GTTTTTTTGT  

3601  TTGCAAGCAG CAGATTACGC GCAGAAAAAA AGGATCTCAA GAAGATCCTT  

3651  TGATCTTTTC TACGGGGTCT GACGCTCAGT GGAACGAAAA CTCACGTTAA  

3701  GGGATTTTGG TCATGAGATT ATCAAAAAGG ATCTTCACCT AGATCCTTTT  

3751  AAATTAAAAA TGAAGTTTTA AATCAATCTA AAGTATATAT GAGTAAACTT  

3801  GGTCTGACAG TTACCAATGC TTAATCAGTG AGGCACCTAT CTCAGCGATC  

3851  TGTCTATTTC GTTCATCCAT AGTTGCCTGA CTCCCCGTCG TGTAGATAAC  

3901  TACGATACGG GAGGGCTTAC CATCTGGCCC CAGTGCTGCA ATGATACCGC  

3951  GAGACCCACG CTCACCGGCT CCAGATTTAT CAGCAATAAA CCAGCCAGCC  

4001  GGAAGGGCCG AGCGCAGAAG TGGTCCTGCA ACTTTATCCG CCTCCATCCA  

4051  GTCTATTAAT TGTTGCCGGG AAGCTAGAGT AAGTAGTTCG CCAGTTAATA  

4101  GTTTGCGCAA CGTTGTTGCC ATTGCTGCAG GCATCGTGGT GTCACGCTCG  

4151  TCGTTTGGTA TGGCTTCATT CAGCTCCGGT TCCCAACGAT CAAGGCGAGT  

4201  TACATGATCC CCCATGTTGT GCAAAAAAGC GGTTAGCTCC TTCGGTCCTC  

4251  CGATCGTTGT CAGAAGTAAG TTGGCCGCAG TGTTATCACT CATGGTTATG  

4301  GCAGCACTGC ATAATTCTCT TACTGTCATG CCATCCGTAA GATGCTTTTC  

4351  TGTGACTGGT GAGTACTCAA CCAAGTCATT CTGAGAATAG TGTATGCGGC  

4401  GACCGAGTTG CTCTTGCCCG GCGTCAATAC GGGATAATAC CGCGCCACAT  

4451  AGCAGAACTT TAAAAGTGCT CATCATTGGA AAACGTTCTT CGGGGCGAAA  

4501  ACTCTCAAGG ATCTTACCGC TGTTGAGATC CAGTTCGATG TAACCCACTC  

4551  GTGCACCCAA CTGATCTTCA GCATCTTTTA CTTTCACCAG CGTTTCTGGG  

4601  TGAGCAAAAA CAGGAAGGCA AAATGCCGCA AAAAAGGGAA TAAGGGCGAC 

4651  ACGGAAATGT TGAATACTCA TACTCTTCCT TTTTCAATAT TATTGAAGCA  

4701  TTTATCAGGG TTATTGTCTC ATGAGCGGAT ACATATTTGA ATGTATTTAG  

4751  AAAAATAAAC AAATAGGGGT TCCGCGCACA TTTCCCCGAA AAGTGCCACC  

4801  TGAAATTGTA AACGTTAATA TTTTGTTAAA ATTCGCGTTA AATTTTTGTT  

4851  AAATCAGCTC ATTTTTTAAC CAATAGGCCG AAATCGGCAA AATCCCTTAT  

4901  AAATCAAAAG AATAGACCGA GATAGGGTTG AGTGTTGTTC CAGTTTGGAA  

4951  CAAGAGTCCA CTATTAAAGA ACGTGGACTC CAACGTCAAA GGGCGAAAAA  

5001  CCGTCTATCA GGGCGATGGC CCACTACGTG AACCATCACC CTAATCAAGT  

5051  TTTTTGGGGT CGAGGTGCCG TAAAGCACTA AATCGGAACC CTAAAGGGAG  

5101  CCCCCGATTT AGAGCTTGAC GGGGAAAGCC GGCGAACGTG GCGAGAAAGG  

5151  AAGGGAAGAA AGCGAAAGGA GCGGGCGCTA GGGCGCTGGC AAGTGTAGCG  

5201  GTCACGCTGC GCGTAACCAC CACACCCGCC GCGCTTAATG CGCCGCTACA  

5251  GGGCGCGTCC CATTCGCCAA TCCGGATATA GTTCCTCCTT TCAGCAAAAA  

5301  ACCCCTCAAG ACCCGTTTAG AGGCCCCAAG GGGTTATGCT AGTTATTGCT  

5351  CAGCGGTGGC AGCAGCCAAC TCAGCTTCCT TTCGGGCTTT GTTAGCAGCC  

5401  GGATCTCAGT GGTGGTGGTG GTGGTGCTCG AGTGCGGCCG CCCTGGAGAA  

5451  TCCCGGTGCC GAGGCCGCTC AATTGGTCGT AGCAAGCTCT AGCACCGCTT  

5501  AAACGCACGT ACGCGCTGTC CCCCGCGTTT TAACCGCCAA GGGGATTACT  

5551  CCCTAGTCTC CAGGCACGTG TCAGATATAT ACATCCTGTG CATGTATTGA  

5601  ACAGCGACCT CTCGGGATAT CTCTAGAGTC GACCTGCAGG CATGCA 
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B.1.2 pUC18 25mer `601'

EcoO109I(7595)
A at I I(7541)

ZraI(7539)
SspI(7423)

XmnI(7218)
ScaI(7099)

TsoI(7018)

BsrFI(6699)
BsaI(6680)

A hdI(6619)

A lw NI(6142)

P spFI(6034)
BseY I(6030)

P ciI(5726)

BspQI - SapI(5610)

C A P  binding s ite

BsmBI (45)

NdeI (184)
BstA P I (185)

KasI (235)
NarI (236)

Sf oI (237)
P luTI (239)

Bf uA I - BspMI (404)
SphI (409)

Sbf I (415)

pUC18 25mer '601'
7692 bp

Figure B.2: Map of plasmid pUC18 25mer `601'. Map generated using SnapGene®Viewer.
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1 TCGCGCGTTT CGGTGATGAC GGTGAAAACC TCTGACACAT GCAGCTCCCG 
51 GAGACGGTCA CAGCTTGTCT GTAAGCGGAT GCCGGGAGCA GACAAGCCCG 
101 TCAGGGCGCG TCAGCGGGTG TTGGCGGGTG TCGGGGCTGG CTTAACTATG 
151 CGGCATCAGA GCAGATTGTA CTGAGAGTGC ACCATATGCG GTGTGAAATA 
201 CCGCACAGAT GCGTAAGGAG AAAATACCGC ATCAGGCGCC ATTCGCCATT 
251 CAGGCTGCGC AACTGTTGGG AAGGGCGATC GGTGCGGGCC TCTTCGCTAT 
301 TACGCCAGCT GGCGAAAGGG GGATGTGCTG CAAGGCGATT AAGTTGGGTA 
351  ACGCCAGGGT TTTCCCAGTC ACGACGTTGT AAAACGACGG CCAGTGCCAA 
401 GCTTGCATGC CTGCAGGTCG ACTCTAGAGA TATCCCGAGA GGTCGCTGTT 
451 CAATACATGC ACAGGATGTA TATATCTGAC ACGTGCCTGG AGACTAGGGA  
501 GTAATCCCCT TGGCGGTTAA AACGCGGGGG ACAGCGCGTA CGTGCGTTTA  
551 AGCGGTGCTA GAGCTTGCTA CGACCAATTG AGCGGCCTCG GCACCGGGAT  
601 TCTCCAGGGC GGCCGCGTAT AGGGTCCATC CCCGAGAGGT CGCTGTTCAA  
651 TACATGCACA GGATGTATAT ATCTGACACG TGCCTGGAGA CTAGGGAGTA  
701 ATCCCCTTGG CGGTTAAAAC GCGGGGGACA GCGCGTACGT GCGTTTAAGC  
751 GGTGCTAGAG CTTGCTACGA CCAATTGAGC GGCCTCGGCA CCGGGATTCT  
801 CCAGGGCGGC CGCGTATAGG GTCCATCCCC GAGAGGTCGC TGTTCAATAC  
851 ATGCACAGGA TGTATATATC TGACACGTGC CTGGAGACTA GGGAGTAATC  
901 CCCTTGGCGG TTAAAACGCG GGGGACAGCG CGTACGTGCG TTTAAGCGGT  
951 GCTAGAGCTT GCTACGACCA ATTGAGCGGC CTCGGCACCG GGATTCTCCA  
1001 GGGCGGCCGC GTATAGGGTC CATCCCCGAG AGGTCGCTGT TCAATACATG  
1051 CACAGGATGT ATATATCTGA CACGTGCCTG GAGACTAGGG AGTAATCCCC  
1101 TTGGCGGTTA AAACGCGGGG GACAGCGCGT ACGTGCGTTT AAGCGGTGCT  
1151 AGAGCTTGCT ACGACCAATT GAGCGGCCTC GGCACCGGGA TTCTCCAGGG  
1201 CGGCCGCGTA TAGGGTCCAT CCCCGAGAGG TCGCTGTTCA ATACATGCAC  
1251 AGGATGTATA TATCTGACAC GTGCCTGGAG ACTAGGGAGT AATCCCCTTG  
1301 GCGGTTAAAA CGCGGGGGAC AGCGCGTACG TGCGTTTAAG CGGTGCTAGA  
1351 GCTTGCTACG ACCAATTGAG CGGCCTCGGC ACCGGGATTC TCCAGGGCGG  
1401 CCGCGTATAG GGTCCATCCC CGAGAGGTCG CTGTTCAATA CATGCACAGG  
1451 ATGTATATAT CTGACACGTG CCTGGAGACT AGGGAGTAAT CCCCTTGGCG  
1501 GTTAAAACGC GGGGGACAGC GCGTACGTGC GTTTAAGCGG TGCTAGAGCT  
1551 TGCTACGACC AATTGAGCGG CCTCGGCACC GGGATTCTCC AGGGCGGCCG  
1601 CGTATAGGGT CCATCCCCGA GAGGTCGCTG TTCAATACAT GCACAGGATG  
1651 TATATATCTG ACACGTGCCT GGAGACTAGG GAGTAATCCC CTTGGCGGTT  
1701 AAAACGCGGG GGACAGCGCG TACGTGCGTT TAAGCGGTGC TAGAGCTTGC  
1751 TACGACCAAT TGAGCGGCCT CGGCACCGGG ATTCTCCAGG GCGGCCGCGT  
1801 ATAGGGTCCA TCCCCGAGAG GTCGCTGTTC AATACATGCA CAGGATGTAT  
1851 ATATCTGACA CGTGCCTGGA GACTAGGGAG TAATCCCCTT GGCGGTTAAA  
1901 ACGCGGGGGA CAGCGCGTAC GTGCGTTTAA GCGGTGCTAG AGCTTGCTAC  
1951 GACCAATTGA GCGGCCTCGG CACCGGGATT CTCCAGGGCG GCCGCGTATA  
2001 GGGTCCATCC CCGAGAGGTC GCTGTTCAAT ACATGCACAG GATGTATATA  
2051 TCTGACACGT GCCTGGAGAC TAGGGAGTAA TCCCCTTGGC GGTTAAAACG  
2101 CGGGGGACAG CGCGTACGTG CGTTTAAGCG GTGCTAGAGC TTGCTACGAC  
2151 CAATTGAGCG GCCTCGGCAC CGGGATTCTC CAGGGCGGCC GCGTATAGGG  
2201 TCCATCCCCG AGAGGTCGCT GTTCAATACA TGCACAGGAT GTATATATCT  
2251 GACACGTGCC TGGAGACTAG GGAGTAATCC CCTTGGCGGT TAAAACGCGG  
2301 GGGACAGCGC GTACGTGCGT TTAAGCGGTG CTAGAGCTTG CTACGACCAA  
2351 TTGAGCGGCC TCGGCACCGG GATTCTCCAG GGCGGCCGCG TATAGGGTCC  
2401 ATCCCCGAGA GGTCGCTGTT CAATACATGC ACAGGATGTA TATATCTGAC  
2451 ACGTGCCTGG AGACTAGGGA GTAATCCCCT TGGCGGTTAA AACGCGGGGG  
2501 ACAGCGCGTA CGTGCGTTTA AGCGGTGCTA GAGCTTGCTA CGACCAATTG  
2551 AGCGGCCTCG GCACCGGGAT TCTCCAGGGC GGCCGCGTAT AGGGTCCATC  
2601 CCCGAGAGGT CGCTGTTCAA TACATGCACA GGATGTATAT ATCTGACACG  
2651 TGCCTGGAGA CTAGGGAGTA ATCCCCTTGG CGGTTAAAAC GCGGGGGACA  
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2701 GCGCGTACGT GCGTTTAAGC GGTGCTAGAG CTTGCTACGA CCAATTGAGC  
2751 GGCCTCGGCA CCGGGATTCT CCAGGGCGGC CGCGTATAGG GTCCATCCCC  
2801 GAGAGGTCGC TGTTCAATAC ATGCACAGGA TGTATATATC TGACACGTGC  
2851 CTGGAGACTA GGGAGTAATC CCCTTGGCGG TTAAAACGCG GGGGACAGCG  
2901 CGTACGTGCG TTTAAGCGGT GCTAGAGCTT GCTACGACCA ATTGAGCGGC  
2951 CTCGGCACCG GGATTCTCCA GGGCGGCCGC GTATAGGGTC CATCCCCGAG  
3001 AGGTCGCTGT TCAATACATG CACAGGATGT ATATATCTGA CACGTGCCTG  
3051 GAGACTAGGG AGTAATCCCC TTGGCGGTTA AAACGCGGGG GACAGCGCGT  
3101 ACGTGCGTTT AAGCGGTGCT AGAGCTTGCT ACGACCAATT GAGCGGCCTC  
3151 GGCACCGGGA TTCTCCAGGG CGGCCGCGTA TAGGGTCCAT CCCCGAGAGG  
3201 TCGCTGTTCA ATACATGCAC AGGATGTATA TATCTGACAC GTGCCTGGAG  
3251 ACTAGGGAGT AATCCCCTTG GCGGTTAAAA CGCGGGGGAC AGCGCGTACG  
3301 TGCGTTTAAG CGGTGCTAGA GCTTGCTACG ACCAATTGAG CGGCCTCGGC  
3351 ACCGGGATTC TCCAGGGCGG CCGCGTATAG GGTCCATCCC CGAGAGGTCG  
3401 CTGTTCAATA CATGCACAGG ATGTATATAT CTGACACGTG CCTGGAGACT  
3451 AGGGAGTAAT CCCCTTGGCG GTTAAAACGC GGGGGACAGC GCGTACGTGC  
3501 GTTTAAGCGG TGCTAGAGCT TGCTACGACC AATTGAGCGG CCTCGGCACC  
3551 GGGATTCTCC AGGGCGGCCG CGTATAGGGT CCATCCCCGA GAGGTCGCTG 
3601 TTCAATACAT GCACAGGATG TATATATCTG ACACGTGCCT GGAGACTAGG  
3651 GAGTAATCCC CTTGGCGGTT AAAACGCGGG GGACAGCGCG TACGTGCGTT  
3701 TAAGCGGTGC TAGAGCTTGC TACGACCAAT TGAGCGGCCT CGGCACCGGG  
3751 ATTCTCCAGG GCGGCCGCGT ATAGGGTCCA TCCCCGAGAG GTCGCTGTTC  
3801 AATACATGCA CAGGATGTAT ATATCTGACA CGTGCCTGGA GACTAGGGAG  
3851 TAATCCCCTT GGCGGTTAAA ACGCGGGGGA CAGCGCGTAC GTGCGTTTAA  
3901 GCGGTGCTAG AGCTTGCTAC GACCAATTGA GCGGCCTCGG CACCGGGATT  
3951 CTCCAGGGCG GCCGCGTATA GGGTCCATCC CCGAGAGGTC GCTGTTCAAT  
4001 ACATGCACAG GATGTATATA TCTGACACGT GCCTGGAGAC TAGGGAGTAA  
4051 TCCCCTTGGC GGTTAAAACG CGGGGGACAG CGCGTACGTG CGTTTAAGCG  
4101 GTGCTAGAGC TTGCTACGAC CAATTGAGCG GCCTCGGCAC CGGGATTCTC  
4151 CAGGGCGGCC GCGTATAGGG TCCATCCCCG AGAGGTCGCT GTTCAATACA  
4201 TGCACAGGAT GTATATATCT GACACGTGCC TGGAGACTAG GGAGTAATCC  
4251 CCTTGGCGGT TAAAACGCGG GGGACAGCGC GTACGTGCGT TTAAGCGGTG  
4301 CTAGAGCTTG CTACGACCAA TTGAGCGGCC TCGGCACCGG GATTCTCCAG  
4351 GGCGGCCGCG TATAGGGTCC ATCCCCGAGA GGTCGCTGTT CAATACATGC  
4401 ACAGGATGTA TATATCTGAC ACGTGCCTGG AGACTAGGGA GTAATCCCCT  
4451 TGGCGGTTAA AACGCGGGGG ACAGCGCGTA CGTGCGTTTA AGCGGTGCTA  
4501 GAGCTTGCTA CGACCAATTG AGCGGCCTCG GCACCGGGAT TCTCCAGGGC  
4551 GGCCGCGTAT AGGGTCCATC CCCGAGAGGT CGCTGTTCAA TACATGCACA  
4601 GGATGTATAT ATCTGACACG TGCCTGGAGA CTAGGGAGTA ATCCCCTTGG  
4651 CGGTTAAAAC GCGGGGGACA GCGCGTACGT GCGTTTAAGC GGTGCTAGAG  
4701 CTTGCTACGA CCAATTGAGC GGCCTCGGCA CCGGGATTCT CCAGGGCGGC  
4751 CGCGTATAGG GTCCATCCCC GAGAGGTCGC TGTTCAATAC ATGCACAGGA  
4801 TGTATATATC TGACACGTGC CTGGAGACTA GGGAGTAATC CCCTTGGCGG  
4851 TTAAAACGCG GGGGACAGCG CGTACGTGCG TTTAAGCGGT GCTAGAGCTT  
4901 GCTACGACCA ATTGAGCGGC CTCGGCACCG GGATTCTCCA GGGCGGCCGC  
4951 GTATAGGGTC CATCCCCGAG AGGTCGCTGT TCAATACATG CACAGGATGT  
5001 ATATATCTGA CACGTGCCTG GAGACTAGGG AGTAATCCCC TTGGCGGTTA  
5051 AAACGCGGGG GACAGCGCGT ACGTGCGTTT AAGCGGTGCT AGAGCTTGCT  
5101 ACGACCAATT GAGCGGCCTC GGCACCGGGA TTCTCCAGGG CGGCCGCGTA  
5151 TAGGGTCCAT CCCCGAGAGG TCGCTGTTCA ATACATGCAC AGGATGTATA  
5201 TATCTGACAC GTGCCTGGAG ACTAGGGAGT AATCCCCTTG GCGGTTAAAA  
5251 CGCGGGGGAC AGCGCGTACG TGCGTTTAAG CGGTGCTAGA GCTTGCTACG  
5301 ACCAATTGAG CGGCCTCGGC ACCGGGATTC TCCAGGGCGG CCGCGTATAG  
5351 GGTCCATCCC CGAGATATCG AATTCGTAAT CATGGTCATA GCTGTTTCCT  
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5401 GTGTGAAATT GTTATCCGCT CACAATTCCA CACAACATAC GAGCCGGAAG  
5451 CATAAAGTGT AAAGCCTGGG GTGCCTAATG AGTGAGCTAA CTCACATTAA  
5501 TTGCGTTGCG CTCACTGCCC GCTTTCCAGT CGGGAAACCT GTCGTGCCAG  
5551 CTGCATTAAT GAATCGGCCA ACGCGCGGGG AGAGGCGGTT TGCGTATTGG  
5601 GCGCTCTTCC GCTTCCTCGC TCACTGACTC GCTGCGCTCG GTCGTTCGGC  
5651 TGCGGCGAGC GGTATCAGCT CACTCAAAGG CGGTAATACG GTTATCCACA  
5701 GAATCAGGGG ATAACGCAGG AAAGAACATG TGAGCAAAAG GCCAGCAAAA  
5751 GGCCAGGAAC CGTAAAAAGG CCGCGTTGCT GGCGTTTTTC CATAGGCTCC  
5801 GCCCCCCTGA CGAGCATCAC AAAAATCGAC GCTCAAGTCA GAGGTGGCGA  
5851 AACCCGACAG GACTATAAAG ATACCAGGCG TTTCCCCCTG GAAGCTCCCT  
5901 CGTGCGCTCT CCTGTTCCGA CCCTGCCGCT TACCGGATAC CTGTCCGCCT  
5951 TTCTCCCTTC GGGAAGCGTG GCGCTTTCTC ATAGCTCACG CTGTAGGTAT  
6001 CTCAGTTCGG TGTAGGTCGT TCGCTCCAAG CTGGGCTGTG TGCACGAACC  
6051 CCCCGTTCAG CCCGACCGCT GCGCCTTATC CGGTAACTAT CGTCTTGAGT  
6101 CCAACCCGGT AAGACACGAC TTATCGCCAC TGGCAGCAGC CACTGGTAAC  
6151 AGGATTAGCA GAGCGAGGTA TGTAGGCGGT GCTACAGAGT TCTTGAAGTG  
6201 GTGGCCTAAC TACGGCTACA CTAGAAGGAC AGTATTTGGT ATCTGCGCTC  
6251 TGCTGAAGCC AGTTACCTTC GGAAAAAGAG TTGGTAGCTC TTGATCCGGC  
6301 AAACAAACCA CCGCTGGTAG CGGTGGTTTT TTTGTTTGCA AGCAGCAGAT  
6351 TACGCGCAGA AAAAAAGGAT CTCAAGAAGA TCCTTTGATC TTTTCTACGG  
6401 GGTCTGACGC TCAGTGGAAC GAAAACTCAC GTTAAGGGAT TTTGGTCATG  
6451 AGATTATCAA AAAGGATCTT CACCTAGATC CTTTTAAATT AAAAATGAAG  
6501 TTTTAAATCA ATCTAAAGTA TATATGAGTA AACTTGGTCT GACAGTTACC  
6551 AATGCTTAAT CAGTGAGGCA CCTATCTCAG CGATCTGTCT ATTTCGTTCA  
6601 TCCATAGTTG CCTGACTCCC CGTCGTGTAG ATAACTACGA TACGGGAGGG  
6651 CTTACCATCT GGCCCCAGTG CTGCAATGAT ACCGCGAGAC CCACGCTCAC  
6701 CGGCTCCAGA TTTATCAGCA ATAAACCAGC CAGCCGGAAG GGCCGAGCGC  
6751 AGAAGTGGTC CTGCAACTTT ATCCGCCTCC ATCCAGTCTA TTAATTGTTG  
6801 CCGGGAAGCT AGAGTAAGTA GTTCGCCAGT TAATAGTTTG CGCAACGTTG  
6851 TTGCCATTGC TACAGGCATC GTGGTGTCAC GCTCGTCGTT TGGTATGGCT  
6901 TCATTCAGCT CCGGTTCCCA ACGATCAAGG CGAGTTACAT GATCCCCCAT  
6951 GTTGTGCAAA AAAGCGGTTA GCTCCTTCGG TCCTCCGATC GTTGTCAGAA  
7001 GTAAGTTGGC CGCAGTGTTA TCACTCATGG TTATGGCAGC ACTGCATAAT  
7051 TCTCTTACTG TCATGCCATC CGTAAGATGC TTTTCTGTGA CTGGTGAGTA  
7101 CTCAACCAAG TCATTCTGAG AATAGTGTAT GCGGCGACCG AGTTGCTCTT  
7151 GCCCGGCGTC AATACGGGAT AATACCGCGC CACATAGCAG AACTTTAAAA  
7201 GTGCTCATCA TTGGAAAACG TTCTTCGGGG CGAAAACTCT CAAGGATCTT  
7251 ACCGCTGTTG AGATCCAGTT CGATGTAACC CACTCGTGCA CCCAACTGAT  
7301 CTTCAGCATC TTTTACTTTC ACCAGCGTTT CTGGGTGAGC AAAAACAGGA  
7351 AGGCAAAATG CCGCAAAAAA GGGAATAAGG GCGACACGGA AATGTTGAAT  
7401 ACTCATACTC TTCCTTTTTC AATATTATTG AAGCATTTAT CAGGGTTATT  
7451 GTCTCATGAG CGGATACATA TTTGAATGTA TTTAGAAAAA TAAACAAATA  
7501 GGGGTTCCGC GCACATTTCC CCGAAAAGTG CCACCTGACG TCTAAGAAAC  
7551 CATTATTATC ATGACATTAA CCTATAAAAA TAGGCGTATC ACGAGGCCCT  
7601 TTCGTC 
 
