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1. INTRODUCTION 

1.1 ACCESSIBILITY AND TRANSCRIPTIONAL 

REGULATION 

Regulation of gene transcription is important for cell differentiation and for maintaining cell-

type specific phenotypes, and its disorders often lead to disease 1. Transcription factors (TFs) 

recognize and bind to specific regulatory sequences in the genome to either activate or repress 

particular genes, in particular cells, at particular times 2. In eukaryotes, activation of protein 

coding genes begins by recognition and binding of the general transcription factor (GTF) TFIID 

to the core promoter element and sequential recruitment of RNA polymerase II (RNAP II) and 

other GTFs 3. Together, the GTFs and RNAP II form the pre-initiation complex (PIC) which 

unwinds about 12-14 bp of DNA (promoter melting) and loads the template strand into the 

active site of the RNAP II so as to begin transcription 4. Although the GTFs and RNAP II suffice 

to initiate basal transcription, the binding of sequence-specific TFs to promoter-proximal and 

distal regulatory elements called enhancers helps to modulate the level of transcription 5. 

Recognition and binding of regulatory factors to their cognate sites is preceded by access. In 

the cell, transcription takes place in the context of chromatin, of which ~70 % is bound by 

nucleosomes with the rest being made up of internucleosomal linker DNA and nucleosome free 

regions (NFR). The NFRs are defined as stretches of about 200 bp of DNA to which a 

nucleosome is not bound or is occupied by easily destabilized nucleosomes, what make up 

about 1% of the genome 6. Whereas nucleosomes are refractory to factor binding, NFRs present 

“open windows” through which trans-acting factors can access their binding sites in chromatin 

6. NFRs exhibit a 100-fold higher sensitivity to nuclease cleavage than the rest of chromatin 

and are thus termed nuclease hypersensitivity sites (NHSs) 6. All NHSs determined so far 

correspond to regulatory elements such as enhancers, promoters, insulators, silencers and locus 

control regions 6–8. Consequently, nuclease hypersensitivity assays have been traditionally used 

to probe regulatory sequences in chromatin. Initially they were used together with Southern 

blotting hybridization 9,10, a low through-put method to identify regulatory regions in a given 

locus. Later they were used with tiled microarrays 11–13 and more recently next generation 

sequencing (NGS) that has enabled the mapping of accessible sites genome-wide with single 



2 

 

base-pair resolution. The commonly used genome wide accessibility assays based on nuclease 

hypersensitivity and their drawbacks are discussed below. 

1.1.1 DNA accessibility assays 

1.1.1.1 DNase I hypersensitive sites sequencing (DNase-seq) 

DNase-seq (Fig.1a) relies on the use of deoxyribonuclease I (DNase I) coupled with sequencing 

to map regulatory sequences genome wide. The 30 kDa sequence-nonspecific endonuclease 

preferentially binds nucleosome free DNA in the minor groove and nicks the phosphate 

backbone in the presence of divalent cations Ca2+ and Mg2+ 14. In the presence of transition 

metals such as manganese and cobalt, DNase I cleaves both strands at the same point or in close 

proximity resulting in DNA double strand breaks 15. To determine DNase hypersensitive sites 

(DHS), isolated nuclei are digested with limiting DNase I concentration to preferentially cut at 

DHSs. In a typical experiment, cell nuclei are digested with a range of DNase I concentrations 

and the DNA fragments generated are separated on a gel to determine the fragment size. The 

DNase I concentration to cell number ratio has to be determined for each cell type and batch of 

DNase I 16. Typically for mammalian cells 0.4-4 U/ 7x106 nuclei generates fragments ranging 

from 50-1000 kb which are suitable for DNase-seq. 12 U/ 7x106 nuclei generates fragment <50 

kb while 40 U/ 7x106 nuclei completely degrades the genome 17,18. The ends of the generated 

fragments are then purified and identified by next-generation sequencing. Sites accessible in a 

large proportion of cells in a population are cleaved more often and appear as a peak of the 

sequenced reads. Sequencing reads from more than one DNase I concentration can further 

identify sites with varying degrees of hypersensitivity. 

A major drawback of this technique is that, though DNase I cleavage is not sequence-specific, 

the enzyme exhibits an intrinsic sequence bias 19. Cleavage rate has been shown to be 

significantly enhanced by a narrowed minor groove adjacent to the cleavage site 20 and by 

sequence dependent flexibility 21 facilitating its binding. 