CAGGAT...  ‘601’ sequence 
AAGCTT HindIII 
CTGCAG PstI 
TCTAGA XbaI 
CCCGAG AvaI 
AGCT  AluI 

GAATTC EcoRI 
GTCGAC HincII 
CATG  FatI 
G   missing acc. to 
sequencing 
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B.2 Plasmids for human histones expression

B.2.1 pET21b H2AWT

BmeT110I(5797)
A vaI - BsoBI - P aeR7I - P spXI - TliI - XhoI(5796)

BlpI(5718)

DraII I(5396)

P siI(5268)

ScaI(4733)

P vuI(4623)

P st I(4498)

A lw NI(3776)

P ciI(3360)

BstZ17I(3131)

EagI - Not I (4)
HindII I (11)

SalI (17)
EcoRI (30)

BamHI (36)

BseRI (147)
MscI (175)

NruI (219)
A scI (290)

BmgBI (424)
NdeI (433)

XbaI (471)

T7  promoter

BglI I (537)

SphI (734)
EcoNI (794)

P f lMI (841)

MluI (1259)
BclI* (1273)

P spOMI (1466)
A paI (1470)

EcoRV (1709)

HpaI (1765)

P shA I (2104)

FspA I (2341)
P puMI (2366)

P f lFI - Tth111I (3105)

pET21aH2A
5800 bp

Figure B.3: Map of plasmid pET21a H2AWT encoding wild type human histone H2A (type
1C). Map generated using SnapGene®Viewer.
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     1 TCGAGTGCGG CCGCAAGCTT GTCGACGGAG CTCGAATTCG GATCCTCACT 

    51 TGCCCTTGGC CTTGTGGTGA CTCTCGGTCT TCTTAGGCAG AAGCACGGCC 

   101 TGGATGTTAG GAAGGACGCC GCCCTGAGCA ATGGTCACCT TTCCTAGCAG 

   151 TTTGTTGAGC TCCTCGTCGT TGCGGATGGC CAGCTGCAAG TGGCGCGGGA 

   201 TGATGCGAGT CTTCTTGTTG TCGCGAGCCG CGTTGCCGGC CAGCTCCAGG 

   251 ATCTCGGCGG TCAGATACTC TAACACCGCC GCCAGGTACA CCGGCGCGCC 

   301 TGCCCCAACC CGCTCTGCGT AGTTGCCTTT ACGGAGCAGG CGGTGCACTC 

   351 GGCCCACCGG GAACTGGAGA CCAGCGCGAG AAGAGCGGGT TTTCGCTTTG 

   401 GCGCGAGCTT TGCCTCCTTG CTTACCACGT CCAGACATAT GTATATCTCC 

   451 TTCTTAAAGT TAAACAAAAT TATTTCTAGA GGGGAATTGT TATCCGCTCA 

   501 CAATTCCCCT ATAGTGAGTC GTATTAATTT CGCGGGATCG AGATCTCGAT 

   551  CCTCTACGCC GGACGCATCG TGGCCGGCAT CACCGGCGCC ACAGGTGCGG 

   601  TTGCTGGCGC CTATATCGCC GACATCACCG ATGGGGAAGA TCGGGCTCGC 

   651  CACTTCGGGC TCATGAGCGC TTGTTTCGGC GTGGGTATGG TGGCAGGCCC 

   701  CGTGGCCGGG GGACTGTTGG GCGCCATCTC CTTGCATGCA CCATTCCTTG 

   751 CGGCGGCGGT GCTCAACGGC CTCAACCTAC TACTGGGCTG CTTCCTAATG 

   801  CAGGAGTCGC ATAAGGGAGA GCGTCGAGAT CCCGGACACC ATCGAATGGC 

   851  GCAAAACCTT TCGCGGTATG GCATGATAGC GCCCGGAAGA GAGTCAATTC 

   901  AGGGTGGTGA ATGTGAAACC AGTAACGTTA TACGATGTCG CAGAGTATGC 

   951  CGGTGTCTCT TATCAGACCG TTTCCCGCGT GGTGAACCAG GCCAGCCACG 

  1001  TTTCTGCGAA AACGCGGGAA AAAGTGGAAG CGGCGATGGC GGAGCTGAAT 

  1051  TACATTCCCA ACCGCGTGGC ACAACAACTG GCGGGCAAAC AGTCGTTGCT 

  1101  GATTGGCGTT GCCACCTCCA GTCTGGCCCT GCACGCGCCG TCGCAAATTG 

  1151  TCGCGGCGAT TAAATCTCGC GCCGATCAAC TGGGTGCCAG CGTGGTGGTG 

  1201  TCGATGGTAG AACGAAGCGG CGTCGAAGCC TGTAAAGCGG CGGTGCACAA 

  1251  TCTTCTCGCG CAACGCGTCA GTGGGCTGAT CATTAACTAT CCGCTGGATG 

  1301  ACCAGGATGC CATTGCTGTG GAAGCTGCCT GCACTAATGT TCCGGCGTTA 

  1351  TTTCTTGATG TCTCTGACCA GACACCCATC AACAGTATTA TTTTCTCCCA 

  1401  TGAAGACGGT ACGCGACTGG GCGTGGAGCA TCTGGTCGCA TTGGGTCACC 

  1451  AGCAAATCGC GCTGTTAGCG GGCCCATTAA GTTCTGTCTC GGCGCGTCTG 

  1501  CGTCTGGCTG GCTGGCATAA ATATCTCACT CGCAATCAAA TTCAGCCGAT 

  1551  AGCGGAACGG GAAGGCGACT GGAGTGCCAT GTCCGGTTTT CAACAAACCA 

  1601  TGCAAATGCT GAATGAGGGC ATCGTTCCCA CTGCGATGCT GGTTGCCAAC 

  1651  GATCAGATGG CGCTGGGCGC AATGCGCGCC ATTACCGAGT CCGGGCTGCG 

  1701  CGTTGGTGCG GATATCTCGG TAGTGGGATA CGACGATACC GAAGACAGCT 

  1751  CATGTTATAT CCCGCCGTTA ACCACCATCA AACAGGATTT TCGCCTGCTG 

  1801  GGGCAAACCA GCGTGGACCG CTTGCTGCAA CTCTCTCAGG GCCAGGCGGT 

  1851  GAAGGGCAAT CAGCTGTTGC CCGTCTCACT GGTGAAAAGA AAAACCACCC 

  1901  TGGCGCCCAA TACGCAAACC GCCTCTCCCC GCGCGTTGGC CGATTCATTA 

  1951  ATGCAGCTGG CACGACAGGT TTCCCGACTG GAAAGCGGGC AGTGAGCGCA 

  2001  ACGCAATTAA TGTAAGTTAG CTCACTCATT AGGCACCGGG ATCTCGACCG 

  2051  ATGCCCTTGA GAGCCTTCAA CCCAGTCAGC TCCTTCCGGT GGGCGCGGGG 

  2101  CATGACTATC GTCGCCGCAC TTATGACTGT CTTCTTTATC ATGCAACTCG 

  2151  TAGGACAGGT GCCGGCAGCG CTCTGGGTCA TTTTCGGCGA GGACCGCTTT 

  2201  CGCTGGAGCG CGACGATGAT CGGCCTGTCG CTTGCGGTAT TCGGAATCTT 

  2251  GCACGCCCTC GCTCAAGCCT TCGTCACTGG TCCCGCCACC AAACGTTTCG 

  2301  GCGAGAAGCA GGCCATTATC GCCGGCATGG CGGCCCCACG GGTGCGCATG 

  2351  ATCGTGCTCC TGTCGTTGAG GACCCGGCTA GGCTGGCGGG GTTGCCTTAC 

  2401  TGGTTAGCAG AATGAATCAC CGATACGCGA GCGAACGTGA AGCGACTGCT 

  2451  GCTGCAAAAC GTCTGCGACC TGAGCAACAA CATGAATGGT CTTCGGTTTC 

  2501  CGTGTTTCGT AAAGTCTGGA AACGCGGAAG TCAGCGCCCT GCACCATTAT 

  2551  GTTCCGGATC TGCATCGCAG GATGCTGCTG GCTACCCTGT GGAACACCTA 

  2601  CATCTGTATT AACGAAGCGC TGGCATTGAC CCTGAGTGAT TTTTCTCTGG 

  2651  TCCCGCCGCA TCCATACCGC CAGTTGTTTA CCCTCACAAC GTTCCAGTAA 
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  2701  CCGGGCATGT TCATCATCAG TAACCCGTAT CGTGAGCATC CTCTCTCGTT 

  2751  TCATCGGTAT CATTACCCCC ATGAACAGAA ATCCCCCTTA CACGGAGGCA 

  2801  TCAGTGACCA AACAGGAAAA AACCGCCCTT AACATGGCCC GCTTTATCAG 

  2851  AAGCCAGACA TTAACGCTTC TGGAGAAACT CAACGAGCTG GACGCGGATG 

  2901  AACAGGCAGA CATCTGTGAA TCGCTTCACG ACCACGCTGA TGAGCTTTAC 

  2951  CGCAGCTGCC TCGCGCGTTT CGGTGATGAC GGTGAAAACC TCTGACACAT 

  3001  GCAGCTCCCG GAGACGGTCA CAGCTTGTCT GTAAGCGGAT GCCGGGAGCA 

  3051  GACAAGCCCG TCAGGGCGCG TCAGCGGGTG TTGGCGGGTG TCGGGGCGCA 

  3101  GCCATGACCC AGTCACGTAG CGATAGCGGA GTGTATACTG GCTTAACTAT 

  3151  GCGGCATCAG AGCAGATTGT ACTGAGAGTG CACCATATAT GCGGTGTGAA 

  3201  ATACCGCACA GATGCGTAAG GAGAAAATAC CGCATCAGGC GCTCTTCCGC 

  3251  TTCCTCGCTC ACTGACTCGC TGCGCTCGGT CGTTCGGCTG CGGCGAGCGG 

  3301  TATCAGCTCA CTCAAAGGCG GTAATACGGT TATCCACAGA ATCAGGGGAT 

  3351 AACGCAGGAA AGAACATGTG AGCAAAAGGC CAGCAAAAGG CCAGGAACCG 

  3401  TAAAAAGGCC GCGTTGCTGG CGTTTTTCCA TAGGCTCCGC CCCCCTGACG 

  3451  AGCATCACAA AAATCGACGC TCAAGTCAGA GGTGGCGAAA CCCGACAGGA 

  3501  CTATAAAGAT ACCAGGCGTT TCCCCCTGGA AGCTCCCTCG TGCGCTCTCC 

  3551  TGTTCCGACC CTGCCGCTTA CCGGATACCT GTCCGCCTTT CTCCCTTCGG 

  3601  GAAGCGTGGC GCTTTCTCAT AGCTCACGCT GTAGGTATCT CAGTTCGGTG 

  3651  TAGGTCGTTC GCTCCAAGCT GGGCTGTGTG CACGAACCCC CCGTTCAGCC 

  3701  CGACCGCTGC GCCTTATCCG GTAACTATCG TCTTGAGTCC AACCCGGTAA 

  3751  GACACGACTT ATCGCCACTG GCAGCAGCCA CTGGTAACAG GATTAGCAGA 

  3801  GCGAGGTATG TAGGCGGTGC TACAGAGTTC TTGAAGTGGT GGCCTAACTA 

  3851  CGGCTACACT AGAAGGACAG TATTTGGTAT CTGCGCTCTG CTGAAGCCAG 

  3901  TTACCTTCGG AAAAAGAGTT GGTAGCTCTT GATCCGGCAA ACAAACCACC 

  3951  GCTGGTAGCG GTGGTTTTTT TGTTTGCAAG CAGCAGATTA CGCGCAGAAA 

  4001  AAAAGGATCT CAAGAAGATC CTTTGATCTT TTCTACGGGG TCTGACGCTC 

  4051  AGTGGAACGA AAACTCACGT TAAGGGATTT TGGTCATGAG ATTATCAAAA 

  4101  AGGATCTTCA CCTAGATCCT TTTAAATTAA AAATGAAGTT TTAAATCAAT 

  4151  CTAAAGTATA TATGAGTAAA CTTGGTCTGA CAGTTACCAA TGCTTAATCA 

  4201  GTGAGGCACC TATCTCAGCG ATCTGTCTAT TTCGTTCATC CATAGTTGCC 

  4251  TGACTCCCCG TCGTGTAGAT AACTACGATA CGGGAGGGCT TACCATCTGG 

  4301  CCCCAGTGCT GCAATGATAC CGCGAGACCC ACGCTCACCG GCTCCAGATT 

  4351  TATCAGCAAT AAACCAGCCA GCCGGAAGGG CCGAGCGCAG AAGTGGTCCT 

  4401  GCAACTTTAT CCGCCTCCAT CCAGTCTATT AATTGTTGCC GGGAAGCTAG 

  4451  AGTAAGTAGT TCGCCAGTTA ATAGTTTGCG CAACGTTGTT GCCATTGCTG 

  4501  CAGGCATCGT GGTGTCACGC TCGTCGTTTG GTATGGCTTC ATTCAGCTCC 

  4551  GGTTCCCAAC GATCAAGGCG AGTTACATGA TCCCCCATGT TGTGCAAAAA 

  4601  AGCGGTTAGC TCCTTCGGTC CTCCGATCGT TGTCAGAAGT AAGTTGGCCG 

  4651  CAGTGTTATC ACTCATGGTT ATGGCAGCAC TGCATAATTC TCTTACTGTC 

  4701  ATGCCATCCG TAAGATGCTT TTCTGTGACT GGTGAGTACT CAACCAAGTC 

  4751  ATTCTGAGAA TAGTGTATGC GGCGACCGAG TTGCTCTTGC CCGGCGTCAA 

  4801  TACGGGATAA TACCGCGCCA CATAGCAGAA CTTTAAAAGT GCTCATCATT 

  4851  GGAAAACGTT CTTCGGGGCG AAAACTCTCA AGGATCTTAC CGCTGTTGAG 

  4901  ATCCAGTTCG ATGTAACCCA CTCGTGCACC CAACTGATCT TCAGCATCTT 

  4951  TTACTTTCAC CAGCGTTTCT GGGTGAGCAA AAACAGGAAG GCAAAATGCC 

  5001  GCAAAAAAGG GAATAAGGGC GACACGGAAA TGTTGAATAC TCATACTCTT 

  5051  CCTTTTTCAA TATTATTGAA GCATTTATCA GGGTTATTGT CTCATGAGCG 

  5101  GATACATATT TGAATGTATT TAGAAAAATA AACAAATAGG GGTTCCGCGC 

  5151  ACATTTCCCC GAAAAGTGCC ACCTGAAATT GTAAACGTTA ATATTTTGTT 

  5201  AAAATTCGCG TTAAATTTTT GTTAAATCAG CTCATTTTTT AACCAATAGG 

  5251  CCGAAATCGG CAAAATCCCT TATAAATCAA AAGAATAGAC CGAGATAGGG 

  5301  TTGAGTGTTG TTCCAGTTTG GAACAAGAGT CCACTATTAA AGAACGTGGA 

  5351  CTCCAACGTC AAAGGGCGAA AAACCGTCTA TCAGGGCGAT GGCCCACTAC 
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  5401  GTGAACCATC ACCCTAATCA AGTTTTTTGG GGTCGAGGTG CCGTAAAGCA 

  5451  CTAAATCGGA ACCCTAAAGG GAGCCCCCGA TTTAGAGCTT GACGGGGAAA 

  5501  GCCGGCGAAC GTGGCGAGAA AGGAAGGGAA GAAAGCGAAA GGAGCGGGCG 

  5551  CTAGGGCGCT GGCAAGTGTA GCGGTCACGC TGCGCGTAAC CACCACACCC 

  5601  GCCGCGCTTA ATGCGCCGCT ACAGGGCGCG TCCCATTCGC CAATCCGGAT 

  5651  ATAGTTCCTC CTTTCAGCAA AAAACCCCTC AAGACCCGTT TAGAGGCCCC 

  5701  AAGGGGTTAT GCTAGTTATT GCTCAGCGGT GGCAGCAGCC AACTCAGCTT 

  5751  CCTTTCGGGC TTTGTTAGCA GCCGGATCTC AGTGGTGGTG GTGGTGGTGC 

 

 

TCACTT… H2AWT sequence 
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APPENDIX B. MAPS AND SEQUENCES OF USED PLASMIDS

B.2.2 pET21b H2BWT

BmeT110I(5785)
A vaI - BsoBI - P aeR7I - P spXI - TliI - XhoI(5784)

BlpI(5706)

P siI(5256)

ScaI(4721)

P vuI(4611)

P st I(4486)

BsaI(4302)

A hdI(4241)

P ciI(3348)

BspQI - SapI(3232)

P f lFI - Tth111I(3093)

EagI - Not I (4)
HindII I (11)

SalI (17)
Eco53kI (26)

SacI (28)
BamHI (36)

A cc65I (75)
KpnI (79)

MscI (100)

BstBI (208)
NcoI (242)

BsrGI (293)

NdeI (421)
XbaI (459)

T7  promoter

BglI I (525)
SgrA I (566)

SphI (722)
EcoNI (782)
P f lMI (829)

BstA P I (930)

MluI (1247)
BclI* (1261)

BstEII (1428)
P spOMI (1454)
A paI (1458)

BssHII (1658)

EcoRV (1697)

P shA I (2092)

FspA I (2329)
P puMI (2354)

Bpu10I (2454)

pET21aH2B
5788 bp

Figure B.4: Map of plasmid pET21a H2BWT encoding wild type human histone H2B (type
1C/E/F/G/J). Map generated using SnapGene®Viewer.
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     1 GTGCGGCCGC AAGCTTGTCG ACGGAGCTCG AATTCGGATC CTTACTTGGA 