An alternative to DNase-seq is FAIRE-seq (formaldehyde-assisted isolation of regulatory 

elements with sequencing) which instead of digesting DNA, uses sonication to fragment 

formaldehyde crosslinked chromatin (Fig. 1b). Following sonication, DNA is isolated by 

phenol-chloroform extraction such that DNA not crosslinked to histone partitions into the 
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aqueous phase and the heavily crosslinked protein-DNA complexes remain in the organic 

phase. Sequencing reveals the map of accessible DNA 22. A major drawback of this technique 

is that regulatory regions occupied by proteins such as TFs are also crosslinked and eliminated 

from reads. Hence this method is not widely used recently. 

1.1.1.2 Micrococcal nuclease digestion with deep sequencing (MNase-seq) 

MNase-seq (Fig. 1c) employs the use of micrococcal nuclease (MNase), a Staphylococcus 

aureus enzyme with both endonuclease and exonuclease activity. MNase preferentially cleaves 

linker DNA and processively digests the generated DNA ends when it doesn’t disengage from 

the DNA in the course of its exonuclease activity. Prolonged digestion results in progressively 

shorter fragments and may lead to digestion of nucleosomal DNA too 23. Subjecting the 

nucleosome protected fragments to high through-put sequencing gives an indication of the 

positions of nucleosomes in the given locus. Though all segments of DNA devoid of 

nucleosomes are susceptible to MNase, differential accessibility of the MNase-sensitive regions 

genome-wide can be deduced from a controlled titration of enzyme concentration or limiting 

digestion times 23,24. It has been experimentally shown that different nucleosomes are released 

from chromatin during a partial digest (low MNase cc. or short digestion time) and during more 

complete digest (high MNase cc. or extended digestion time). This is because certain non-

histone protein complexes offer less protection to DNA compared to nucleosomes 25 and 

nucleosomes in complex with remodelers (e.g. RSC) are partially destabilized exposing the 

DNA to MNase activity 26. These nucleosome-RSC complexes have been mapped to regulatory 

regions. However, one has to also take into account the sequence bias exhibited by MNase when 

analysing sequence results. MNase cleaves A/T rich sequences up to 30x faster compared to 

G/C rich sequences 24. Consequentially, A/T-rich nucleosomes are also released during a partial 

digest though they may not represent accessible DNA. As an example, A/T rich nucleosomes 

have been mapped to transcription termination sites in yeast 25. 

1.1.1.3 Assay for transposase-accessible chromatin with sequencing (ATAC-

seq) 

ATAC-seq (Fig. 1d) probes DNA accessibility using Tn5, a hyperactive transposase which in 

nature excises a transposon from one genomic location and inserts it to a new genomic location 

in a “cut and paste fashion” 27. In ATAC-seq, the transposase which is pre-bound with an 
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adapter DNA, cuts genomic DNA and simultaneously ligates adapters for sequencing, a process 

called tagmentation 28. Following DNA extraction and sequencing, bioinformatics tools are 

used to classify ATAC-seq reads. Two categories are generated; a) those whose size 

corresponds to the length of nucleosomal DNA revealing nucleosome occupied regions, and b) 

those whose length is shorter than that of a canonical nucleosome. This second group is 

considered to be NFRs where transcription factors can bind. A limitation of this technique is 

that its reads are often contaminated with mitochondrial DNA. 

 

Figure 1: General outline of commonly used DNA accessibility assays. Figure reproduced 

from 29. 

DNase-seq, FAIRE-seq, MNase-seq and ATAC-seq assays discussed above all rely on two 

principles; 1) that DNA sequences bound by protein are protected from digestion or resist 

sonication and 2) that the histones are the main molecular species in contact with DNA 29. They 

thus provide a snapshot of the nucleosome occupancy and the accessible DNA genome-wide. 

This snapshot is a population average, since they use millions of cells and are only being 

adapted to single cell protocols recently. Nevertheless, there is a general overlap in the 

sequences identified as open across the assays.  
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The accessibility assays discussed above reveal accessible DNA on chromatin but do not 

characterize regulatory factor binding to these accessible sites. Characterization of protein-

DNA interactions is instead achieved by ChIP assays, which are now also coupled to 

sequencing (ChIP-seq) for genome-wide characterization.  