    51 GCTTGTATAC TTGGTGACAG CCTTGGTACC TTCGGACACT GCGTGCTTGG 

   101 CCAGCTCTCC GGGAAGCAGC AGACGCACGG CGGTCTGGAT CTCCCTGGAG 

   151 GTAATGGTCG AGCGCTTGTT GTAGTGGGCC AGACGGGAAG CCTCGCCTGC 

   201 GATGCGTTCG AAGATGTCGT TAACGAAGGA ATTCATGATG CCCATGGCCT 

   251 TGGATGAGAT GCCAGTATCG GGGTGAACCT GTTTTAGCAC CTTGTACACA 

   301 TACACGGAGT AGCTCTCCTT ACGACTGCGC TTGCGCTTCT TGCCATCCTT 

   351 CTTCTGCGCC TTGGTCACAG CCTTCTTGGA ACCCTTCTTC GGAGCAGGAG 

   401 CTGACTTAGC TGGTTCAGGC ATATGTATAT CTCCTTCTTA AAGTTAAACA 

   451 AAATTATTTC TAGAGGGGAA TTGTTATCCG CTCACAATTC CCCTATAGTG 

   501 AGTCGTATTA ATTTCGCGGG ATCGAGATCT CGATCCTCTA CGCCGGACGC 

   551 ATCGTGGCCG GCATCACCGG CGCCACAGGT GCGGTTGCTG GCGCCTATAT 

   601 CGCCGACATC ACCGATGGGG AAGATCGGGC TCGCCACTTC GGGCTCATGA 

   651 GCGCTTGTTT CGGCGTGGGT ATGGTGGCAG GCCCCGTGGC CGGGGGACTG 

   701 TTGGGCGCCA TCTCCTTGCA TGCACCATTC CTTGCGGCGG CGGTGCTCAA 

   751 CGGCCTCAAC CTACTACTGG GCTGCTTCCT AATGCAGGAG TCGCATAAGG 

   801 GAGAGCGTCG AGATCCCGGA CACCATCGAA TGGCGCAAAA CCTTTCGCGG 

   851 TATGGCATGA TAGCGCCCGG AAGAGAGTCA ATTCAGGGTG GTGAATGTGA 

   901 AACCAGTAAC GTTATACGAT GTCGCAGAGT ATGCCGGTGT CTCTTATCAG 

   951 ACCGTTTCCC GCGTGGTGAA CCAGGCCAGC CACGTTTCTG CGAAAACGCG 

  1001 GGAAAAAGTG GAAGCGGCGA TGGCGGAGCT GAATTACATT CCCAACCGCG 

  1051 TGGCACAACA ACTGGCGGGC AAACAGTCGT TGCTGATTGG CGTTGCCACC 

  1101 TCCAGTCTGG CCCTGCACGC GCCGTCGCAA ATTGTCGCGG CGATTAAATC 

  1151 TCGCGCCGAT CAACTGGGTG CCAGCGTGGT GGTGTCGATG GTAGAACGAA 

  1201 GCGGCGTCGA AGCCTGTAAA GCGGCGGTGC ACAATCTTCT CGCGCAACGC 

  1251 GTCAGTGGGC TGATCATTAA CTATCCGCTG GATGACCAGG ATGCCATTGC 

  1301 TGTGGAAGCT GCCTGCACTA ATGTTCCGGC GTTATTTCTT GATGTCTCTG 

  1351 ACCAGACACC CATCAACAGT ATTATTTTCT CCCATGAAGA CGGTACGCGA 

  1401 CTGGGCGTGG AGCATCTGGT CGCATTGGGT CACCAGCAAA TCGCGCTGTT 

  1451 AGCGGGCCCA TTAAGTTCTG TCTCGGCGCG TCTGCGTCTG GCTGGCTGGC 

  1501 ATAAATATCT CACTCGCAAT CAAATTCAGC CGATAGCGGA ACGGGAAGGC 

  1551 GACTGGAGTG CCATGTCCGG TTTTCAACAA ACCATGCAAA TGCTGAATGA 

  1601 GGGCATCGTT CCCACTGCGA TGCTGGTTGC CAACGATCAG ATGGCGCTGG 

  1651 GCGCAATGCG CGCCATTACC GAGTCCGGGC TGCGCGTTGG TGCGGATATC 

  1701 TCGGTAGTGG GATACGACGA TACCGAAGAC AGCTCATGTT ATATCCCGCC 

  1751 GTTAACCACC ATCAAACAGG ATTTTCGCCT GCTGGGGCAA ACCAGCGTGG 

  1801 ACCGCTTGCT GCAACTCTCT CAGGGCCAGG CGGTGAAGGG CAATCAGCTG 

  1851 TTGCCCGTCT CACTGGTGAA AAGAAAAACC ACCCTGGCGC CCAATACGCA 

  1901 AACCGCCTCT CCCCGCGCGT TGGCCGATTC ATTAATGCAG CTGGCACGAC 

  1951 AGGTTTCCCG ACTGGAAAGC GGGCAGTGAG CGCAACGCAA TTAATGTAAG 

  2001 TTAGCTCACT CATTAGGCAC CGGGATCTCG ACCGATGCCC TTGAGAGCCT 

  2051 TCAACCCAGT CAGCTCCTTC CGGTGGGCGC GGGGCATGAC TATCGTCGCC 

  2101 GCACTTATGA CTGTCTTCTT TATCATGCAA CTCGTAGGAC AGGTGCCGGC 

  2151 AGCGCTCTGG GTCATTTTCG GCGAGGACCG CTTTCGCTGG AGCGCGACGA 

  2201 TGATCGGCCT GTCGCTTGCG GTATTCGGAA TCTTGCACGC CCTCGCTCAA 

  2251 GCCTTCGTCA CTGGTCCCGC CACCAAACGT TTCGGCGAGA AGCAGGCCAT 

  2301 TATCGCCGGC ATGGCGGCCC CACGGGTGCG CATGATCGTG CTCCTGTCGT 

  2351 TGAGGACCCG GCTAGGCTGG CGGGGTTGCC TTACTGGTTA GCAGAATGAA 

  2401 TCACCGATAC GCGAGCGAAC GTGAAGCGAC TGCTGCTGCA AAACGTCTGC 

  2451 GACCTGAGCA ACAACATGAA TGGTCTTCGG TTTCCGTGTT TCGTAAAGTC 

  2501 TGGAAACGCG GAAGTCAGCG CCCTGCACCA TTATGTTCCG GATCTGCATC 

  2551 GCAGGATGCT GCTGGCTACC CTGTGGAACA CCTACATCTG TATTAACGAA 

  2601 GCGCTGGCAT TGACCCTGAG TGATTTTTCT CTGGTCCCGC CGCATCCATA 

  2651 CCGCCAGTTG TTTACCCTCA CAACGTTCCA GTAACCGGGC ATGTTCATCA 
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  2701 TCAGTAACCC GTATCGTGAG CATCCTCTCT CGTTTCATCG GTATCATTAC 

  2751 CCCCATGAAC AGAAATCCCC CTTACACGGA GGCATCAGTG ACCAAACAGG 

  2801 AAAAAACCGC CCTTAACATG GCCCGCTTTA TCAGAAGCCA GACATTAACG 

  2851 CTTCTGGAGA AACTCAACGA GCTGGACGCG GATGAACAGG CAGACATCTG 

  2901 TGAATCGCTT CACGACCACG CTGATGAGCT TTACCGCAGC TGCCTCGCGC 

  2951 GTTTCGGTGA TGACGGTGAA AACCTCTGAC ACATGCAGCT CCCGGAGACG 

  3001 GTCACAGCTT GTCTGTAAGC GGATGCCGGG AGCAGACAAG CCCGTCAGGG 

  3051 CGCGTCAGCG GGTGTTGGCG GGTGTCGGGG CGCAGCCATG ACCCAGTCAC 

  3101 GTAGCGATAG CGGAGTGTAT ACTGGCTTAA CTATGCGGCA TCAGAGCAGA 

  3151 TTGTACTGAG AGTGCACCAT ATATGCGGTG TGAAATACCG CACAGATGCG 

  3201 TAAGGAGAAA ATACCGCATC AGGCGCTCTT CCGCTTCCTC GCTCACTGAC 

  3251 TCGCTGCGCT CGGTCGTTCG GCTGCGGCGA GCGGTATCAG CTCACTCAAA 

  3301 GGCGGTAATA CGGTTATCCA CAGAATCAGG GGATAACGCA GGAAAGAACA 

  3351 TGTGAGCAAA AGGCCAGCAA AAGGCCAGGA ACCGTAAAAA GGCCGCGTTG 

  3401 CTGGCGTTTT TCCATAGGCT CCGCCCCCCT GACGAGCATC ACAAAAATCG 

  3451 ACGCTCAAGT CAGAGGTGGC GAAACCCGAC AGGACTATAA AGATACCAGG 

  3501 CGTTTCCCCC TGGAAGCTCC CTCGTGCGCT CTCCTGTTCC GACCCTGCCG 

  3551 CTTACCGGAT ACCTGTCCGC CTTTCTCCCT TCGGGAAGCG TGGCGCTTTC 

  3601 TCATAGCTCA CGCTGTAGGT ATCTCAGTTC GGTGTAGGTC GTTCGCTCCA 

  3651 AGCTGGGCTG TGTGCACGAA CCCCCCGTTC AGCCCGACCG CTGCGCCTTA 

  3701 TCCGGTAACT ATCGTCTTGA GTCCAACCCG GTAAGACACG ACTTATCGCC 

  3751 ACTGGCAGCA GCCACTGGTA ACAGGATTAG CAGAGCGAGG TATGTAGGCG 

  3801 GTGCTACAGA GTTCTTGAAG TGGTGGCCTA ACTACGGCTA CACTAGAAGG 

  3851 ACAGTATTTG GTATCTGCGC TCTGCTGAAG CCAGTTACCT TCGGAAAAAG 

  3901 AGTTGGTAGC TCTTGATCCG GCAAACAAAC CACCGCTGGT AGCGGTGGTT 

  3951 TTTTTGTTTG CAAGCAGCAG ATTACGCGCA GAAAAAAAGG ATCTCAAGAA 

  4001 GATCCTTTGA TCTTTTCTAC GGGGTCTGAC GCTCAGTGGA ACGAAAACTC 

  4051 ACGTTAAGGG ATTTTGGTCA TGAGATTATC AAAAAGGATC TTCACCTAGA 

  4101 TCCTTTTAAA TTAAAAATGA AGTTTTAAAT CAATCTAAAG TATATATGAG 

  4151 TAAACTTGGT CTGACAGTTA CCAATGCTTA ATCAGTGAGG CACCTATCTC 

  4201 AGCGATCTGT CTATTTCGTT CATCCATAGT TGCCTGACTC CCCGTCGTGT 

  4251 AGATAACTAC GATACGGGAG GGCTTACCAT CTGGCCCCAG TGCTGCAATG 

  4301 ATACCGCGAG ACCCACGCTC ACCGGCTCCA GATTTATCAG CAATAAACCA 

  4351 GCCAGCCGGA AGGGCCGAGC GCAGAAGTGG TCCTGCAACT TTATCCGCCT 

  4401 CCATCCAGTC TATTAATTGT TGCCGGGAAG CTAGAGTAAG TAGTTCGCCA 

  4451 GTTAATAGTT TGCGCAACGT TGTTGCCATT GCTGCAGGCA TCGTGGTGTC 

  4501 ACGCTCGTCG TTTGGTATGG CTTCATTCAG CTCCGGTTCC CAACGATCAA 

  4551 GGCGAGTTAC ATGATCCCCC ATGTTGTGCA AAAAAGCGGT TAGCTCCTTC 

  4601 GGTCCTCCGA TCGTTGTCAG AAGTAAGTTG GCCGCAGTGT TATCACTCAT 

  4651 GGTTATGGCA GCACTGCATA ATTCTCTTAC TGTCATGCCA TCCGTAAGAT 

  4701 GCTTTTCTGT GACTGGTGAG TACTCAACCA AGTCATTCTG AGAATAGTGT 

  4751 ATGCGGCGAC CGAGTTGCTC TTGCCCGGCG TCAATACGGG ATAATACCGC 

  4801 GCCACATAGC AGAACTTTAA AAGTGCTCAT CATTGGAAAA CGTTCTTCGG 

  4851 GGCGAAAACT CTCAAGGATC TTACCGCTGT TGAGATCCAG TTCGATGTAA 

  4901 CCCACTCGTG CACCCAACTG ATCTTCAGCA TCTTTTACTT TCACCAGCGT 

  4951 TTCTGGGTGA GCAAAAACAG GAAGGCAAAA TGCCGCAAAA AAGGGAATAA 

  5001 GGGCGACACG GAAATGTTGA ATACTCATAC TCTTCCTTTT TCAATATTAT 

  5051 TGAAGCATTT ATCAGGGTTA TTGTCTCATG AGCGGATACA TATTTGAATG 

  5101 TATTTAGAAA AATAAACAAA TAGGGGTTCC GCGCACATTT CCCCGAAAAG 

  5151 TGCCACCTGA AATTGTAAAC GTTAATATTT TGTTAAAATT CGCGTTAAAT 

  5201 TTTTGTTAAA TCAGCTCATT TTTTAACCAA TAGGCCGAAA TCGGCAAAAT 

  5251 CCCTTATAAA TCAAAAGAAT AGACCGAGAT AGGGTTGAGT GTTGTTCCAG 

  5301 TTTGGAACAA GAGTCCACTA TTAAAGAACG TGGACTCCAA CGTCAAAGGG 

  5351 CGAAAAACCG TCTATCAGGG CGATGGCCCA CTACGTGAAC CATCACCCTA 
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  5401 ATCAAGTTTT TTGGGGTCGA GGTGCCGTAA AGCACTAAAT CGGAACCCTA 

  5451 AAGGGAGCCC CCGATTTAGA GCTTGACGGG GAAAGCCGGC GAACGTGGCG 

  5501 AGAAAGGAAG GGAAGAAAGC GAAAGGAGCG GGCGCTAGGG CGCTGGCAAG 

  5551 TGTAGCGGTC ACGCTGCGCG TAACCACCAC ACCCGCCGCG CTTAATGCGC 

  5601 CGCTACAGGG CGCGTCCCAT TCGCCAATCC GGATATAGTT CCTCCTTTCA 

  5651 GCAAAAAACC CCTCAAGACC CGTTTAGAGG CCCCAAGGGG TTATGCTAGT 

  5701 TATTGCTCAG CGGTGGCAGC AGCCAACTCA GCTTCCTTTC GGGCTTTGTT 

  5751 AGCAGCCGGA TCTCAGTGGT GGTGGTGGTG GTGCTCGA 
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APPENDIX B. MAPS AND SEQUENCES OF USED PLASMIDS

B.2.3 pET21b H3WT

PaeR7I - P spXI - TliI - XhoI(5808)

St yI(5707)

DraII I(5408)

P siI(5280)

ScaI(4745)

P vuI(4635)

BsaI(4326)

A hdI(4265)

A lw NI(3788)

P ciI(3372)

BspQI - SapI(3256)

BstZ17I(3143)

EagI - Not I (4)
HindII I (11)

EcoRI (30)
A f lI I (35)

BstBI (130)
SexA I* (142)

NheI (156)
Bmt I (160)

Bsu36I (196)

TspMI - XmaI (312)
SmaI (314)

MscI (382)
A geI (408)

NdeI (445)
XbaI (483)

T7  promoter

BglI I (549)

SphI (746)

BstA P I (954)

MluI (1271)
BclI* (1285)

BstEII (1452)
P spOMI (1478)
A paI (1482)

BssHII (1682)

EcoRV (1721)

HpaI (1777)

P shA I (2116)

FspA I (2353)
P puMI (2378)

Bpu10I (2478)

P f lFI - Tth111I (3117)

pET21aH3W T
5812 bp

Figure B.5: Map of plasmid pET21a H3WT encoding wild type human histone H3.1. Map
generated using SnapGene®Viewer.
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     1 GTGCGGCCGC AAGCTTGTCG ACGGAGCTCG AATTCTTAAG CTCTCTCTCC 

    51 CCGTATCCGG CGAGCCAACT GGATGTCTTT GGGCATGATG GTGACTCTCT 

   101 TAGCGTGGAT GGCACACAGG TTGGTATCTT CGAACAGACC CACCAGGTAC 

   151 GCTTCGCTAG CCTCCTGCAG CGCCATGACG GCTGAGCTCT GAAACCTCAG 

   201 GTCGGTTTTG AAATCCTGCG CGATCTCCCT CACCAACCTC TGGAAGGGCA 

   251 GCTTCCGGAT GAGCAGCTCG GTCGACTTCT GATAACGACG AATCTCTCGA 

   301 AGCGCCACGG TCCCGGGCCT GTAGCGATGA GGCTTCTTCA CCCCGCCGGT 

   351 AGCGGGAGCG CTTTTCCTGG CGGCTTTCGT GGCCAGCTGT TTGCGGGGGG 

   401 CTTTCCCACC GGTGGACTTA CGAGCAGTCT GCTTGGTTCG GGCCATATGT 

   451 ATATCTCCTT CTTAAAGTTA AACAAAATTA TTTCTAGAGG GGAATTGTTA 

   501 TCCGCTCACA ATTCCCCTAT AGTGAGTCGT ATTAATTTCG CGGGATCGAG 

   551 ATCTCGATCC TCTACGCCGG ACGCATCGTG GCCGGCATCA CCGGCGCCAC 

   601 AGGTGCGGTT GCTGGCGCCT ATATCGCCGA CATCACCGAT GGGGAAGATC 

   651 GGGCTCGCCA CTTCGGGCTC ATGAGCGCTT GTTTCGGCGT GGGTATGGTG 

   701 GCAGGCCCCG TGGCCGGGGG ACTGTTGGGC GCCATCTCCT TGCATGCACC 

   751 ATTCCTTGCG GCGGCGGTGC TCAACGGCCT CAACCTACTA CTGGGCTGCT 

   801 TCCTAATGCA GGAGTCGCAT AAGGGAGAGC GTCGAGATCC CGGACACCAT 

   851 CGAATGGCGC AAAACCTTTC GCGGTATGGC ATGATAGCGC CCGGAAGAGA 

   901 GTCAATTCAG GGTGGTGAAT GTGAAACCAG TAACGTTATA CGATGTCGCA 

   951 GAGTATGCCG GTGTCTCTTA TCAGACCGTT TCCCGCGTGG TGAACCAGGC 

  1001 CAGCCACGTT TCTGCGAAAA CGCGGGAAAA AGTGGAAGCG GCGATGGCGG 

  1051 AGCTGAATTA CATTCCCAAC CGCGTGGCAC AACAACTGGC GGGCAAACAG 

  1101 TCGTTGCTGA TTGGCGTTGC CACCTCCAGT CTGGCCCTGC ACGCGCCGTC 

  1151 GCAAATTGTC GCGGCGATTA AATCTCGCGC CGATCAACTG GGTGCCAGCG 

  1201 TGGTGGTGTC GATGGTAGAA CGAAGCGGCG TCGAAGCCTG TAAAGCGGCG 

  1251 GTGCACAATC TTCTCGCGCA ACGCGTCAGT GGGCTGATCA TTAACTATCC 

  1301 GCTGGATGAC CAGGATGCCA TTGCTGTGGA AGCTGCCTGC ACTAATGTTC 

  1351 CGGCGTTATT TCTTGATGTC TCTGACCAGA CACCCATCAA CAGTATTATT 

  1401 TTCTCCCATG AAGACGGTAC GCGACTGGGC GTGGAGCATC TGGTCGCATT 

  1451 GGGTCACCAG CAAATCGCGC TGTTAGCGGG CCCATTAAGT TCTGTCTCGG 

  1501 CGCGTCTGCG TCTGGCTGGC TGGCATAAAT ATCTCACTCG CAATCAAATT 

  1551 CAGCCGATAG CGGAACGGGA AGGCGACTGG AGTGCCATGT CCGGTTTTCA 

  1601 ACAAACCATG CAAATGCTGA ATGAGGGCAT CGTTCCCACT GCGATGCTGG 

  1651 TTGCCAACGA TCAGATGGCG CTGGGCGCAA TGCGCGCCAT TACCGAGTCC 

  1701 GGGCTGCGCG TTGGTGCGGA TATCTCGGTA GTGGGATACG ACGATACCGA 

  1751 AGACAGCTCA TGTTATATCC CGCCGTTAAC CACCATCAAA CAGGATTTTC 

  1801 GCCTGCTGGG GCAAACCAGC GTGGACCGCT TGCTGCAACT CTCTCAGGGC 

  1851 CAGGCGGTGA AGGGCAATCA GCTGTTGCCC GTCTCACTGG TGAAAAGAAA 

  1901 AACCACCCTG GCGCCCAATA CGCAAACCGC CTCTCCCCGC GCGTTGGCCG 

  1951 ATTCATTAAT GCAGCTGGCA CGACAGGTTT CCCGACTGGA AAGCGGGCAG 

  2001 TGAGCGCAAC GCAATTAATG TAAGTTAGCT CACTCATTAG GCACCGGGAT 

  2051 CTCGACCGAT GCCCTTGAGA GCCTTCAACC CAGTCAGCTC CTTCCGGTGG 

  2101 GCGCGGGGCA TGACTATCGT CGCCGCACTT ATGACTGTCT TCTTTATCAT 

  2151 GCAACTCGTA GGACAGGTGC CGGCAGCGCT CTGGGTCATT TTCGGCGAGG 

  2201 ACCGCTTTCG CTGGAGCGCG ACGATGATCG GCCTGTCGCT TGCGGTATTC 

  2251 GGAATCTTGC ACGCCCTCGC TCAAGCCTTC GTCACTGGTC CCGCCACCAA 

  2301 ACGTTTCGGC GAGAAGCAGG CCATTATCGC CGGCATGGCG GCCCCACGGG 

  2351 TGCGCATGAT CGTGCTCCTG TCGTTGAGGA CCCGGCTAGG CTGGCGGGGT 

  2401 TGCCTTACTG GTTAGCAGAA TGAATCACCG ATACGCGAGC GAACGTGAAG 

  2451 CGACTGCTGC TGCAAAACGT CTGCGACCTG AGCAACAACA TGAATGGTCT 

  2501 TCGGTTTCCG TGTTTCGTAA AGTCTGGAAA CGCGGAAGTC AGCGCCCTGC 

  2551 ACCATTATGT TCCGGATCTG CATCGCAGGA TGCTGCTGGC TACCCTGTGG 

  2601 AACACCTACA TCTGTATTAA CGAAGCGCTG GCATTGACCC TGAGTGATTT 

  2651 TTCTCTGGTC CCGCCGCATC CATACCGCCA GTTGTTTACC CTCACAACGT 
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  2701 TCCAGTAACC GGGCATGTTC ATCATCAGTA ACCCGTATCG TGAGCATCCT 

  2751 CTCTCGTTTC ATCGGTATCA TTACCCCCAT GAACAGAAAT CCCCCTTACA 

  2801 CGGAGGCATC AGTGACCAAA CAGGAAAAAA CCGCCCTTAA CATGGCCCGC 

  2851 TTTATCAGAA GCCAGACATT AACGCTTCTG GAGAAACTCA ACGAGCTGGA 

  2901 CGCGGATGAA CAGGCAGACA TCTGTGAATC GCTTCACGAC CACGCTGATG 

  2951 AGCTTTACCG CAGCTGCCTC GCGCGTTTCG GTGATGACGG TGAAAACCTC 

  3001 TGACACATGC AGCTCCCGGA GACGGTCACA GCTTGTCTGT AAGCGGATGC 

  3051 CGGGAGCAGA CAAGCCCGTC AGGGCGCGTC AGCGGGTGTT GGCGGGTGTC 

  3101 GGGGCGCAGC CATGACCCAG TCACGTAGCG ATAGCGGAGT GTATACTGGC 

  3151 TTAACTATGC GGCATCAGAG CAGATTGTAC TGAGAGTGCA CCATATATGC 

  3201 GGTGTGAAAT ACCGCACAGA TGCGTAAGGA GAAAATACCG CATCAGGCGC 

  3251 TCTTCCGCTT CCTCGCTCAC TGACTCGCTG CGCTCGGTCG TTCGGCTGCG 

  3301 GCGAGCGGTA TCAGCTCACT CAAAGGCGGT AATACGGTTA TCCACAGAAT 

  3351 CAGGGGATAA CGCAGGAAAG AACATGTGAG CAAAAGGCCA GCAAAAGGCC 

  3401 AGGAACCGTA AAAAGGCCGC GTTGCTGGCG TTTTTCCATA GGCTCCGCCC 

  3451 CCCTGACGAG CATCACAAAA ATCGACGCTC AAGTCAGAGG TGGCGAAACC 

  3501 CGACAGGACT ATAAAGATAC CAGGCGTTTC CCCCTGGAAG CTCCCTCGTG 

  3551 CGCTCTCCTG TTCCGACCCT GCCGCTTACC GGATACCTGT CCGCCTTTCT 

  3601 CCCTTCGGGA AGCGTGGCGC TTTCTCATAG CTCACGCTGT AGGTATCTCA 

  3651 GTTCGGTGTA GGTCGTTCGC TCCAAGCTGG GCTGTGTGCA CGAACCCCCC 

  3701 GTTCAGCCCG ACCGCTGCGC CTTATCCGGT AACTATCGTC TTGAGTCCAA 

  3751 CCCGGTAAGA CACGACTTAT CGCCACTGGC AGCAGCCACT GGTAACAGGA 

  3801 TTAGCAGAGC GAGGTATGTA GGCGGTGCTA CAGAGTTCTT GAAGTGGTGG 

  3851 CCTAACTACG GCTACACTAG AAGGACAGTA TTTGGTATCT GCGCTCTGCT 

  3901 GAAGCCAGTT ACCTTCGGAA AAAGAGTTGG TAGCTCTTGA TCCGGCAAAC 

  3951 AAACCACCGC TGGTAGCGGT GGTTTTTTTG TTTGCAAGCA GCAGATTACG 

  4001 CGCAGAAAAA AAGGATCTCA AGAAGATCCT TTGATCTTTT CTACGGGGTC 

  4051 TGACGCTCAG TGGAACGAAA ACTCACGTTA AGGGATTTTG GTCATGAGAT 

  4101 TATCAAAAAG GATCTTCACC TAGATCCTTT TAAATTAAAA ATGAAGTTTT 

  4151 AAATCAATCT AAAGTATATA TGAGTAAACT TGGTCTGACA GTTACCAATG 

  4201 CTTAATCAGT GAGGCACCTA TCTCAGCGAT CTGTCTATTT CGTTCATCCA 

  4251 TAGTTGCCTG ACTCCCCGTC GTGTAGATAA CTACGATACG GGAGGGCTTA 

  4301 CCATCTGGCC CCAGTGCTGC AATGATACCG CGAGACCCAC GCTCACCGGC 

  4351 TCCAGATTTA TCAGCAATAA ACCAGCCAGC CGGAAGGGCC GAGCGCAGAA 

  4401 GTGGTCCTGC AACTTTATCC GCCTCCATCC AGTCTATTAA TTGTTGCCGG 

  4451 GAAGCTAGAG TAAGTAGTTC GCCAGTTAAT AGTTTGCGCA ACGTTGTTGC 

  4501 CATTGCTGCA GGCATCGTGG TGTCACGCTC GTCGTTTGGT ATGGCTTCAT 

  4551 TCAGCTCCGG TTCCCAACGA TCAAGGCGAG TTACATGATC CCCCATGTTG 

  4601 TGCAAAAAAG CGGTTAGCTC CTTCGGTCCT CCGATCGTTG TCAGAAGTAA 

  4651 GTTGGCCGCA GTGTTATCAC TCATGGTTAT GGCAGCACTG CATAATTCTC 

  4701 TTACTGTCAT GCCATCCGTA AGATGCTTTT CTGTGACTGG TGAGTACTCA 

  4751 ACCAAGTCAT TCTGAGAATA GTGTATGCGG CGACCGAGTT GCTCTTGCCC 

  4801 GGCGTCAATA CGGGATAATA CCGCGCCACA TAGCAGAACT TTAAAAGTGC 

  4851 TCATCATTGG AAAACGTTCT TCGGGGCGAA AACTCTCAAG GATCTTACCG 

  4901 CTGTTGAGAT CCAGTTCGAT GTAACCCACT CGTGCACCCA ACTGATCTTC 

  4951 AGCATCTTTT ACTTTCACCA GCGTTTCTGG GTGAGCAAAA ACAGGAAGGC 

  5001 AAAATGCCGC AAAAAAGGGA ATAAGGGCGA CACGGAAATG TTGAATACTC 

  5051 ATACTCTTCC TTTTTCAATA TTATTGAAGC ATTTATCAGG GTTATTGTCT 

  5101 CATGAGCGGA TACATATTTG AATGTATTTA GAAAAATAAA CAAATAGGGG 

  5151 TTCCGCGCAC ATTTCCCCGA AAAGTGCCAC CTGAAATTGT AAACGTTAAT 

  5201 ATTTTGTTAA AATTCGCGTT AAATTTTTGT TAAATCAGCT CATTTTTTAA 

  5251 CCAATAGGCC GAAATCGGCA AAATCCCTTA TAAATCAAAA GAATAGACCG 

  5301 AGATAGGGTT GAGTGTTGTT CCAGTTTGGA ACAAGAGTCC ACTATTAAAG 

  5351 AACGTGGACT CCAACGTCAA AGGGCGAAAA ACCGTCTATC AGGGCGATGG 
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  5401 CCCACTACGT GAACCATCAC CCTAATCAAG TTTTTTGGGG TCGAGGTGCC 

  5451 GTAAAGCACT AAATCGGAAC CCTAAAGGGA GCCCCCGATT TAGAGCTTGA 

  5501 CGGGGAAAGC CGGCGAACGT GGCGAGAAAG GAAGGGAAGA AAGCGAAAGG 

  5551 AGCGGGCGCT AGGGCGCTGG CAAGTGTAGC GGTCACGCTG CGCGTAACCA 

  5601 CCACACCCGC CGCGCTTAAT GCGCCGCTAC AGGGCGCGTC CCATTCGCCA 

  5651 ATCCGGATAT AGTTCCTCCT TTCAGCAAAA AACCCCTCAA GACCCGTTTA 

  5701 GAGGCCCCAA GGGGTTATGC TAGTTATTGC TCAGCGGTGG CAGCAGCCAA 

  5751 CTCAGCTTCC TTTCGGGCTT TGTTAGCAGC CGGATCTCAG TGGTGGTGGT 

  5801 GGTGGTGCTC GA 

 

 AGCTCT… H3WT sequence 
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APPENDIX B. MAPS AND SEQUENCES OF USED PLASMIDS

B.2.4 pET21b H4WT

BmeT110I(5715)
A vaI - BsoBI - P aeR7I - P spXI - TliI - XhoI(5714)

DraII I(5314)

P siI(5186)

ScaI(4651)

P vuI(4541)

P st I(4416)

A hdI(4171)

A lw NI(3694)

P ciI(3278)

BspQI - SapI(3162)

BstZ17I(3049)

EagI - Not I (4)
HindII I (11)

SalI (17)
Eco53kI (26)

SacI (28)
EcoRI (30)

BamHI (36)
NcoI (97)

BseRI (182)
SacII (186)

NdeI (351)
XbaI (389)

T7  promoter

BglI I (455)
SgrA I (496)

SphI (652)
EcoNI (712)
P f lMI (759)

BstA P I (860)

MluI (1177)
BclI* (1191)

BstEII (1358)
P spOMI (1384)
A paI (1388)

BssHII (1588)

EcoRV (1627)

HpaI (1683)

P shA I (2022)

FspA I (2259)
P puMI (2284)

pET21aH4
5718 bp

Figure B.6: Map of plasmid pET21a H4WT encoding wild type human histone H4. Map
generated using SnapGene®Viewer.
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     1 ATCCGGATAT AGTTCCTCCT TTCAGCAAAA AACCCCTCAA GACCCGTTTA 

    51 GAGGCCCCAA GGGGTTATGC TAGTTATTGC TCAGCGGTGG CAGCAGCCAA 

   101 CTCAGCTTCC TTTCGGGCTT TGTTAGCAGC CGGATCTCAG TGGTGGTGGT 

   151 GGTGGTGCTC GAGTGCGGCC GCAAGCTTGT CGACGGAGCT CGAATTCGGA 

   201 TCCTAGCCTC CGAAGCCGTA CAGGGTGCGC CCCTGGCGCT TGAGCGCGTA 

   251 CACCACATCC ATGGCTGTGA CGGTCTTGCG CTTGGCGTGC TCGGTGTAGG 

   301 TGACTGCGTC CCGAATCACA TTCTCCAGGA ACACCTTCAG CACACCGCGG 

   351 GTCTCCTCGT AAATGAGGCC AGAGATCCGC TTAACGCCGC CACGCCGAGC 

   401 TAGACGCCGA ATGGCAGGCT TGGTGATGCC CTGAATGTTG TCTCTCAAGA 

   451 CCTTGCGGTG GCGCTTAGCG CCCCCTTTGC CTAAGCCTTT TCCGCCCTTT 

   501 CCTCTGCCGG ACATATGTAT ATCTCCTTCT TAAAGTTAAA CAAAATTATT 

   551 TCTAGAGGGG AATTGTTATC CGCTCACAAT TCCCCTATAG TGAGTCGTAT 

   601 TAATTTCGCG GGATCGAGAT CTCGATCCTC TACGCCGGAC GCATCGTGGC 

   651 CGGCATCACC GGCGCCACAG GTGCGGTTGC TGGCGCCTAT ATCGCCGACA 

   701 TCACCGATGG GGAAGATCGG GCTCGCCACT TCGGGCTCAT GAGCGCTTGT 

   751 TTCGGCGTGG GTATGGTGGC AGGCCCCGTG GCCGGGGGAC TGTTGGGCGC 

   801 CATCTCCTTG CATGCACCAT TCCTTGCGGC GGCGGTGCTC AACGGCCTCA 

   851 ACCTACTACT GGGCTGCTTC CTAATGCAGG AGTCGCATAA GGGAGAGCGT 

   901 CGAGATCCCG GACACCATCG AATGGCGCAA AACCTTTCGC GGTATGGCAT 

   951 GATAGCGCCC GGAAGAGAGT CAATTCAGGG TGGTGAATGT GAAACCAGTA 

  1001 ACGTTATACG ATGTCGCAGA GTATGCCGGT GTCTCTTATC AGACCGTTTC 

  1051 CCGCGTGGTG AACCAGGCCA GCCACGTTTC TGCGAAAACG CGGGAAAAAG 

  1101 TGGAAGCGGC GATGGCGGAG CTGAATTACA TTCCCAACCG CGTGGCACAA 

  1151 CAACTGGCGG GCAAACAGTC GTTGCTGATT GGCGTTGCCA CCTCCAGTCT 

  1201 GGCCCTGCAC GCGCCGTCGC AAATTGTCGC GGCGATTAAA TCTCGCGCCG 

  1251 ATCAACTGGG TGCCAGCGTG GTGGTGTCGA TGGTAGAACG AAGCGGCGTC 

  1301 GAAGCCTGTA AAGCGGCGGT GCACAATCTT CTCGCGCAAC GCGTCAGTGG 

  1351 GCTGATCATT AACTATCCGC TGGATGACCA GGATGCCATT GCTGTGGAAG 

  1401 CTGCCTGCAC TAATGTTCCG GCGTTATTTC TTGATGTCTC TGACCAGACA 

  1451 CCCATCAACA GTATTATTTT CTCCCATGAA GACGGTACGC GACTGGGCGT 

  1501 GGAGCATCTG GTCGCATTGG GTCACCAGCA AATCGCGCTG TTAGCGGGCC 

  1551 CATTAAGTTC TGTCTCGGCG CGTCTGCGTC TGGCTGGCTG GCATAAATAT 

  1601 CTCACTCGCA ATCAAATTCA GCCGATAGCG GAACGGGAAG GCGACTGGAG 

  1651 TGCCATGTCC GGTTTTCAAC AAACCATGCA AATGCTGAAT GAGGGCATCG 

  1701 TTCCCACTGC GATGCTGGTT GCCAACGATC AGATGGCGCT GGGCGCAATG 

  1751 CGCGCCATTA CCGAGTCCGG GCTGCGCGTT GGTGCGGATA TCTCGGTAGT 

  1801 GGGATACGAC GATACCGAAG ACAGCTCATG TTATATCCCG CCGTTAACCA 

  1851 CCATCAAACA GGATTTTCGC CTGCTGGGGC AAACCAGCGT GGACCGCTTG 

  1901 CTGCAACTCT CTCAGGGCCA GGCGGTGAAG GGCAATCAGC TGTTGCCCGT 

  1951 CTCACTGGTG AAAAGAAAAA CCACCCTGGC GCCCAATACG CAAACCGCCT 

  2001 CTCCCCGCGC GTTGGCCGAT TCATTAATGC AGCTGGCACG ACAGGTTTCC 

  2051 CGACTGGAAA GCGGGCAGTG AGCGCAACGC AATTAATGTA AGTTAGCTCA 

  2101 CTCATTAGGC ACCGGGATCT CGACCGATGC CCTTGAGAGC CTTCAACCCA 

  2151 GTCAGCTCCT TCCGGTGGGC GCGGGGCATG ACTATCGTCG CCGCACTTAT 

  2201 GACTGTCTTC TTTATCATGC AACTCGTAGG ACAGGTGCCG GCAGCGCTCT 

  2251 GGGTCATTTT CGGCGAGGAC CGCTTTCGCT GGAGCGCGAC GATGATCGGC 

  2301 CTGTCGCTTG CGGTATTCGG AATCTTGCAC GCCCTCGCTC AAGCCTTCGT 

  2351 CACTGGTCCC GCCACCAAAC GTTTCGGCGA GAAGCAGGCC ATTATCGCCG 

  2401 GCATGGCGGC CCCACGGGTG CGCATGATCG TGCTCCTGTC GTTGAGGACC 

  2451 CGGCTAGGCT GGCGGGGTTG CCTTACTGGT TAGCAGAATG AATCACCGAT 

  2501 ACGCGAGCGA ACGTGAAGCG ACTGCTGCTG CAAAACGTCT GCGACCTGAG 

  2551 CAACAACATG AATGGTCTTC GGTTTCCGTG TTTCGTAAAG TCTGGAAACG 

  2601 CGGAAGTCAG CGCCCTGCAC CATTATGTTC CGGATCTGCA TCGCAGGATG 

  2651 CTGCTGGCTA CCCTGTGGAA CACCTACATC TGTATTAACG AAGCGCTGGC 
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  2701 ATTGACCCTG AGTGATTTTT CTCTGGTCCC GCCGCATCCA TACCGCCAGT 

  2751 TGTTTACCCT CACAACGTTC CAGTAACCGG GCATGTTCAT CATCAGTAAC 

  2801 CCGTATCGTG AGCATCCTCT CTCGTTTCAT CGGTATCATT ACCCCCATGA 

  2851 ACAGAAATCC CCCTTACACG GAGGCATCAG TGACCAAACA GGAAAAAACC 

  2901 GCCCTTAACA TGGCCCGCTT TATCAGAAGC CAGACATTAA CGCTTCTGGA 

  2951 GAAACTCAAC GAGCTGGACG CGGATGAACA GGCAGACATC TGTGAATCGC 

  3001 TTCACGACCA CGCTGATGAG CTTTACCGCA GCTGCCTCGC GCGTTTCGGT 

  3051 GATGACGGTG AAAACCTCTG ACACATGCAG CTCCCGGAGA CGGTCACAGC 

  3101 TTGTCTGTAA GCGGATGCCG GGAGCAGACA AGCCCGTCAG GGCGCGTCAG 

  3151 CGGGTGTTGG CGGGTGTCGG GGCGCAGCCA TGACCCAGTC ACGTAGCGAT 

  3201 AGCGGAGTGT ATACTGGCTT AACTATGCGG CATCAGAGCA GATTGTACTG 

  3251 AGAGTGCACC ATATATGCGG TGTGAAATAC CGCACAGATG CGTAAGGAGA 

  3301 AAATACCGCA TCAGGCGCTC TTCCGCTTCC TCGCTCACTG ACTCGCTGCG 

  3351 CTCGGTCGTT CGGCTGCGGC GAGCGGTATC AGCTCACTCA AAGGCGGTAA 

  3401 TACGGTTATC CACAGAATCA GGGGATAACG CAGGAAAGAA CATGTGAGCA 

  3451 AAAGGCCAGC AAAAGGCCAG GAACCGTAAA AAGGCCGCGT TGCTGGCGTT 

  3501 TTTCCATAGG CTCCGCCCCC CTGACGAGCA TCACAAAAAT CGACGCTCAA 

  3551 GTCAGAGGTG GCGAAACCCG ACAGGACTAT AAAGATACCA GGCGTTTCCC 

  3601 CCTGGAAGCT CCCTCGTGCG CTCTCCTGTT CCGACCCTGC CGCTTACCGG 

  3651 ATACCTGTCC GCCTTTCTCC CTTCGGGAAG CGTGGCGCTT TCTCATAGCT 

  3701 CACGCTGTAG GTATCTCAGT TCGGTGTAGG TCGTTCGCTC CAAGCTGGGC 

  3751 TGTGTGCACG AACCCCCCGT TCAGCCCGAC CGCTGCGCCT TATCCGGTAA 

  3801 CTATCGTCTT GAGTCCAACC CGGTAAGACA CGACTTATCG CCACTGGCAG 

  3851 CAGCCACTGG TAACAGGATT AGCAGAGCGA GGTATGTAGG CGGTGCTACA 

  3901 GAGTTCTTGA AGTGGTGGCC TAACTACGGC TACACTAGAA GGACAGTATT 

  3951 TGGTATCTGC GCTCTGCTGA AGCCAGTTAC CTTCGGAAAA AGAGTTGGTA 

  4001 GCTCTTGATC CGGCAAACAA ACCACCGCTG GTAGCGGTGG TTTTTTTGTT 

  4051 TGCAAGCAGC AGATTACGCG CAGAAAAAAA GGATCTCAAG AAGATCCTTT 

  4101 GATCTTTTCT ACGGGGTCTG ACGCTCAGTG GAACGAAAAC TCACGTTAAG 

  4151 GGATTTTGGT CATGAGATTA TCAAAAAGGA TCTTCACCTA GATCCTTTTA 

  4201 AATTAAAAAT GAAGTTTTAA ATCAATCTAA AGTATATATG AGTAAACTTG 

  4251 GTCTGACAGT TACCAATGCT TAATCAGTGA GGCACCTATC TCAGCGATCT 

  4301 GTCTATTTCG TTCATCCATA GTTGCCTGAC TCCCCGTCGT GTAGATAACT 

  4351 ACGATACGGG AGGGCTTACC ATCTGGCCCC AGTGCTGCAA TGATACCGCG 

  4401 AGACCCACGC TCACCGGCTC CAGATTTATC AGCAATAAAC CAGCCAGCCG 

  4451 GAAGGGCCGA GCGCAGAAGT GGTCCTGCAA CTTTATCCGC CTCCATCCAG 

  4501 TCTATTAATT GTTGCCGGGA AGCTAGAGTA AGTAGTTCGC CAGTTAATAG 

  4551 TTTGCGCAAC GTTGTTGCCA TTGCTGCAGG CATCGTGGTG TCACGCTCGT 

  4601 CGTTTGGTAT GGCTTCATTC AGCTCCGGTT CCCAACGATC AAGGCGAGTT 

  4651 ACATGATCCC CCATGTTGTG CAAAAAAGCG GTTAGCTCCT TCGGTCCTCC 

  4701 GATCGTTGTC AGAAGTAAGT TGGCCGCAGT GTTATCACTC ATGGTTATGG 

  4751 CAGCACTGCA TAATTCTCTT ACTGTCATGC CATCCGTAAG ATGCTTTTCT 

  4801 GTGACTGGTG AGTACTCAAC CAAGTCATTC TGAGAATAGT GTATGCGGCG 

  4851 ACCGAGTTGC TCTTGCCCGG CGTCAATACG GGATAATACC GCGCCACATA 

  4901 GCAGAACTTT AAAAGTGCTC ATCATTGGAA AACGTTCTTC GGGGCGAAAA 

  4951 CTCTCAAGGA TCTTACCGCT GTTGAGATCC AGTTCGATGT AACCCACTCG 

  5001 TGCACCCAAC TGATCTTCAG CATCTTTTAC TTTCACCAGC GTTTCTGGGT 

  5051 GAGCAAAAAC AGGAAGGCAA AATGCCGCAA AAAAGGGAAT AAGGGCGACA 

  5101 CGGAAATGTT GAATACTCAT ACTCTTCCTT TTTCAATATT ATTGAAGCAT 

  5151 TTATCAGGGT TATTGTCTCA TGAGCGGATA CATATTTGAA TGTATTTAGA 

  5201 AAAATAAACA AATAGGGGTT CCGCGCACAT TTCCCCGAAA AGTGCCACCT 

  5251 GAAATTGTAA ACGTTAATAT TTTGTTAAAA TTCGCGTTAA ATTTTTGTTA 

  5301 AATCAGCTCA TTTTTTAACC AATAGGCCGA AATCGGCAAA ATCCCTTATA 

  5351 AATCAAAAGA ATAGACCGAG ATAGGGTTGA GTGTTGTTCC AGTTTGGAAC 
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  5401 AAGAGTCCAC TATTAAAGAA CGTGGACTCC AACGTCAAAG GGCGAAAAAC 

  5451 CGTCTATCAG GGCGATGGCC CACTACGTGA ACCATCACCC TAATCAAGTT 

  5501 TTTTGGGGTC GAGGTGCCGT AAAGCACTAA ATCGGAACCC TAAAGGGAGC 

  5551 CCCCGATTTA GAGCTTGACG GGGAAAGCCG GCGAACGTGG CGAGAAAGGA 

  5601 AGGGAAGAAA GCGAAAGGAG CGGGCGCTAG GGCGCTGGCA AGTGTAGCGG 

  5651 TCACGCTGCG CGTAACCACC ACACCCGCCG CGCTTAATGC GCCGCTACAG 

  5701 GGCGCGTCCC ATTCGCCA 

 

 GCCTCC… H4WT sequence 
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APPENDIX B. MAPS AND SEQUENCES OF USED PLASMIDS

B.2.5 pET21b H2AK120C

BmeT110I(5797)
A vaI - BsoBI - P aeR7I - P spXI - TliI - XhoI(5796)

BlpI(5718)

DraII I(5396)

P siI(5268)

ScaI(4733)

P vuI(4623)

P st I(4498)

A hdI(4253)

A lw NI(3776)

P ciI(3360)

BstZ17I(3131)

EagI - Not I (4)
HindII I (11)

SalI (17)
EcoRI (30)

BamHI (36)

BseRI (147)
MscI (175)

NruI (219)
A scI (290)

BmgBI (424)
NdeI (433)

XbaI (471)

T7  promoter

BglI I (537)

SphI (734)
EcoNI (794)

P f lMI (841)

MluI (1259)
BclI* (1273)

P spOMI (1466)
A paI (1470)

EcoRV (1709)

HpaI (1765)

P shA I (2104)

FspA I (2341)
P puMI (2366)

P f lFI - Tth111I (3105)

pET21aH2A K120C
5800 bp

Figure B.7: Map of plasmid pET21a H2AK120C encoding single cystein mutant of human
histone H2A (type 1C). Map generated using SnapGene®Viewer.
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     1 GTGCGGCCGC AAGCTTGTCG ACGGAGCTCG AATTCGGATC CTCACTTGCC 

    51 CTTGGCCTTG TGGTGACTCT CGGTGCACTT AGGCAGAAGC ACGGCCTGGA 

   101 TGTTAGGAAG GACGCCGCCC TGAGCAATGG TCACCTTTCC TAGCAGTTTG 

   151 TTGAGCTCCT CGTCGTTGCG GATGGCCAGC TGCAAGTGGC GCGGGATGAT 

   201 GCGAGTCTTC TTGTTGTCGC GAGCCGCGTT GCCGGCCAGC TCCAGGATCT 

   251 CGGCGGTCAG ATACTCTAAC ACCGCCGCCA GGTACACCGG CGCGCCTGCC 

   301 CCAACCCGCT CTGCGTAGTT GCCTTTACGG AGCAGGCGGT GCACTCGGCC 

   351 CACCGGGAAC TGGAGACCAG CGCGAGAAGA GCGGGTTTTC GCTTTGGCGC 

   401 GAGCTTTGCC TCCTTGCTTA CCACGTCCAG ACATATGTAT ATCTCCTTCT 

   451 TAAAGTTAAA CAAAATTATT TCTAGAGGGG AATTGTTATC CGCTCACAAT 

   501 TCCCCTATAG TGAGTCGTAT TAATTTCGCG GGATCGAGAT CTCGATCCTC 

   551 TACGCCGGAC GCATCGTGGC CGGCATCACC GGCGCCACAG GTGCGGTTGC 

   601 TGGCGCCTAT ATCGCCGACA TCACCGATGG GGAAGATCGG GCTCGCCACT 

   651 TCGGGCTCAT GAGCGCTTGT TTCGGCGTGG GTATGGTGGC AGGCCCCGTG 

   701 GCCGGGGGAC TGTTGGGCGC CATCTCCTTG CATGCACCAT TCCTTGCGGC 

   751 GGCGGTGCTC AACGGCCTCA ACCTACTACT GGGCTGCTTC CTAATGCAGG 

   801 AGTCGCATAA GGGAGAGCGT CGAGATCCCG GACACCATCG AATGGCGCAA 

   851 AACCTTTCGC GGTATGGCAT GATAGCGCCC GGAAGAGAGT CAATTCAGGG 

   901 TGGTGAATGT GAAACCAGTA ACGTTATACG ATGTCGCAGA GTATGCCGGT 

   951 GTCTCTTATC AGACCGTTTC CCGCGTGGTG AACCAGGCCA GCCACGTTTC 

  1001 TGCGAAAACG CGGGAAAAAG TGGAAGCGGC GATGGCGGAG CTGAATTACA 

  1051 TTCCCAACCG CGTGGCACAA CAACTGGCGG GCAAACAGTC GTTGCTGATT 

  1101 GGCGTTGCCA CCTCCAGTCT GGCCCTGCAC GCGCCGTCGC AAATTGTCGC 

  1151 GGCGATTAAA TCTCGCGCCG ATCAACTGGG TGCCAGCGTG GTGGTGTCGA 

  1201 TGGTAGAACG AAGCGGCGTC GAAGCCTGTA AAGCGGCGGT GCACAATCTT 

  1251 CTCGCGCAAC GCGTCAGTGG GCTGATCATT AACTATCCGC TGGATGACCA 

  1301 GGATGCCATT GCTGTGGAAG CTGCCTGCAC TAATGTTCCG GCGTTATTTC 

  1351 TTGATGTCTC TGACCAGACA CCCATCAACA GTATTATTTT CTCCCATGAA 

  1401 GACGGTACGC GACTGGGCGT GGAGCATCTG GTCGCATTGG GTCACCAGCA 

  1451 AATCGCGCTG TTAGCGGGCC CATTAAGTTC TGTCTCGGCG CGTCTGCGTC 

  1501 TGGCTGGCTG GCATAAATAT CTCACTCGCA ATCAAATTCA GCCGATAGCG 

  1551 GAACGGGAAG GCGACTGGAG TGCCATGTCC GGTTTTCAAC AAACCATGCA 

  1601 AATGCTGAAT GAGGGCATCG TTCCCACTGC GATGCTGGTT GCCAACGATC 

  1651 AGATGGCGCT GGGCGCAATG CGCGCCATTA CCGAGTCCGG GCTGCGCGTT 

  1701 GGTGCGGATA TCTCGGTAGT GGGATACGAC GATACCGAAG ACAGCTCATG 

  1751 TTATATCCCG CCGTTAACCA CCATCAAACA GGATTTTCGC CTGCTGGGGC 

  1801 AAACCAGCGT GGACCGCTTG CTGCAACTCT CTCAGGGCCA GGCGGTGAAG 

  1851 GGCAATCAGC TGTTGCCCGT CTCACTGGTG AAAAGAAAAA CCACCCTGGC 

  1901 GCCCAATACG CAAACCGCCT CTCCCCGCGC GTTGGCCGAT TCATTAATGC 

  1951 AGCTGGCACG ACAGGTTTCC CGACTGGAAA GCGGGCAGTG AGCGCAACGC 

  2001 AATTAATGTA AGTTAGCTCA CTCATTAGGC ACCGGGATCT CGACCGATGC 

  2051 CCTTGAGAGC CTTCAACCCA GTCAGCTCCT TCCGGTGGGC GCGGGGCATG 

  2101 ACTATCGTCG CCGCACTTAT GACTGTCTTC TTTATCATGC AACTCGTAGG 

  2151 ACAGGTGCCG GCAGCGCTCT GGGTCATTTT CGGCGAGGAC CGCTTTCGCT 

  2201 GGAGCGCGAC GATGATCGGC CTGTCGCTTG CGGTATTCGG AATCTTGCAC 

  2251 GCCCTCGCTC AAGCCTTCGT CACTGGTCCC GCCACCAAAC GTTTCGGCGA 

  2301 GAAGCAGGCC ATTATCGCCG GCATGGCGGC CCCACGGGTG CGCATGATCG 

  2351 TGCTCCTGTC GTTGAGGACC CGGCTAGGCT GGCGGGGTTG CCTTACTGGT 

  2401 TAGCAGAATG AATCACCGAT ACGCGAGCGA ACGTGAAGCG ACTGCTGCTG 

  2451 CAAAACGTCT GCGACCTGAG CAACAACATG AATGGTCTTC GGTTTCCGTG 

  2501 TTTCGTAAAG TCTGGAAACG CGGAAGTCAG CGCCCTGCAC CATTATGTTC 

  2551 CGGATCTGCA TCGCAGGATG CTGCTGGCTA CCCTGTGGAA CACCTACATC 

  2601 TGTATTAACG AAGCGCTGGC ATTGACCCTG AGTGATTTTT CTCTGGTCCC 

  2651 GCCGCATCCA TACCGCCAGT TGTTTACCCT CACAACGTTC CAGTAACCGG 
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  2701 GCATGTTCAT CATCAGTAAC CCGTATCGTG AGCATCCTCT CTCGTTTCAT 

  2751 CGGTATCATT ACCCCCATGA ACAGAAATCC CCCTTACACG GAGGCATCAG 

  2801 TGACCAAACA GGAAAAAACC GCCCTTAACA TGGCCCGCTT TATCAGAAGC 

  2851 CAGACATTAA CGCTTCTGGA GAAACTCAAC GAGCTGGACG CGGATGAACA 

  2901 GGCAGACATC TGTGAATCGC TTCACGACCA CGCTGATGAG CTTTACCGCA 

  2951 GCTGCCTCGC GCGTTTCGGT GATGACGGTG AAAACCTCTG ACACATGCAG 

  3001 CTCCCGGAGA CGGTCACAGC TTGTCTGTAA GCGGATGCCG GGAGCAGACA 

  3051 AGCCCGTCAG GGCGCGTCAG CGGGTGTTGG CGGGTGTCGG GGCGCAGCCA 

  3101 TGACCCAGTC ACGTAGCGAT AGCGGAGTGT ATACTGGCTT AACTATGCGG 

  3151 CATCAGAGCA GATTGTACTG AGAGTGCACC ATATATGCGG TGTGAAATAC 

  3201 CGCACAGATG CGTAAGGAGA AAATACCGCA TCAGGCGCTC TTCCGCTTCC 

  3251 TCGCTCACTG ACTCGCTGCG CTCGGTCGTT CGGCTGCGGC GAGCGGTATC 

  3301 AGCTCACTCA AAGGCGGTAA TACGGTTATC CACAGAATCA GGGGATAACG 

  3351 CAGGAAAGAA CATGTGAGCA AAAGGCCAGC AAAAGGCCAG GAACCGTAAA 

  3401 AAGGCCGCGT TGCTGGCGTT TTTCCATAGG CTCCGCCCCC CTGACGAGCA 

  3451 TCACAAAAAT CGACGCTCAA GTCAGAGGTG GCGAAACCCG ACAGGACTAT 

  3501 AAAGATACCA GGCGTTTCCC CCTGGAAGCT CCCTCGTGCG CTCTCCTGTT 

  3551 CCGACCCTGC CGCTTACCGG ATACCTGTCC GCCTTTCTCC CTTCGGGAAG 

  3601 CGTGGCGCTT TCTCATAGCT CACGCTGTAG GTATCTCAGT TCGGTGTAGG 

  3651 TCGTTCGCTC CAAGCTGGGC TGTGTGCACG AACCCCCCGT TCAGCCCGAC 

  3701 CGCTGCGCCT TATCCGGTAA CTATCGTCTT GAGTCCAACC CGGTAAGACA 

  3751 CGACTTATCG CCACTGGCAG CAGCCACTGG TAACAGGATT AGCAGAGCGA 

  3801 GGTATGTAGG CGGTGCTACA GAGTTCTTGA AGTGGTGGCC TAACTACGGC 

  3851 TACACTAGAA GGACAGTATT TGGTATCTGC GCTCTGCTGA AGCCAGTTAC 

  3901 CTTCGGAAAA AGAGTTGGTA GCTCTTGATC CGGCAAACAA ACCACCGCTG 

  3951 GTAGCGGTGG TTTTTTTGTT TGCAAGCAGC AGATTACGCG CAGAAAAAAA 

  4001 GGATCTCAAG AAGATCCTTT GATCTTTTCT ACGGGGTCTG ACGCTCAGTG 

  4051 GAACGAAAAC TCACGTTAAG GGATTTTGGT CATGAGATTA TCAAAAAGGA 

  4101 TCTTCACCTA GATCCTTTTA AATTAAAAAT GAAGTTTTAA ATCAATCTAA 

  4151 AGTATATATG AGTAAACTTG GTCTGACAGT TACCAATGCT TAATCAGTGA 

  4201 GGCACCTATC TCAGCGATCT GTCTATTTCG TTCATCCATA GTTGCCTGAC 

  4251 TCCCCGTCGT GTAGATAACT ACGATACGGG AGGGCTTACC ATCTGGCCCC 

  4301 AGTGCTGCAA TGATACCGCG AGACCCACGC TCACCGGCTC CAGATTTATC 

  4351 AGCAATAAAC CAGCCAGCCG GAAGGGCCGA GCGCAGAAGT GGTCCTGCAA 

  4401 CTTTATCCGC CTCCATCCAG TCTATTAATT GTTGCCGGGA AGCTAGAGTA 

  4451 AGTAGTTCGC CAGTTAATAG TTTGCGCAAC GTTGTTGCCA TTGCTGCAGG 

  4501 CATCGTGGTG TCACGCTCGT CGTTTGGTAT GGCTTCATTC AGCTCCGGTT 

  4551 CCCAACGATC AAGGCGAGTT ACATGATCCC CCATGTTGTG CAAAAAAGCG 

  4601 GTTAGCTCCT TCGGTCCTCC GATCGTTGTC AGAAGTAAGT TGGCCGCAGT 

  4651 GTTATCACTC ATGGTTATGG CAGCACTGCA TAATTCTCTT ACTGTCATGC 

  4701 CATCCGTAAG ATGCTTTTCT GTGACTGGTG AGTACTCAAC CAAGTCATTC 

  4751 TGAGAATAGT GTATGCGGCG ACCGAGTTGC TCTTGCCCGG CGTCAATACG 

  4801 GGATAATACC GCGCCACATA GCAGAACTTT AAAAGTGCTC ATCATTGGAA 

  4851 AACGTTCTTC GGGGCGAAAA CTCTCAAGGA TCTTACCGCT GTTGAGATCC 

  4901 AGTTCGATGT AACCCACTCG TGCACCCAAC TGATCTTCAG CATCTTTTAC 

  4951 TTTCACCAGC GTTTCTGGGT GAGCAAAAAC AGGAAGGCAA AATGCCGCAA 

  5001 AAAAGGGAAT AAGGGCGACA CGGAAATGTT GAATACTCAT ACTCTTCCTT 

  5051 TTTCAATATT ATTGAAGCAT TTATCAGGGT TATTGTCTCA TGAGCGGATA 

  5101 CATATTTGAA TGTATTTAGA AAAATAAACA AATAGGGGTT CCGCGCACAT 

  5151 TTCCCCGAAA AGTGCCACCT GAAATTGTAA ACGTTAATAT TTTGTTAAAA 

  5201 TTCGCGTTAA ATTTTTGTTA AATCAGCTCA TTTTTTAACC AATAGGCCGA 

  5251 AATCGGCAAA ATCCCTTATA AATCAAAAGA ATAGACCGAG ATAGGGTTGA 

  5301 GTGTTGTTCC AGTTTGGAAC AAGAGTCCAC TATTAAAGAA CGTGGACTCC 

  5351 AACGTCAAAG GGCGAAAAAC CGTCTATCAG GGCGATGGCC CACTACGTGA 
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  5401 ACCATCACCC TAATCAAGTT TTTTGGGGTC GAGGTGCCGT AAAGCACTAA 

  5451 ATCGGAACCC TAAAGGGAGC CCCCGATTTA GAGCTTGACG GGGAAAGCCG 

  5501 GCGAACGTGG CGAGAAAGGA AGGGAAGAAA GCGAAAGGAG CGGGCGCTAG 

  5551 GGCGCTGGCA AGTGTAGCGG TCACGCTGCG CGTAACCACC ACACCCGCCG 

  5601 CGCTTAATGC GCCGCTACAG GGCGCGTCCC ATTCGCCAAT CCGGATATAG 

  5651 TTCCTCCTTT CAGCAAAAAA CCCCTCAAGA CCCGTTTAGA GGCCCCAAGG 

  5701 GGTTATGCTA GTTATTGCTC AGCGGTGGCA GCAGCCAACT CAGCTTCCTT 

  5751 TCGGGCTTTG TTAGCAGCCG GATCTCAGTG GTGGTGGTGG TGGTGCTCGA 
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B.2.6 pET21b H2AL116C
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ScaI(4733)

P vuI(4623)

P st I(4498)

A lw NI(3776)

P ciI(3360)

BstZ17I(3131)

EagI - Not I (4)
HindII I (11)

SalI (17)
EcoRI (30)

BamHI (36)

BseRI (147)
MscI (175)

NruI (219)
A scI (290)

BmgBI (424)
NdeI (433)

XbaI (471)
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BglI I (537)

SphI (734)
EcoNI (794)
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MluI (1259)
BclI* (1273)
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5800 bp

Figure B.8: Map of plasmid pET21a H2AL116C encoding single cystein mutant of human
histone H2A (type 1C). Map generated using SnapGene®Viewer.
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     1 GTGCGGCCGC AAGCTTGTCG ACGGAGCTCG AATTCGGATC CTCACTTGCC 

    51 CTTGGCCTTG TGGTGACTCT CGGTCTTCTT AGGCAGACAC ACGGCCTGGA 

   101 TGTTAGGAAG GACGCCGCCC TGAGCAATGG TCACCTTTCC TAGCAGTTTG 

   151 TTGAGCTCCT CGTCGTTGCG GATGGCCAGC TGCAAGTGGC GCGGGATGAT 

   201 GCGAGTCTTC TTGTTGTCGC GAGCCGCGTT GCCGGCCAGC TCCAGGATCT 

   251 CGGCGGTCAG ATACTCTAAC ACCGCCGCCA GGTACACCGG CGCGCCTGCC 

   301 CCAACCCGCT CTGCGTAGTT GCCTTTACGG AGCAGGCGGT GCACTCGGCC 

   351 CACCGGGAAC TGGAGACCAG CGCGAGAAGA GCGGGTTTTC GCTTTGGCGC 

   401 GAGCTTTGCC TCCTTGCTTA CCACGTCCAG ACATATGTAT ATCTCCTTCT 

   451 TAAAGTTAAA CAAAATTATT TCTAGAGGGG AATTGTTATC CGCTCACAAT 

   501 TCCCCTATAG TGAGTCGTAT TAATTTCGCG GGATCGAGAT CTCGATCCTC 

   551 TACGCCGGAC GCATCGTGGC CGGCATCACC GGCGCCACAG GTGCGGTTGC 

   601 TGGCGCCTAT ATCGCCGACA TCACCGATGG GGAAGATCGG GCTCGCCACT 

   651 TCGGGCTCAT GAGCGCTTGT TTCGGCGTGG GTATGGTGGC AGGCCCCGTG 

   701 GCCGGGGGAC TGTTGGGCGC CATCTCCTTG CATGCACCAT TCCTTGCGGC 

   751 GGCGGTGCTC AACGGCCTCA ACCTACTACT GGGCTGCTTC CTAATGCAGG 

   801 AGTCGCATAA GGGAGAGCGT CGAGATCCCG GACACCATCG AATGGCGCAA 

   851 AACCTTTCGC GGTATGGCAT GATAGCGCCC GGAAGAGAGT CAATTCAGGG 

   901 TGGTGAATGT GAAACCAGTA ACGTTATACG ATGTCGCAGA GTATGCCGGT 

   951 GTCTCTTATC AGACCGTTTC CCGCGTGGTG AACCAGGCCA GCCACGTTTC 

  1001 TGCGAAAACG CGGGAAAAAG TGGAAGCGGC GATGGCGGAG CTGAATTACA 

  1051 TTCCCAACCG CGTGGCACAA CAACTGGCGG GCAAACAGTC GTTGCTGATT 

  1101 GGCGTTGCCA CCTCCAGTCT GGCCCTGCAC GCGCCGTCGC AAATTGTCGC 

  1151 GGCGATTAAA TCTCGCGCCG ATCAACTGGG TGCCAGCGTG GTGGTGTCGA 

  1201 TGGTAGAACG AAGCGGCGTC GAAGCCTGTA AAGCGGCGGT GCACAATCTT 

  1251 CTCGCGCAAC GCGTCAGTGG GCTGATCATT AACTATCCGC TGGATGACCA 

  1301 GGATGCCATT GCTGTGGAAG CTGCCTGCAC TAATGTTCCG GCGTTATTTC 

  1351 TTGATGTCTC TGACCAGACA CCCATCAACA GTATTATTTT CTCCCATGAA 

  1401 GACGGTACGC GACTGGGCGT GGAGCATCTG GTCGCATTGG GTCACCAGCA 

  1451 AATCGCGCTG TTAGCGGGCC CATTAAGTTC TGTCTCGGCG CGTCTGCGTC 

  1501 TGGCTGGCTG GCATAAATAT CTCACTCGCA ATCAAATTCA GCCGATAGCG 

  1551 GAACGGGAAG GCGACTGGAG TGCCATGTCC GGTTTTCAAC AAACCATGCA 

  1601 AATGCTGAAT GAGGGCATCG TTCCCACTGC GATGCTGGTT GCCAACGATC 

  1651 AGATGGCGCT GGGCGCAATG CGCGCCATTA CCGAGTCCGG GCTGCGCGTT 

  1701 GGTGCGGATA TCTCGGTAGT GGGATACGAC GATACCGAAG ACAGCTCATG 

  1751 TTATATCCCG CCGTTAACCA CCATCAAACA GGATTTTCGC CTGCTGGGGC 

  1801 AAACCAGCGT GGACCGCTTG CTGCAACTCT CTCAGGGCCA GGCGGTGAAG 

  1851 GGCAATCAGC TGTTGCCCGT CTCACTGGTG AAAAGAAAAA CCACCCTGGC 

  1901 GCCCAATACG CAAACCGCCT CTCCCCGCGC GTTGGCCGAT TCATTAATGC 

  1951 AGCTGGCACG ACAGGTTTCC CGACTGGAAA GCGGGCAGTG AGCGCAACGC 

  2001 AATTAATGTA AGTTAGCTCA CTCATTAGGC ACCGGGATCT CGACCGATGC 

  2051 CCTTGAGAGC CTTCAACCCA GTCAGCTCCT TCCGGTGGGC GCGGGGCATG 

  2101 ACTATCGTCG CCGCACTTAT GACTGTCTTC TTTATCATGC AACTCGTAGG 

  2151 ACAGGTGCCG GCAGCGCTCT GGGTCATTTT CGGCGAGGAC CGCTTTCGCT 

  2201 GGAGCGCGAC GATGATCGGC CTGTCGCTTG CGGTATTCGG AATCTTGCAC 

  2251 GCCCTCGCTC AAGCCTTCGT CACTGGTCCC GCCACCAAAC GTTTCGGCGA 

  2301 GAAGCAGGCC ATTATCGCCG GCATGGCGGC CCCACGGGTG CGCATGATCG 

  2351 TGCTCCTGTC GTTGAGGACC CGGCTAGGCT GGCGGGGTTG CCTTACTGGT 

  2401 TAGCAGAATG AATCACCGAT ACGCGAGCGA ACGTGAAGCG ACTGCTGCTG 

  2451 CAAAACGTCT GCGACCTGAG CAACAACATG AATGGTCTTC GGTTTCCGTG 

  2501 TTTCGTAAAG TCTGGAAACG CGGAAGTCAG CGCCCTGCAC CATTATGTTC 

  2551 CGGATCTGCA TCGCAGGATG CTGCTGGCTA CCCTGTGGAA CACCTACATC 

  2601 TGTATTAACG AAGCGCTGGC ATTGACCCTG AGTGATTTTT CTCTGGTCCC 

  2651 GCCGCATCCA TACCGCCAGT TGTTTACCCT CACAACGTTC CAGTAACCGG 
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  2701 GCATGTTCAT CATCAGTAAC CCGTATCGTG AGCATCCTCT CTCGTTTCAT 

  2751 CGGTATCATT ACCCCCATGA ACAGAAATCC CCCTTACACG GAGGCATCAG 

  2801 TGACCAAACA GGAAAAAACC GCCCTTAACA TGGCCCGCTT TATCAGAAGC 

  2851 CAGACATTAA CGCTTCTGGA GAAACTCAAC GAGCTGGACG CGGATGAACA 

  2901 GGCAGACATC TGTGAATCGC TTCACGACCA CGCTGATGAG CTTTACCGCA 

  2951 GCTGCCTCGC GCGTTTCGGT GATGACGGTG AAAACCTCTG ACACATGCAG 

  3001 CTCCCGGAGA CGGTCACAGC TTGTCTGTAA GCGGATGCCG GGAGCAGACA 

  3051 AGCCCGTCAG GGCGCGTCAG CGGGTGTTGG CGGGTGTCGG GGCGCAGCCA 

  3101 TGACCCAGTC ACGTAGCGAT AGCGGAGTGT ATACTGGCTT AACTATGCGG 

  3151 CATCAGAGCA GATTGTACTG AGAGTGCACC ATATATGCGG TGTGAAATAC 

  3201 CGCACAGATG CGTAAGGAGA AAATACCGCA TCAGGCGCTC TTCCGCTTCC 

  3251 TCGCTCACTG ACTCGCTGCG CTCGGTCGTT CGGCTGCGGC GAGCGGTATC 

  3301 AGCTCACTCA AAGGCGGTAA TACGGTTATC CACAGAATCA GGGGATAACG 

  3351 CAGGAAAGAA CATGTGAGCA AAAGGCCAGC AAAAGGCCAG GAACCGTAAA 

  3401 AAGGCCGCGT TGCTGGCGTT TTTCCATAGG CTCCGCCCCC CTGACGAGCA 

  3451 TCACAAAAAT CGACGCTCAA GTCAGAGGTG GCGAAACCCG ACAGGACTAT 

  3501 AAAGATACCA GGCGTTTCCC CCTGGAAGCT CCCTCGTGCG CTCTCCTGTT 

  3551 CCGACCCTGC CGCTTACCGG ATACCTGTCC GCCTTTCTCC CTTCGGGAAG 

  3601 CGTGGCGCTT TCTCATAGCT CACGCTGTAG GTATCTCAGT TCGGTGTAGG 

  3651 TCGTTCGCTC CAAGCTGGGC TGTGTGCACG AACCCCCCGT TCAGCCCGAC 

  3701 CGCTGCGCCT TATCCGGTAA CTATCGTCTT GAGTCCAACC CGGTAAGACA 

  3751 CGACTTATCG CCACTGGCAG CAGCCACTGG TAACAGGATT AGCAGAGCGA 

  3801 GGTATGTAGG CGGTGCTACA GAGTTCTTGA AGTGGTGGCC TAACTACGGC 

  3851 TACACTAGAA GGACAGTATT TGGTATCTGC GCTCTGCTGA AGCCAGTTAC 

  3901 CTTCGGAAAA AGAGTTGGTA GCTCTTGATC CGGCAAACAA ACCACCGCTG 

  3951 GTAGCGGTGG TTTTTTTGTT TGCAAGCAGC AGATTACGCG CAGAAAAAAA 

  4001 GGATCTCAAG AAGATCCTTT GATCTTTTCT ACGGGGTCTG ACGCTCAGTG 

  4051 GAACGAAAAC TCACGTTAAG GGATTTTGGT CATGAGATTA TCAAAAAGGA 

  4101 TCTTCACCTA GATCCTTTTA AATTAAAAAT GAAGTTTTAA ATCAATCTAA 

  4151 AGTATATATG AGTAAACTTG GTCTGACAGT TACCAATGCT TAATCAGTGA 

  4201 GGCACCTATC TCAGCGATCT GTCTATTTCG TTCATCCATA GTTGCCTGAC 

  4251 TCCCCGTCGT GTAGATAACT ACGATACGGG AGGGCTTACC ATCTGGCCCC 

  4301 AGTGCTGCAA TGATACCGCG AGACCCACGC TCACCGGCTC CAGATTTATC 

  4351 AGCAATAAAC CAGCCAGCCG GAAGGGCCGA GCGCAGAAGT GGTCCTGCAA 

  4401 CTTTATCCGC CTCCATCCAG TCTATTAATT GTTGCCGGGA AGCTAGAGTA 

  4451 AGTAGTTCGC CAGTTAATAG TTTGCGCAAC GTTGTTGCCA TTGCTGCAGG 

  4501 CATCGTGGTG TCACGCTCGT CGTTTGGTAT GGCTTCATTC AGCTCCGGTT 

  4551 CCCAACGATC AAGGCGAGTT ACATGATCCC CCATGTTGTG CAAAAAAGCG 

  4601 GTTAGCTCCT TCGGTCCTCC GATCGTTGTC AGAAGTAAGT TGGCCGCAGT 

  4651 GTTATCACTC ATGGTTATGG CAGCACTGCA TAATTCTCTT ACTGTCATGC 

  4701 CATCCGTAAG ATGCTTTTCT GTGACTGGTG AGTACTCAAC CAAGTCATTC 

  4751 TGAGAATAGT GTATGCGGCG ACCGAGTTGC TCTTGCCCGG CGTCAATACG 

  4801 GGATAATACC GCGCCACATA GCAGAACTTT AAAAGTGCTC ATCATTGGAA 

  4851 AACGTTCTTC GGGGCGAAAA CTCTCAAGGA TCTTACCGCT GTTGAGATCC 

  4901 AGTTCGATGT AACCCACTCG TGCACCCAAC TGATCTTCAG CATCTTTTAC 

  4951 TTTCACCAGC GTTTCTGGGT GAGCAAAAAC AGGAAGGCAA AATGCCGCAA 

  5001 AAAAGGGAAT AAGGGCGACA CGGAAATGTT GAATACTCAT ACTCTTCCTT 

  5051 TTTCAATATT ATTGAAGCAT TTATCAGGGT TATTGTCTCA TGAGCGGATA 

  5101 CATATTTGAA TGTATTTAGA AAAATAAACA AATAGGGGTT CCGCGCACAT 

  5151 TTCCCCGAAA AGTGCCACCT GAAATTGTAA ACGTTAATAT TTTGTTAAAA 

  5201 TTCGCGTTAA ATTTTTGTTA AATCAGCTCA TTTTTTAACC AATAGGCCGA 

  5251 AATCGGCAAA ATCCCTTATA AATCAAAAGA ATAGACCGAG ATAGGGTTGA 

  5301 GTGTTGTTCC AGTTTGGAAC AAGAGTCCAC TATTAAAGAA CGTGGACTCC 

  5351 AACGTCAAAG GGCGAAAAAC CGTCTATCAG GGCGATGGCC CACTACGTGA 
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  5401 ACCATCACCC TAATCAAGTT TTTTGGGGTC GAGGTGCCGT AAAGCACTAA 

  5451 ATCGGAACCC TAAAGGGAGC CCCCGATTTA GAGCTTGACG GGGAAAGCCG 

  5501 GCGAACGTGG CGAGAAAGGA AGGGAAGAAA GCGAAAGGAG CGGGCGCTAG 

  5551 GGCGCTGGCA AGTGTAGCGG TCACGCTGCG CGTAACCACC ACACCCGCCG 

  5601 CGCTTAATGC GCCGCTACAG GGCGCGTCCC ATTCGCCAAT CCGGATATAG 

  5651 TTCCTCCTTT CAGCAAAAAA CCCCTCAAGA CCCGTTTAGA GGCCCCAAGG 

  5701 GGTTATGCTA GTTATTGCTC AGCGGTGGCA GCAGCCAACT CAGCTTCCTT 

  5751 TCGGGCTTTG TTAGCAGCCG GATCTCAGTG GTGGTGGTGG TGGTGCTCGA 
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Figure B.9: Map of plasmid pET21a H2AN110C encoding single cystein mutant of human
histone H2A (type 1C). Map generated using SnapGene®Viewer.
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     1 GTGCGGCCGC AAGCTTGTCG ACGGAGCTCG AATTCGGATC CTCACTTGCC 

    51 CTTGGCCTTG TGGTGACTCT CGGTCTTCTT AGGCAGAAGC ACGGCCTGGA 

   101 TGCAAGGAAG GACGCCGCCC TGAGCAATGG TCACCTTTCC TAGCAGTTTG 

   151 TTGAGCTCCT CGTCGTTGCG GATGGCCAGC TGCAAGTGGC GCGGGATGAT 

   201 GCGAGTCTTC TTGTTGTCGC GAGCCGCGTT GCCGGCCAGC TCCAGGATCT 

   251 CGGCGGTCAG ATACTCTAAC ACCGCCGCCA GGTACACCGG CGCGCCTGCC 

   301 CCAACCCGCT CTGCGTAGTT GCCTTTACGG AGCAGGCGGT GCACTCGGCC 

   351 CACCGGGAAC TGGAGACCAG CGCGAGAAGA GCGGGTTTTC GCTTTGGCGC 

   401 GAGCTTTGCC TCCTTGCTTA CCACGTCCAG ACATATGTAT ATCTCCTTCT 

   451 TAAAGTTAAA CAAAATTATT TCTAGAGGGG AATTGTTATC CGCTCACAAT 

   501 TCCCCTATAG TGAGTCGTAT TAATTTCGCG GGATCGAGAT CTCGATCCTC 

   551 TACGCCGGAC GCATCGTGGC CGGCATCACC GGCGCCACAG GTGCGGTTGC 

   601 TGGCGCCTAT ATCGCCGACA TCACCGATGG GGAAGATCGG GCTCGCCACT 

   651 TCGGGCTCAT GAGCGCTTGT TTCGGCGTGG GTATGGTGGC AGGCCCCGTG 

   701 GCCGGGGGAC TGTTGGGCGC CATCTCCTTG CATGCACCAT TCCTTGCGGC 

   751 GGCGGTGCTC AACGGCCTCA ACCTACTACT GGGCTGCTTC CTAATGCAGG 

   801 AGTCGCATAA GGGAGAGCGT CGAGATCCCG GACACCATCG AATGGCGCAA 

   851 AACCTTTCGC GGTATGGCAT GATAGCGCCC GGAAGAGAGT CAATTCAGGG 

   901 TGGTGAATGT GAAACCAGTA ACGTTATACG ATGTCGCAGA GTATGCCGGT 

   951 GTCTCTTATC AGACCGTTTC CCGCGTGGTG AACCAGGCCA GCCACGTTTC 

  1001 TGCGAAAACG CGGGAAAAAG TGGAAGCGGC GATGGCGGAG CTGAATTACA 

  1051 TTCCCAACCG CGTGGCACAA CAACTGGCGG GCAAACAGTC GTTGCTGATT 

  1101 GGCGTTGCCA CCTCCAGTCT GGCCCTGCAC GCGCCGTCGC AAATTGTCGC 

  1151 GGCGATTAAA TCTCGCGCCG ATCAACTGGG TGCCAGCGTG GTGGTGTCGA 

  1201 TGGTAGAACG AAGCGGCGTC GAAGCCTGTA AAGCGGCGGT GCACAATCTT 

  1251 CTCGCGCAAC GCGTCAGTGG GCTGATCATT AACTATCCGC TGGATGACCA 

  1301 GGATGCCATT GCTGTGGAAG CTGCCTGCAC TAATGTTCCG GCGTTATTTC 

  1351 TTGATGTCTC TGACCAGACA CCCATCAACA GTATTATTTT CTCCCATGAA 

  1401 GACGGTACGC GACTGGGCGT GGAGCATCTG GTCGCATTGG GTCACCAGCA 

  1451 AATCGCGCTG TTAGCGGGCC CATTAAGTTC TGTCTCGGCG CGTCTGCGTC 

  1501 TGGCTGGCTG GCATAAATAT CTCACTCGCA ATCAAATTCA GCCGATAGCG 

  1551 GAACGGGAAG GCGACTGGAG TGCCATGTCC GGTTTTCAAC AAACCATGCA 

  1601 AATGCTGAAT GAGGGCATCG TTCCCACTGC GATGCTGGTT GCCAACGATC 

  1651 AGATGGCGCT GGGCGCAATG CGCGCCATTA CCGAGTCCGG GCTGCGCGTT 

  1701 GGTGCGGATA TCTCGGTAGT GGGATACGAC GATACCGAAG ACAGCTCATG 

  1751 TTATATCCCG CCGTTAACCA CCATCAAACA GGATTTTCGC CTGCTGGGGC 

  1801 AAACCAGCGT GGACCGCTTG CTGCAACTCT CTCAGGGCCA GGCGGTGAAG 

  1851 GGCAATCAGC TGTTGCCCGT CTCACTGGTG AAAAGAAAAA CCACCCTGGC 

  1901 GCCCAATACG CAAACCGCCT CTCCCCGCGC GTTGGCCGAT TCATTAATGC 

  1951 AGCTGGCACG ACAGGTTTCC CGACTGGAAA GCGGGCAGTG AGCGCAACGC 

  2001 AATTAATGTA AGTTAGCTCA CTCATTAGGC ACCGGGATCT CGACCGATGC 

  2051 CCTTGAGAGC CTTCAACCCA GTCAGCTCCT TCCGGTGGGC GCGGGGCATG 

  2101 ACTATCGTCG CCGCACTTAT GACTGTCTTC TTTATCATGC AACTCGTAGG 

  2151 ACAGGTGCCG GCAGCGCTCT GGGTCATTTT CGGCGAGGAC CGCTTTCGCT 

  2201 GGAGCGCGAC GATGATCGGC CTGTCGCTTG CGGTATTCGG AATCTTGCAC 

  2251 GCCCTCGCTC AAGCCTTCGT CACTGGTCCC GCCACCAAAC GTTTCGGCGA 

  2301 GAAGCAGGCC ATTATCGCCG GCATGGCGGC CCCACGGGTG CGCATGATCG 

  2351 TGCTCCTGTC GTTGAGGACC CGGCTAGGCT GGCGGGGTTG CCTTACTGGT 

  2401 TAGCAGAATG AATCACCGAT ACGCGAGCGA ACGTGAAGCG ACTGCTGCTG 

  2451 CAAAACGTCT GCGACCTGAG CAACAACATG AATGGTCTTC GGTTTCCGTG 

  2501 TTTCGTAAAG TCTGGAAACG CGGAAGTCAG CGCCCTGCAC CATTATGTTC 

  2551 CGGATCTGCA TCGCAGGATG CTGCTGGCTA CCCTGTGGAA CACCTACATC 

  2601 TGTATTAACG AAGCGCTGGC ATTGACCCTG AGTGATTTTT CTCTGGTCCC 

  2651 GCCGCATCCA TACCGCCAGT TGTTTACCCT CACAACGTTC CAGTAACCGG 
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  2701 GCATGTTCAT CATCAGTAAC CCGTATCGTG AGCATCCTCT CTCGTTTCAT 

  2751 CGGTATCATT ACCCCCATGA ACAGAAATCC CCCTTACACG GAGGCATCAG 

  2801 TGACCAAACA GGAAAAAACC GCCCTTAACA TGGCCCGCTT TATCAGAAGC 

  2851 CAGACATTAA CGCTTCTGGA GAAACTCAAC GAGCTGGACG CGGATGAACA 

  2901 GGCAGACATC TGTGAATCGC TTCACGACCA CGCTGATGAG CTTTACCGCA 

  2951 GCTGCCTCGC GCGTTTCGGT GATGACGGTG AAAACCTCTG ACACATGCAG 

  3001 CTCCCGGAGA CGGTCACAGC TTGTCTGTAA GCGGATGCCG GGAGCAGACA 

  3051 AGCCCGTCAG GGCGCGTCAG CGGGTGTTGG CGGGTGTCGG GGCGCAGCCA 

  3101 TGACCCAGTC ACGTAGCGAT AGCGGAGTGT ATACTGGCTT AACTATGCGG 

  3151 CATCAGAGCA GATTGTACTG AGAGTGCACC ATATATGCGG TGTGAAATAC 

  3201 CGCACAGATG CGTAAGGAGA AAATACCGCA TCAGGCGCTC TTCCGCTTCC 

  3251 TCGCTCACTG ACTCGCTGCG CTCGGTCGTT CGGCTGCGGC GAGCGGTATC 

  3301 AGCTCACTCA AAGGCGGTAA TACGGTTATC CACAGAATCA GGGGATAACG 

  3351 CAGGAAAGAA CATGTGAGCA AAAGGCCAGC AAAAGGCCAG GAACCGTAAA 

  3401 AAGGCCGCGT TGCTGGCGTT TTTCCATAGG CTCCGCCCCC CTGACGAGCA 

  3451 TCACAAAAAT CGACGCTCAA GTCAGAGGTG GCGAAACCCG ACAGGACTAT 

  3501 AAAGATACCA GGCGTTTCCC CCTGGAAGCT CCCTCGTGCG CTCTCCTGTT 

  3551 CCGACCCTGC CGCTTACCGG ATACCTGTCC GCCTTTCTCC CTTCGGGAAG 

  3601 CGTGGCGCTT TCTCATAGCT CACGCTGTAG GTATCTCAGT TCGGTGTAGG 

  3651 TCGTTCGCTC CAAGCTGGGC TGTGTGCACG AACCCCCCGT TCAGCCCGAC 

  3701 CGCTGCGCCT TATCCGGTAA CTATCGTCTT GAGTCCAACC CGGTAAGACA 

  3751 CGACTTATCG CCACTGGCAG CAGCCACTGG TAACAGGATT AGCAGAGCGA 

  3801 GGTATGTAGG CGGTGCTACA GAGTTCTTGA AGTGGTGGCC TAACTACGGC 

  3851 TACACTAGAA GGACAGTATT TGGTATCTGC GCTCTGCTGA AGCCAGTTAC 

  3901 CTTCGGAAAA AGAGTTGGTA GCTCTTGATC CGGCAAACAA ACCACCGCTG 

  3951 GTAGCGGTGG TTTTTTTGTT TGCAAGCAGC AGATTACGCG CAGAAAAAAA 

  4001 GGATCTCAAG AAGATCCTTT GATCTTTTCT ACGGGGTCTG ACGCTCAGTG 

  4051 GAACGAAAAC TCACGTTAAG GGATTTTGGT CATGAGATTA TCAAAAAGGA 

  4101 TCTTCACCTA GATCCTTTTA AATTAAAAAT GAAGTTTTAA ATCAATCTAA 

  4151 AGTATATATG AGTAAACTTG GTCTGACAGT TACCAATGCT TAATCAGTGA 

  4201 GGCACCTATC TCAGCGATCT GTCTATTTCG TTCATCCATA GTTGCCTGAC 

  4251 TCCCCGTCGT GTAGATAACT ACGATACGGG AGGGCTTACC ATCTGGCCCC 

  4301 AGTGCTGCAA TGATACCGCG AGACCCACGC TCACCGGCTC CAGATTTATC 

  4351 AGCAATAAAC CAGCCAGCCG GAAGGGCCGA GCGCAGAAGT GGTCCTGCAA 

  4401 CTTTATCCGC CTCCATCCAG TCTATTAATT GTTGCCGGGA AGCTAGAGTA 

  4451 AGTAGTTCGC CAGTTAATAG TTTGCGCAAC GTTGTTGCCA TTGCTGCAGG 

  4501 CATCGTGGTG TCACGCTCGT CGTTTGGTAT GGCTTCATTC AGCTCCGGTT 

  4551 CCCAACGATC AAGGCGAGTT ACATGATCCC CCATGTTGTG CAAAAAAGCG 

  4601 GTTAGCTCCT TCGGTCCTCC GATCGTTGTC AGAAGTAAGT TGGCCGCAGT 

  4651 GTTATCACTC ATGGTTATGG CAGCACTGCA TAATTCTCTT ACTGTCATGC 

  4701 CATCCGTAAG ATGCTTTTCT GTGACTGGTG AGTACTCAAC CAAGTCATTC 

  4751 TGAGAATAGT GTATGCGGCG ACCGAGTTGC TCTTGCCCGG CGTCAATACG 

  4801 GGATAATACC GCGCCACATA GCAGAACTTT AAAAGTGCTC ATCATTGGAA 

  4851 AACGTTCTTC GGGGCGAAAA CTCTCAAGGA TCTTACCGCT GTTGAGATCC 

  4901 AGTTCGATGT AACCCACTCG TGCACCCAAC TGATCTTCAG CATCTTTTAC 

  4951 TTTCACCAGC GTTTCTGGGT GAGCAAAAAC AGGAAGGCAA AATGCCGCAA 

  5001 AAAAGGGAAT AAGGGCGACA CGGAAATGTT GAATACTCAT ACTCTTCCTT 

  5051 TTTCAATATT ATTGAAGCAT TTATCAGGGT TATTGTCTCA TGAGCGGATA 

  5101 CATATTTGAA TGTATTTAGA AAAATAAACA AATAGGGGTT CCGCGCACAT 

  5151 TTCCCCGAAA AGTGCCACCT GAAATTGTAA ACGTTAATAT TTTGTTAAAA 

  5201 TTCGCGTTAA ATTTTTGTTA AATCAGCTCA TTTTTTAACC AATAGGCCGA 

  5251 AATCGGCAAA ATCCCTTATA AATCAAAAGA ATAGACCGAG ATAGGGTTGA 

  5301 GTGTTGTTCC AGTTTGGAAC AAGAGTCCAC TATTAAAGAA CGTGGACTCC 

  5351 AACGTCAAAG GGCGAAAAAC CGTCTATCAG GGCGATGGCC CACTACGTGA 
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  5401 ACCATCACCC TAATCAAGTT TTTTGGGGTC GAGGTGCCGT AAAGCACTAA 

  5451 ATCGGAACCC TAAAGGGAGC CCCCGATTTA GAGCTTGACG GGGAAAGCCG 

  5501 GCGAACGTGG CGAGAAAGGA AGGGAAGAAA GCGAAAGGAG CGGGCGCTAG 

  5551 GGCGCTGGCA AGTGTAGCGG TCACGCTGCG CGTAACCACC ACACCCGCCG 

  5601 CGCTTAATGC GCCGCTACAG GGCGCGTCCC ATTCGCCAAT CCGGATATAG 

  5651 TTCCTCCTTT CAGCAAAAAA CCCCTCAAGA CCCGTTTAGA GGCCCCAAGG 

  5701 GGTTATGCTA GTTATTGCTC AGCGGTGGCA GCAGCCAACT CAGCTTCCTT 

  5751 TCGGGCTTTG TTAGCAGCCG GATCTCAGTG GTGGTGGTGG TGGTGCTCGA 
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APPENDIX B. MAPS AND SEQUENCES OF USED PLASMIDS

B.2.8 pET21b H3C110A

PaeR7I - P spXI - TliI - XhoI(5808)

St yI(5707)

DraII I(5408)

P siI(5280)

ScaI(4745)

P vuI(4635)

BsaI(4326)

A hdI(4265)

A lw NI(3788)

P ciI(3372)

BspQI - SapI(3256)

BstZ17I(3143)

EagI - Not I (4)
HindII I (11)

EcoRI (30)
A f lI I (35)

BstBI (130)
SexA I* (142)

NheI (156)
Bmt I (160)

Bsu36I (196)

TspMI - XmaI (312)
SmaI (314)

MscI (382)
A geI (408)

NdeI (445)
XbaI (483)

T7  promoter

BglI I (549)

SphI (746)

BstA P I (954)

MluI (1271)
BclI* (1285)

BstEII (1452)
P spOMI (1478)
A paI (1482)

BssHII (1682)

EcoRV (1721)

HpaI (1777)

P shA I (2116)

FspA I (2353)
P puMI (2378)

Bpu10I (2478)

P f lFI - Tth111I (3117)

pET21aH3C110A
5812 bp

Figure B.10: Map of plasmid pET21a H3C110A encoding single cystein mutant of human
histone H3.1. Map generated using SnapGene®Viewer.
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     1 GTGCGGCCGC AAGCTTGTCG ACGGAGCTCG AATTCTTAAG CTCTCTCTCC 

    51 CCGTATCCGG CGAGCCAACT GGATGTCTTT GGGCATGATG GTGACTCTCT 

   101 TAGCGTGGAT GGCAGCCAGG TTGGTATCTT CGAACAGACC CACCAGGTAC 

   151 GCTTCGCTAG CCTCCTGCAG CGCCATGACG GCTGAGCTCT GAAACCTCAG 

   201 GTCGGTTTTG AAATCCTGCG CGATCTCCCT CACCAACCTC TGGAAGGGCA 

   251 GCTTCCGGAT GAGCAGCTCG GTCGACTTCT GATAACGACG AATCTCTCGA 

   301 AGCGCCACGG TCCCGGGCCT GTAGCGATGA GGCTTCTTCA CCCCGCCGGT 

   351 AGCGGGAGCG CTTTTCCTGG CGGCTTTCGT GGCCAGCTGT TTGCGGGGGG 

   401 CTTTCCCACC GGTGGACTTA CGAGCAGTCT GCTTGGTTCG GGCCATATGT 

   451 ATATCTCCTT CTTAAAGTTA AACAAAATTA TTTCTAGAGG GGAATTGTTA 

   501 TCCGCTCACA ATTCCCCTAT AGTGAGTCGT ATTAATTTCG CGGGATCGAG 

   551 ATCTCGATCC TCTACGCCGG ACGCATCGTG GCCGGCATCA CCGGCGCCAC 

   601 AGGTGCGGTT GCTGGCGCCT ATATCGCCGA CATCACCGAT GGGGAAGATC 

   651 GGGCTCGCCA CTTCGGGCTC ATGAGCGCTT GTTTCGGCGT GGGTATGGTG 

   701 GCAGGCCCCG TGGCCGGGGG ACTGTTGGGC GCCATCTCCT TGCATGCACC 

   751 ATTCCTTGCG GCGGCGGTGC TCAACGGCCT CAACCTACTA CTGGGCTGCT 

   801 TCCTAATGCA GGAGTCGCAT AAGGGAGAGC GTCGAGATCC CGGACACCAT 

   851 CGAATGGCGC AAAACCTTTC GCGGTATGGC ATGATAGCGC CCGGAAGAGA 

   901 GTCAATTCAG GGTGGTGAAT GTGAAACCAG TAACGTTATA CGATGTCGCA 

   951 GAGTATGCCG GTGTCTCTTA TCAGACCGTT TCCCGCGTGG TGAACCAGGC 

  1001 CAGCCACGTT TCTGCGAAAA CGCGGGAAAA AGTGGAAGCG GCGATGGCGG 

  1051 AGCTGAATTA CATTCCCAAC CGCGTGGCAC AACAACTGGC GGGCAAACAG 

  1101 TCGTTGCTGA TTGGCGTTGC CACCTCCAGT CTGGCCCTGC ACGCGCCGTC 

  1151 GCAAATTGTC GCGGCGATTA AATCTCGCGC CGATCAACTG GGTGCCAGCG 

  1201 TGGTGGTGTC GATGGTAGAA CGAAGCGGCG TCGAAGCCTG TAAAGCGGCG 

  1251 GTGCACAATC TTCTCGCGCA ACGCGTCAGT GGGCTGATCA TTAACTATCC 

  1301 GCTGGATGAC CAGGATGCCA TTGCTGTGGA AGCTGCCTGC ACTAATGTTC 

  1351 CGGCGTTATT TCTTGATGTC TCTGACCAGA CACCCATCAA CAGTATTATT 

  1401 TTCTCCCATG AAGACGGTAC GCGACTGGGC GTGGAGCATC TGGTCGCATT 

  1451 GGGTCACCAG CAAATCGCGC TGTTAGCGGG CCCATTAAGT TCTGTCTCGG 

  1501 CGCGTCTGCG TCTGGCTGGC TGGCATAAAT ATCTCACTCG CAATCAAATT 

  1551 CAGCCGATAG CGGAACGGGA AGGCGACTGG AGTGCCATGT CCGGTTTTCA 

  1601 ACAAACCATG CAAATGCTGA ATGAGGGCAT CGTTCCCACT GCGATGCTGG 

  1651 TTGCCAACGA TCAGATGGCG CTGGGCGCAA TGCGCGCCAT TACCGAGTCC 

  1701 GGGCTGCGCG TTGGTGCGGA TATCTCGGTA GTGGGATACG ACGATACCGA 

  1751 AGACAGCTCA TGTTATATCC CGCCGTTAAC CACCATCAAA CAGGATTTTC 

  1801 GCCTGCTGGG GCAAACCAGC GTGGACCGCT TGCTGCAACT CTCTCAGGGC 

  1851 CAGGCGGTGA AGGGCAATCA GCTGTTGCCC GTCTCACTGG TGAAAAGAAA 

  1901 AACCACCCTG GCGCCCAATA CGCAAACCGC CTCTCCCCGC GCGTTGGCCG 

  1951 ATTCATTAAT GCAGCTGGCA CGACAGGTTT CCCGACTGGA AAGCGGGCAG 

  2001 TGAGCGCAAC GCAATTAATG TAAGTTAGCT CACTCATTAG GCACCGGGAT 

  2051 CTCGACCGAT GCCCTTGAGA GCCTTCAACC CAGTCAGCTC CTTCCGGTGG 

  2101 GCGCGGGGCA TGACTATCGT CGCCGCACTT ATGACTGTCT TCTTTATCAT 

  2151 GCAACTCGTA GGACAGGTGC CGGCAGCGCT CTGGGTCATT TTCGGCGAGG 

  2201 ACCGCTTTCG CTGGAGCGCG ACGATGATCG GCCTGTCGCT TGCGGTATTC 

  2251 GGAATCTTGC ACGCCCTCGC TCAAGCCTTC GTCACTGGTC CCGCCACCAA 

  2301 ACGTTTCGGC GAGAAGCAGG CCATTATCGC CGGCATGGCG GCCCCACGGG 

  2351 TGCGCATGAT CGTGCTCCTG TCGTTGAGGA CCCGGCTAGG CTGGCGGGGT 

  2401 TGCCTTACTG GTTAGCAGAA TGAATCACCG ATACGCGAGC GAACGTGAAG 

  2451 CGACTGCTGC TGCAAAACGT CTGCGACCTG AGCAACAACA TGAATGGTCT 

  2501 TCGGTTTCCG TGTTTCGTAA AGTCTGGAAA CGCGGAAGTC AGCGCCCTGC 

  2551 ACCATTATGT TCCGGATCTG CATCGCAGGA TGCTGCTGGC TACCCTGTGG 

  2601 AACACCTACA TCTGTATTAA CGAAGCGCTG GCATTGACCC TGAGTGATTT 

  2651 TTCTCTGGTC CCGCCGCATC CATACCGCCA GTTGTTTACC CTCACAACGT 
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  2701 TCCAGTAACC GGGCATGTTC ATCATCAGTA ACCCGTATCG TGAGCATCCT 

  2751 CTCTCGTTTC ATCGGTATCA TTACCCCCAT GAACAGAAAT CCCCCTTACA 

  2801 CGGAGGCATC AGTGACCAAA CAGGAAAAAA CCGCCCTTAA CATGGCCCGC 

  2851 TTTATCAGAA GCCAGACATT AACGCTTCTG GAGAAACTCA ACGAGCTGGA 

  2901 CGCGGATGAA CAGGCAGACA TCTGTGAATC GCTTCACGAC CACGCTGATG 

  2951 AGCTTTACCG CAGCTGCCTC GCGCGTTTCG GTGATGACGG TGAAAACCTC 

  3001 TGACACATGC AGCTCCCGGA GACGGTCACA GCTTGTCTGT AAGCGGATGC 

  3051 CGGGAGCAGA CAAGCCCGTC AGGGCGCGTC AGCGGGTGTT GGCGGGTGTC 

  3101 GGGGCGCAGC CATGACCCAG TCACGTAGCG ATAGCGGAGT GTATACTGGC 

  3151 TTAACTATGC GGCATCAGAG CAGATTGTAC TGAGAGTGCA CCATATATGC 

  3201 GGTGTGAAAT ACCGCACAGA TGCGTAAGGA GAAAATACCG CATCAGGCGC 

  3251 TCTTCCGCTT CCTCGCTCAC TGACTCGCTG CGCTCGGTCG TTCGGCTGCG 

  3301 GCGAGCGGTA TCAGCTCACT CAAAGGCGGT AATACGGTTA TCCACAGAAT 

  3351 CAGGGGATAA CGCAGGAAAG AACATGTGAG CAAAAGGCCA GCAAAAGGCC 

  3401 AGGAACCGTA AAAAGGCCGC GTTGCTGGCG TTTTTCCATA GGCTCCGCCC 

  3451 CCCTGACGAG CATCACAAAA ATCGACGCTC AAGTCAGAGG TGGCGAAACC 

  3501 CGACAGGACT ATAAAGATAC CAGGCGTTTC CCCCTGGAAG CTCCCTCGTG 

  3551 CGCTCTCCTG TTCCGACCCT GCCGCTTACC GGATACCTGT CCGCCTTTCT 

  3601 CCCTTCGGGA AGCGTGGCGC TTTCTCATAG CTCACGCTGT AGGTATCTCA 

  3651 GTTCGGTGTA GGTCGTTCGC TCCAAGCTGG GCTGTGTGCA CGAACCCCCC 

  3701 GTTCAGCCCG ACCGCTGCGC CTTATCCGGT AACTATCGTC TTGAGTCCAA 

  3751 CCCGGTAAGA CACGACTTAT CGCCACTGGC AGCAGCCACT GGTAACAGGA 

  3801 TTAGCAGAGC GAGGTATGTA GGCGGTGCTA CAGAGTTCTT GAAGTGGTGG 

  3851 CCTAACTACG GCTACACTAG AAGGACAGTA TTTGGTATCT GCGCTCTGCT 

  3901 GAAGCCAGTT ACCTTCGGAA AAAGAGTTGG TAGCTCTTGA TCCGGCAAAC 

  3951 AAACCACCGC TGGTAGCGGT GGTTTTTTTG TTTGCAAGCA GCAGATTACG 

  4001 CGCAGAAAAA AAGGATCTCA AGAAGATCCT TTGATCTTTT CTACGGGGTC 

  4051 TGACGCTCAG TGGAACGAAA ACTCACGTTA AGGGATTTTG GTCATGAGAT 

  4101 TATCAAAAAG GATCTTCACC TAGATCCTTT TAAATTAAAA ATGAAGTTTT 

  4151 AAATCAATCT AAAGTATATA TGAGTAAACT TGGTCTGACA GTTACCAATG 

  4201 CTTAATCAGT GAGGCACCTA TCTCAGCGAT CTGTCTATTT CGTTCATCCA 

  4251 TAGTTGCCTG ACTCCCCGTC GTGTAGATAA CTACGATACG GGAGGGCTTA 

  4301 CCATCTGGCC CCAGTGCTGC AATGATACCG CGAGACCCAC GCTCACCGGC 

  4351 TCCAGATTTA TCAGCAATAA ACCAGCCAGC CGGAAGGGCC GAGCGCAGAA 

  4401 GTGGTCCTGC AACTTTATCC GCCTCCATCC AGTCTATTAA TTGTTGCCGG 

  4451 GAAGCTAGAG TAAGTAGTTC GCCAGTTAAT AGTTTGCGCA ACGTTGTTGC 

  4501 CATTGCTGCA GGCATCGTGG TGTCACGCTC GTCGTTTGGT ATGGCTTCAT 

  4551 TCAGCTCCGG TTCCCAACGA TCAAGGCGAG TTACATGATC CCCCATGTTG 

  4601 TGCAAAAAAG CGGTTAGCTC CTTCGGTCCT CCGATCGTTG TCAGAAGTAA 

  4651 GTTGGCCGCA GTGTTATCAC TCATGGTTAT GGCAGCACTG CATAATTCTC 

  4701 TTACTGTCAT GCCATCCGTA AGATGCTTTT CTGTGACTGG TGAGTACTCA 

  4751 ACCAAGTCAT TCTGAGAATA GTGTATGCGG CGACCGAGTT GCTCTTGCCC 

  4801 GGCGTCAATA CGGGATAATA CCGCGCCACA TAGCAGAACT TTAAAAGTGC 

  4851 TCATCATTGG AAAACGTTCT TCGGGGCGAA AACTCTCAAG GATCTTACCG 

  4901 CTGTTGAGAT CCAGTTCGAT GTAACCCACT CGTGCACCCA ACTGATCTTC 

  4951 AGCATCTTTT ACTTTCACCA GCGTTTCTGG GTGAGCAAAA ACAGGAAGGC 

  5001 AAAATGCCGC AAAAAAGGGA ATAAGGGCGA CACGGAAATG TTGAATACTC 

  5051 ATACTCTTCC TTTTTCAATA TTATTGAAGC ATTTATCAGG GTTATTGTCT 

  5101 CATGAGCGGA TACATATTTG AATGTATTTA GAAAAATAAA CAAATAGGGG 

  5151 TTCCGCGCAC ATTTCCCCGA AAAGTGCCAC CTGAAATTGT AAACGTTAAT 

  5201 ATTTTGTTAA AATTCGCGTT AAATTTTTGT TAAATCAGCT CATTTTTTAA 

  5251 CCAATAGGCC GAAATCGGCA AAATCCCTTA TAAATCAAAA GAATAGACCG 

  5301 AGATAGGGTT GAGTGTTGTT CCAGTTTGGA ACAAGAGTCC ACTATTAAAG 

  5351 AACGTGGACT CCAACGTCAA AGGGCGAAAA ACCGTCTATC AGGGCGATGG 
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  5401 CCCACTACGT GAACCATCAC CCTAATCAAG TTTTTTGGGG TCGAGGTGCC 

  5451 GTAAAGCACT AAATCGGAAC CCTAAAGGGA GCCCCCGATT TAGAGCTTGA 

  5501 CGGGGAAAGC CGGCGAACGT GGCGAGAAAG GAAGGGAAGA AAGCGAAAGG 

  5551 AGCGGGCGCT AGGGCGCTGG CAAGTGTAGC GGTCACGCTG CGCGTAACCA 

  5601 CCACACCCGC CGCGCTTAAT GCGCCGCTAC AGGGCGCGTC CCATTCGCCA 

  5651 ATCCGGATAT AGTTCCTCCT TTCAGCAAAA AACCCCTCAA GACCCGTTTA 

  5701 GAGGCCCCAA GGGGTTATGC TAGTTATTGC TCAGCGGTGG CAGCAGCCAA 

  5751 CTCAGCTTCC TTTCGGGCTT TGTTAGCAGC CGGATCTCAG TGGTGGTGGT 

  5801 GGTGGTGCTC GAA 
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APPENDIX B. MAPS AND SEQUENCES OF USED PLASMIDS

B.2.9 pET21b H3C110A

BmeT110I(5715)
A vaI - BsoBI - P aeR7I - P spXI - TliI - XhoI(5714)

DraII I(5314)

P siI(5186)

ScaI(4651)

P vuI(4541)

P st I(4416)

A hdI(4171)

A lw NI(3694)

P ciI(3278)

BspQI - SapI(3162)

BstZ17I(3049)

EagI - Not I (4)
HindII I (11)

SalI (17)
Eco53kI (26)

SacI (28)
EcoRI (30)

BamHI (36)
NcoI (97)

BseRI (182)
SacII (186)

NdeI (351)
XbaI (389)

T7  promoter

BglI I (455)
SgrA I (496)

SphI (652)
EcoNI (712)
P f lMI (759)

BstA P I (860)

MluI (1177)
BclI* (1191)

BstEII (1358)
P spOMI (1384)
A paI (1388)

BssHII (1588)

EcoRV (1627)

HpaI (1683)

P shA I (2022)

FspA I (2259)
P puMI (2284)

pET21aH4G13C
5718 bp

Figure B.11: Map of plasmid pET21a H4G13C encoding single cystein mutant of human histone
H4. Map generated using SnapGene®Viewer.
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     1 GTGCGGCCGC AAGCTTGTCG ACGGAGCTCG AATTCGGATC CTAGCCTCCG 

    51 AAGCCGTACA GGGTGCGCCC CTGGCGCTTG AGCGCGTACA CCACATCCAT 

   101 GGCTGTGACG GTCTTGCGCT TGGCGTGCTC GGTGTAGGTG ACTGCGTCCC 

   151 GAATCACATT CTCCAGGAAC ACCTTCAGCA CACCGCGGGT CTCCTCGTAA 

   201 ATGAGGCCAG AGATCCGCTT AACGCCGCCA CGCCGAGCTA GACGCCGAAT 

   251 GGCAGGCTTG GTGATGCCCT GAATGTTGTC TCTCAAGACC TTGCGGTGGC 

   301 GCTTAGCGCC GCATTTGCCT AAGCCTTTTC CGCCCTTTCC TCTGCCGGAC 

   351 ATATGTATAT CTCCTTCTTA AAGTTAAACA AAATTATTTC TAGAGGGGAA 

   401 TTGTTATCCG CTCACAATTC CCCTATAGTG AGTCGTATTA ATTTCGCGGG 

   451 ATCGAGATCT CGATCCTCTA CGCCGGACGC ATCGTGGCCG GCATCACCGG 

   501 CGCCACAGGT GCGGTTGCTG GCGCCTATAT CGCCGACATC ACCGATGGGG 

   551 AAGATCGGGC TCGCCACTTC GGGCTCATGA GCGCTTGTTT CGGCGTGGGT 

   601 ATGGTGGCAG GCCCCGTGGC CGGGGGACTG TTGGGCGCCA TCTCCTTGCA 

   651 TGCACCATTC CTTGCGGCGG CGGTGCTCAA CGGCCTCAAC CTACTACTGG 

   701 GCTGCTTCCT AATGCAGGAG TCGCATAAGG GAGAGCGTCG AGATCCCGGA 

   751 CACCATCGAA TGGCGCAAAA CCTTTCGCGG TATGGCATGA TAGCGCCCGG 

   801 AAGAGAGTCA ATTCAGGGTG GTGAATGTGA AACCAGTAAC GTTATACGAT 

   851 GTCGCAGAGT ATGCCGGTGT CTCTTATCAG ACCGTTTCCC GCGTGGTGAA 

   901 CCAGGCCAGC CACGTTTCTG CGAAAACGCG GGAAAAAGTG GAAGCGGCGA 

   951 TGGCGGAGCT GAATTACATT CCCAACCGCG TGGCACAACA ACTGGCGGGC 

  1001 AAACAGTCGT TGCTGATTGG CGTTGCCACC TCCAGTCTGG CCCTGCACGC 

  1051 GCCGTCGCAA ATTGTCGCGG CGATTAAATC TCGCGCCGAT CAACTGGGTG 

  1101 CCAGCGTGGT GGTGTCGATG GTAGAACGAA GCGGCGTCGA AGCCTGTAAA 

  1151 GCGGCGGTGC ACAATCTTCT CGCGCAACGC GTCAGTGGGC TGATCATTAA 

  1201 CTATCCGCTG GATGACCAGG ATGCCATTGC TGTGGAAGCT GCCTGCACTA 

  1251 ATGTTCCGGC GTTATTTCTT GATGTCTCTG ACCAGACACC CATCAACAGT 

  1301 ATTATTTTCT CCCATGAAGA CGGTACGCGA CTGGGCGTGG AGCATCTGGT 

  1351 CGCATTGGGT CACCAGCAAA TCGCGCTGTT AGCGGGCCCA TTAAGTTCTG 

  1401 TCTCGGCGCG TCTGCGTCTG GCTGGCTGGC ATAAATATCT CACTCGCAAT 

  1451 CAAATTCAGC CGATAGCGGA ACGGGAAGGC GACTGGAGTG CCATGTCCGG 

  1501 TTTTCAACAA ACCATGCAAA TGCTGAATGA GGGCATCGTT CCCACTGCGA 

  1551 TGCTGGTTGC CAACGATCAG ATGGCGCTGG GCGCAATGCG CGCCATTACC 

  1601 GAGTCCGGGC TGCGCGTTGG TGCGGATATC TCGGTAGTGG GATACGACGA 

  1651 TACCGAAGAC AGCTCATGTT ATATCCCGCC GTTAACCACC ATCAAACAGG 

  1701 ATTTTCGCCT GCTGGGGCAA ACCAGCGTGG ACCGCTTGCT GCAACTCTCT 

  1751 CAGGGCCAGG CGGTGAAGGG CAATCAGCTG TTGCCCGTCT CACTGGTGAA 

  1801 AAGAAAAACC ACCCTGGCGC CCAATACGCA AACCGCCTCT CCCCGCGCGT 

  1851 TGGCCGATTC ATTAATGCAG CTGGCACGAC AGGTTTCCCG ACTGGAAAGC 

  1901 GGGCAGTGAG CGCAACGCAA TTAATGTAAG TTAGCTCACT CATTAGGCAC 

  1951 CGGGATCTCG ACCGATGCCC TTGAGAGCCT TCAACCCAGT CAGCTCCTTC 

  2001 CGGTGGGCGC GGGGCATGAC TATCGTCGCC GCACTTATGA CTGTCTTCTT 

  2051 TATCATGCAA CTCGTAGGAC AGGTGCCGGC AGCGCTCTGG GTCATTTTCG 

  2101 GCGAGGACCG CTTTCGCTGG AGCGCGACGA TGATCGGCCT GTCGCTTGCG 

  2151 GTATTCGGAA TCTTGCACGC CCTCGCTCAA GCCTTCGTCA CTGGTCCCGC 

  2201 CACCAAACGT TTCGGCGAGA AGCAGGCCAT TATCGCCGGC ATGGCGGCCC 

  2251 CACGGGTGCG CATGATCGTG CTCCTGTCGT TGAGGACCCG GCTAGGCTGG 

  2301 CGGGGTTGCC TTACTGGTTA GCAGAATGAA TCACCGATAC GCGAGCGAAC 

  2351 GTGAAGCGAC TGCTGCTGCA AAACGTCTGC GACCTGAGCA ACAACATGAA 

  2401 TGGTCTTCGG TTTCCGTGTT TCGTAAAGTC TGGAAACGCG GAAGTCAGCG 

  2451 CCCTGCACCA TTATGTTCCG GATCTGCATC GCAGGATGCT GCTGGCTACC 

  2501 CTGTGGAACA CCTACATCTG TATTAACGAA GCGCTGGCAT TGACCCTGAG 

  2551 TGATTTTTCT CTGGTCCCGC CGCATCCATA CCGCCAGTTG TTTACCCTCA 

  2601 CAACGTTCCA GTAACCGGGC ATGTTCATCA TCAGTAACCC GTATCGTGAG 

  2651 CATCCTCTCT CGTTTCATCG GTATCATTAC CCCCATGAAC AGAAATCCCC 
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  2701 CTTACACGGA GGCATCAGTG ACCAAACAGG AAAAAACCGC CCTTAACATG 

  2751 GCCCGCTTTA TCAGAAGCCA GACATTAACG CTTCTGGAGA AACTCAACGA 

  2801 GCTGGACGCG GATGAACAGG CAGACATCTG TGAATCGCTT CACGACCACG 

  2851 CTGATGAGCT TTACCGCAGC TGCCTCGCGC GTTTCGGTGA TGACGGTGAA 

  2901 AACCTCTGAC ACATGCAGCT CCCGGAGACG GTCACAGCTT GTCTGTAAGC 

  2951 GGATGCCGGG AGCAGACAAG CCCGTCAGGG CGCGTCAGCG GGTGTTGGCG 

  3001 GGTGTCGGGG CGCAGCCATG ACCCAGTCAC GTAGCGATAG CGGAGTGTAT 

  3051 ACTGGCTTAA CTATGCGGCA TCAGAGCAGA TTGTACTGAG AGTGCACCAT 

  3101 ATATGCGGTG TGAAATACCG CACAGATGCG TAAGGAGAAA ATACCGCATC 

  3151 AGGCGCTCTT CCGCTTCCTC GCTCACTGAC TCGCTGCGCT CGGTCGTTCG 

  3201 GCTGCGGCGA GCGGTATCAG CTCACTCAAA GGCGGTAATA CGGTTATCCA 

  3251 CAGAATCAGG GGATAACGCA GGAAAGAACA TGTGAGCAAA AGGCCAGCAA 

  3301 AAGGCCAGGA ACCGTAAAAA GGCCGCGTTG CTGGCGTTTT TCCATAGGCT 

  3351 CCGCCCCCCT GACGAGCATC ACAAAAATCG ACGCTCAAGT CAGAGGTGGC 

  3401 GAAACCCGAC AGGACTATAA AGATACCAGG CGTTTCCCCC TGGAAGCTCC 

  3451 CTCGTGCGCT CTCCTGTTCC GACCCTGCCG CTTACCGGAT ACCTGTCCGC 

  3501 CTTTCTCCCT TCGGGAAGCG TGGCGCTTTC TCATAGCTCA CGCTGTAGGT 

  3551 ATCTCAGTTC GGTGTAGGTC GTTCGCTCCA AGCTGGGCTG TGTGCACGAA 

  3601 CCCCCCGTTC AGCCCGACCG CTGCGCCTTA TCCGGTAACT ATCGTCTTGA 

  3651 GTCCAACCCG GTAAGACACG ACTTATCGCC ACTGGCAGCA GCCACTGGTA 

  3701 ACAGGATTAG CAGAGCGAGG TATGTAGGCG GTGCTACAGA GTTCTTGAAG 

  3751 TGGTGGCCTA ACTACGGCTA CACTAGAAGG ACAGTATTTG GTATCTGCGC 

  3801 TCTGCTGAAG CCAGTTACCT TCGGAAAAAG AGTTGGTAGC TCTTGATCCG 

  3851 GCAAACAAAC CACCGCTGGT AGCGGTGGTT TTTTTGTTTG CAAGCAGCAG 

  3901 ATTACGCGCA GAAAAAAAGG ATCTCAAGAA GATCCTTTGA TCTTTTCTAC 

  3951 GGGGTCTGAC GCTCAGTGGA ACGAAAACTC ACGTTAAGGG ATTTTGGTCA 

  4001 TGAGATTATC AAAAAGGATC TTCACCTAGA TCCTTTTAAA TTAAAAATGA 

  4051 AGTTTTAAAT CAATCTAAAG TATATATGAG TAAACTTGGT CTGACAGTTA 

  4101 CCAATGCTTA ATCAGTGAGG CACCTATCTC AGCGATCTGT CTATTTCGTT 

  4151 CATCCATAGT TGCCTGACTC CCCGTCGTGT AGATAACTAC GATACGGGAG 

  4201 GGCTTACCAT CTGGCCCCAG TGCTGCAATG ATACCGCGAG ACCCACGCTC 

  4251 ACCGGCTCCA GATTTATCAG CAATAAACCA GCCAGCCGGA AGGGCCGAGC 

  4301 GCAGAAGTGG TCCTGCAACT TTATCCGCCT CCATCCAGTC TATTAATTGT 

  4351 TGCCGGGAAG CTAGAGTAAG TAGTTCGCCA GTTAATAGTT TGCGCAACGT 

  4401 TGTTGCCATT GCTGCAGGCA TCGTGGTGTC ACGCTCGTCG TTTGGTATGG 

  4451 CTTCATTCAG CTCCGGTTCC CAACGATCAA GGCGAGTTAC ATGATCCCCC 

  4501 ATGTTGTGCA AAAAAGCGGT TAGCTCCTTC GGTCCTCCGA TCGTTGTCAG 

  4551 AAGTAAGTTG GCCGCAGTGT TATCACTCAT GGTTATGGCA GCACTGCATA 

  4601 ATTCTCTTAC TGTCATGCCA TCCGTAAGAT GCTTTTCTGT GACTGGTGAG 

  4651 TACTCAACCA AGTCATTCTG AGAATAGTGT ATGCGGCGAC CGAGTTGCTC 

  4701 TTGCCCGGCG TCAATACGGG ATAATACCGC GCCACATAGC AGAACTTTAA 

  4751 AAGTGCTCAT CATTGGAAAA CGTTCTTCGG GGCGAAAACT CTCAAGGATC 

  4801 TTACCGCTGT TGAGATCCAG TTCGATGTAA CCCACTCGTG CACCCAACTG 

  4851 ATCTTCAGCA TCTTTTACTT TCACCAGCGT TTCTGGGTGA GCAAAAACAG 

  4901 GAAGGCAAAA TGCCGCAAAA AAGGGAATAA GGGCGACACG GAAATGTTGA 

  4951 ATACTCATAC TCTTCCTTTT TCAATATTAT TGAAGCATTT ATCAGGGTTA 

  5001 TTGTCTCATG AGCGGATACA TATTTGAATG TATTTAGAAA AATAAACAAA 

  5051 TAGGGGTTCC GCGCACATTT CCCCGAAAAG TGCCACCTGA AATTGTAAAC 

  5101 GTTAATATTT TGTTAAAATT CGCGTTAAAT TTTTGTTAAA TCAGCTCATT 

  5151 TTTTAACCAA TAGGCCGAAA TCGGCAAAAT CCCTTATAAA TCAAAAGAAT 

  5201 AGACCGAGAT AGGGTTGAGT GTTGTTCCAG TTTGGAACAA GAGTCCACTA 

  5251 TTAAAGAACG TGGACTCCAA CGTCAAAGGG CGAAAAACCG TCTATCAGGG 

  5301 CGATGGCCCA CTACGTGAAC CATCACCCTA ATCAAGTTTT TTGGGGTCGA 

  5351 GGTGCCGTAA AGCACTAAAT CGGAACCCTA AAGGGAGCCC CCGATTTAGA 

APPENDIX B. MAPS AND SEQUENCES OF USED PLASMIDS
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  5401 GCTTGACGGG GAAAGCCGGC GAACGTGGCG AGAAAGGAAG GGAAGAAAGC 

  5451 GAAAGGAGCG GGCGCTAGGG CGCTGGCAAG TGTAGCGGTC ACGCTGCGCG 

  5501 TAACCACCAC ACCCGCCGCG CTTAATGCGC CGCTACAGGG CGCGTCCCAT 

  5551 TCGCCAATCC GGATATAGTT CCTCCTTTCA GCAAAAAACC CCTCAAGACC 

  5601 CGTTTAGAGG CCCCAAGGGG TTATGCTAGT TATTGCTCAG CGGTGGCAGC 

  5651 AGCCAACTCA GCTTCCTTTC GGGCTTTGTT AGCAGCCGGA TCTCAGTGGT 

  5701 GGTGGTGGTG GTGCTCGA  

     

 TCCATG… H4G13C sequence 

 G A mutated base pairs 

B.2. PLASMIDS FOR HUMAN HISTONES EXPRESSION
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APPENDIX C. CHROMATOGRAMS FROM FPLC PURIFICATION
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APPENDIX C. CHROMATOGRAMS FROM FPLC PURIFICATION
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APPENDIX C. CHROMATOGRAMS FROM FPLC PURIFICATION
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APPENDIX C. CHROMATOGRAMS FROM FPLC PURIFICATION
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APPENDIX C. CHROMATOGRAMS FROM FPLC PURIFICATION
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Appendix D

Additional AFM data

D.1 AFM data for aggregates of arrays

Analysis of AFM data for aggregates of arrays

NaCl Vol./area SE SD Analysed
(mM) (nm3/nm2) (nm3/nm2) (nm3/nm2) arrays
0 1.475 0.024 0.572 73
20 1.473 0.040 1.044 97
30 1.703 0.048 0.921 94
50 1.344 0.016 0.525 59
75 1.807 0.098 1.062 40
110 1.955 0.048 0.650 19
250 1.825 0.088 0.588 8
500 1.650 0.086 0.730 7

Table D.1: Summary of the analysed AFM data for aggregates of arrays. Table shows
values of middle point of Gaussian distribution for each analysed salt concentration together
with its standard deviation, standard error and number of analysed aggregated arrays images
per subset of data. First published in: [338].
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APPENDIX D. ADDITIONAL AFM DATA

D.2 Poly-L-lysine surface
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Figure D.1: Surface roughness of poly-L-lysine modi�ed mica. The in�uence of surface
roughness on the quantitative array compaction analysis was investigated by quantifying the
observed roughness. (a)AFM image showing one individual array in a larger �eld of view using
identical contrast as for images in the main text. (b) Same image as in (a) but with increased
contrast to highlight the surface roughness. Zoom shows magni�ed region as indicated. The
cross-section shows the surface roughness induced noise in the image which has a negligible
contribution to the overall array volume. First published in: [338].
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APPENDIX E. ADDITIONAL PROTOCOLS FOR SMFRET PROJECT

E.1 Primers for smFRET

Primers for labelled `601' sequences

Forward primer
Name Sequence Length Melting

temp.
ForI S+Z2,3
+biotin −FatI

B-GGTCGCTGTTCAATAGATGCAC
AGGATGTATATATCTGACACGT
GCCTGGAGACTAGGG

59bp 73.7°C

ForI Z1
T6AlexaFluor® 647
+biotin −FatI

B-GGTCGCTGTTCAATAGATGCAC
AGGATGTATATATCTGACACGT
GCCTGGAGACTAGGGAGTAATC

66bp 74.0°C

ForII S
T41CyTM3B +NotI

TTAAATGCGGCCGCGTATAGGG
TCCATCCCCGAGAGGTCGCTGT
TCAATACATGCACAGGATGTAT
ATATCTGACACGTGCCTGGAGA
CTAGGGAGTAATCC

102 bp 79.2°C

ForII Z1,2,3 +NotI TTAAATGCGGCCGCGTATAGGG
TCCATCCCCGAGAGGTCGCTGT
TCAATACATG

54bp 74.5°C

ForIII S+Z2,3
+XhoI

TAACTACTCGAGGGGTCCATCC
CCGAGAGGTCGCTGTTCAATAC
ATGCACAGG

53bp 74.6°C

ForIII Z1
T10CyTM3B
+XhoI

CATTTACTCGAGGGGTCCATCC
CCGAGAGGTCGCTGTTCAATA
CATGCACAGGATGTATATATCTG

66bp 74.6°C

Table E.1: Forward primers for site speci�cally labelled `601' sequences. The table
shows sequences, lengths and melting temperatures for forward primers designed to prepare site
speci�cally labelled `601' sequences for smFRET experiments. The names of primers are coded:
For and Rev stands for forward and reverse primers respectively; the Roman numbers indicate
the order of sequence in array (I for �rst, II for second, III for third); S stands for one-start
model (solenoid), Z stands for two-start model (zig-zag); the Arabic numerals distinguishes
between three di�erent two-start designs (1 for design with theoretical distance of 71.6Å, 2
for 52.6Åand 3 for 65.5Å); T with number indicates labelling site, with positive numbers
responding to labelling site on forward strand and negative number indicating labelling site
present on reverse strand; additionally names contain names of introduced chemical dyes, biotin
and (with plus sign) restriction sites, with minus sign the mutated out restriction sites were
marked. Letter B in DNA sequence indicates biotinylated DNA strand.
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E.1. PRIMERS FOR SMFRET

Primers for labelled `601' sequences

Reverse primer
Name Sequence Length Melting

temp.
RevI S+Z2
T-3AlexaFluor® 647
+NotI

ATTTTGCATGTATTGAACAGCG
ACCTCTCGGGGATGGACCCTAT
ACGCGGCCGCCCTGGAGAA

63bp 77.0°C

RevIZ1 +NotI ACAGTACATGTATTGAACAGCG
ACCTCTCGGGGATGGACCCTAT
ACGCGGCCGCCCTGGAGAA

66bp 77.7°C

RevI Z3
T-10AlexaFluor® 647
+NotI

AATCTTCATGTATTGAACAGCG
ACCTCTCGGGGATGGACCCTAT
ACGCGGCCGCCCTGGAGAA TCC-
CGGT

70bp 78.7°C

RevII S+Z1,2,3
+XhoI -NotI

GCCTGACTCGAGCGGTAGCCCT
GGAGAATCCCGGT

35bp 72.6°C

RevIII S+Z1 +XbaI GATTTATCTAGAACGCGGCCGC
CCTGGAGAATCCCGGTGCCGA

43bp 74.1°C

RevIII Z2
T-16CyTM3B +XbaI

AAGATATCTAGAACGCGGCCGC
CCTGGAGAATCCCGGTGCCGA

43bp 74.1°C

RevIII Z3
T-28CyTM3B +XbaI

ATAGTATCTAGAACGCGGCCGC
CCTGGAGAATCCCGGTGCCGAG
GCCGCTCAATT

55bp 77.3°C

Table E.2: Reverse primers for site speci�cally labelled `601' sequences. The table
shows sequences, lengths and melting temperatures for reverse primers designed to prepare site
speci�cally labelled `601' sequences for smFRET experiments. The names of primers are coded:
For and Rev stands for forward and reverse primers respectively; the Roman numbers indicate
the order of sequence in array (I for �rst, II for second, III for third); S stands for one-start
model (solenoid), Z stands for two-start model (zig-zag); the Arabic numerals distinguishes
between three di�erent two-start designs (1 for design with theoretical distance of 71.6Å, 2
for 52.6Åand 3 for 65.5Å); T with number indicates labelling site, with positive numbers
responding to labelling site on forward strand and negative number indicating labelling site
present on reverse strand; additionally names contain names of introduced chemical dyes, biotin
and (with plus sign) restriction sites, with minus sign the mutated out restriction sites were
marked. Letter B in DNA sequence indicates biotinylated DNA strand.
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APPENDIX E. ADDITIONAL PROTOCOLS FOR SMFRET PROJECT

E.2 PCR reaction

PCR reaction mix

Ingredient Concentration Volume
Template DNA 10mM 3µL
Forward Primer 10µM 5µL
Reverse Primer 10µM 5µL
dNTPs 10mM 5µL
Q5®Reaction Bu�er 5x 10µM
DMSO - 1.5µL
Q5®DNA Polymerase 2U/µL 0.5µL
H2O - 24µL

End Volume 50µL

Table E.3: PCR reaction mix for producing site-speci�cally labelled '601' sequences.
The sequences of appropriate forward- and reverse-primers are listed in tables E.1 and E.2
respectively.

Theromcycler program for PCR reaction

Step Temperature Time
Initial denaturation 98°C 30 s

49 cycles
98°C 10 s
74.1°C 30 s

Final extention 10°C 10min

Table E.4: Theromcycler program for PCR reaction to produce the site-speci�cally
labelled '601' sequences.

After PCR reaction all products were puri�ed using standard phenol extrac-
tion protocol, followed by ethanol precipitation protocol.
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E.3 Digestion protocol for smFRET project

For the digestion of the PCR products three di�erent enzymes were used: NotI-
HF®, XbaI and XhoI (all from New England BioLabs). The NucI DNA was
digested with NotI-HF®, NucII DNA with NotI-HF® and XhoI and NucIII
DNA with XhoI and XbaI respectively (compare with �gure 6.21). 6-9µg of
DNA were used per reaction. All reactions were performed in CutSmart®Bu�er,
in 37°C, over night. For NucII and NucIII DNA both enzymes were used simul-
taneously. The restriction enzymes were heat-deactivated (20min., 65°C). After
the digestion reaction the DNA was puri�ed using QIAquick PCR Puri�cation
Kit (Qiagen), according to producer protocol. In the last step, during the elution
of puri�ed DNA, H2O was substituted with 66mM Tris bu�er. Table E.5 shows
the concentrations and the volumes of reagents used for the digestion protocol.

Digestion reaction mix

Ingredient Concentration Volume
NucX DNA ≈200 ng/µL 30µL
CutSmart®Bu�er 10x 4µL
Enzyme I 20U/µL 2µL
Enzyme II (if needed) 20U/µL 2µL
H2O - up to 50µL

Table E.5: Digestion reaction mix for site-speci�cally labelled '601' sequences. In
the table, NucX DNA is short for either of NucI DNA, NucII DNA, or NucIII DNA. Enzyme
I and II stand for NotI-HF®, XbaI or XhoI (see the description above).
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E.4 Ligation protocol for smFRET project

Before the ligation the NucII DNA was dephosphorylated with Shrimp Alka-
line Phosphatase (rSAP, New England Biolabs, 30min., 37°C) in order to allow
dimerisation only with the other two Nuc DNAs. The excess of NucI DNA and
NucIII DNA with respect to NucII DNA (2:2:1) was used to compensate for the
loss of DNA due to self-ligation. The ligation reaction was performed at room
temperature for 1 h. Afterwards, the T4-DNA ligase was deactivated by heat
(65°C) for 10 minutes. Table E.6 shows the concentrations and the volumes of
reagents used for the ligation protocol.

Digestion reaction mix

Ingredient Concentration Volume
NucI DNA ≈900 nM 4µL
NucII DNA ≈900 nM 2µL
NucIII DNA ≈900 nM 4µL
Quick Ligation Bu�er 2x 11µL
T4-DNA Ligase 2000UµL 1µL

Table E.6: Ligation reaction mix for producing site-speci�cally labelled trimer '601'
DNA.
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E.5 Trinucleosome assembly for smFRET project

For the trinucleosome assembly the sub-products of the ligation process were
treated as competitor DNA. The titration mixes (see table E.7) were dialysed
(gradient dialysis) in dialysis chambers (Slide−A−LyzerTM MINI Dialysis De-
vices (0.5mL), ThermoFisher Scienti�c) from the high salt bu�er (300mL, for
ingredients see table E.8) to low salt bu�er (see table E.9) (1.6mL/min. for ≈1 
h,
afterwards 1.9mL/min. ON, 4°C). After an over-night dialysis, an additional
dialysis step into no salt bu�er (see table E.10) was performed (1 h, 4°C). The
assembly products were tested on 0.4x TBE, 6% PAA gel (data shown in [354]).

Trinucleosom assembly

Ingredients
Octamers:DNA

2.4:1 3:1 3.6:1
High Salt Bu�er up to 50µL
BSA (10µg/µL) 200 ng/µL
Nuc trimer DNA 5µg
Histone octamers 12µg 15µg 18µg

Table E.7: Titration scheme for assembly of trinucleosomes.
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High salt bu�er

Ingredient Concentration
Tris HCl, pH 7.5 10mM
NaCl 2M
EDTA, pH8 1mM
NP40 0.05%
β−mercaptoethanol 1mM

Table E.8: High salt bu�er for trinucleosome assembly.

Low salt bu�er

Ingredient Concentration
Tris HCl, pH 7.5 10mM
NaCl 50mM
EDTA, pH8 1mM
NP40 0.05%
β−mercaptoethanol 1mM

Table E.9: Low salt bu�er for trinucleosome assembly.

No salt bu�er

Ingredient Concentration
Tris HCl, pH 7.5 10mM
EDTA, pH 8 1mM
NP40 0.05%

Table E.10: No salt bu�er for trinucleosome assembly.
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