Chromatin immunoprecipitation (ChIP)-based techniques use antibodies raised against specific 

proteins to identify DNA sequences to which a particular protein of interest is bound in vivo. A 

typical experiment involves fixing cells with formaldehyde to crosslink proteins to DNA. The 

cells are then lysed and the chromatin sonicated to fragments of about 300-400 bp. A primary 

antibody which is immobilized on magnetic beads is then used to pull down a particular protein 

along with the DNA it is bound to. Extraction and sequencing of these DNA fragments then 

reveals where on the genome the particular protein binds to. This technique is applicable for all 

proteins to which ChIP-grade antibodies are available.  Modifications to this technique, ChIP-

exo 30 and ChIP-nexus 31 use exonucleases to digest the edges of the DNA fragments after 

sonication to further improve resolution.  

More recently, protein binding characterization has also been investigated using CUT &RUN 

32. In this technique, an antibody to the protein of interest is used to tether MNase to particular 

loci in situ. Activation of MNase activity using Ca2+ causes the cleavage of DNA around where 

the MNase is tethered. This greatly increases the signal to noise ratio from sequencing results 

as only the cleaved chromatin fragments are released into solution while the rest remains in 

nuclei.  

1.1.1.4 Microscopy-based techniques for studying DNA accessibility  

In addition to the biochemical approaches discussed above, accessible DNA has also been 

studied by microscopy based techniques. The heterochromatin-euchromatin dichotomy 

discovered almost a century ago 33, was later to be interpreted in the context of transcriptional 

inactivity-activity determined by differential accessibility. A dense heterochromatin packaging 

would reduce the average pore of these nucleoprotein matrices hence limiting the size of 

proteins (including TFs) that can diffuse through it. Contrary to this notion, however, 

microscopy-based techniques tracking the distribution and/or mobility of fluorescent molecules 

found no differential access between heterochromatin and euchromatin regions to relatively 

large molecules. It was observed that a significant fraction of heterochromatin was accessible 
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even to 70 kDa fluorescent dextrans micro-injected into the nucleus of a live cell 34,35. Similarly, 

eGFP oligomers up to 81 kDa 36 were shown to be equally distributed all over the nuclei except 

for the nucleoli. Grünwald and colleagues also observed that fluorescently labelled streptavidin 

microinjected into the nucleus rapidly diffused into the nucleus diffused through even 

heterochromatin unimpeded 37. Though fluorescent microscopy resolution is limited to 250 nm, 

this and other similar observations show that gene-specific TFs which are about 50 kDa can 

easily access their promoters even in heterochromatin. Brownian motion 38 would then bring 

bound targets to the surface 39 allowing larger components of the transcription machinery to 

bind 40. Binding of large transcription complexes to the exposed target sequences would then 

retain the segment on the domain surface where transcription occurs. Further, even 

heterochromatin is not static, single-nucleosome imaging reveals that even within 

heterochromatin fluctuations of about 50 nm/30 ms occur. This fluctuation would increase the 

actual pore sizes in heterochromatin or expose buried sequences to the surface to facilitate 

access of transcription complexes to their target DNA 39.  

Enzymatic assays for DNA accessibility present the nucleosome as a physical barrier to TF 

binding. This is corroborated by biophysical studies which rule out dense packaging as a barrier. 

Except for pioneer TFs that can bind to nucleosomal DNA and recruit chromatin remodelers to 

open the chromatin 41, TFs generally bind to nucleosome free DNA. In agreement with this, the 

promoters of active genes are either nucleosome depleted or occupied by nucleosomes that are 

easily destabilized 42. Considering that the DNA is wrapped around the nucleosome with at least 

50% of its surface facing the outside, reduced accessibility to nucleosomal DNA cannot be fully 

explained by steric hindrance. This prompted us to look further for an explanation which may 

be found in the structural alteration chromatinized DNA undergoes as a consequence of 

packaging. I will next discuss the role DNA geometry plays in TF binding and specificity before 

looking into how the DNA geometry is altered during packaging into chromatin. 

1.1.2 Transcription factor binding specificity 

General and gene-specific TFs recognize and bind to specific DNA sequence motifs in the cis-

regulatory elements through the establishment of hydrogen bonds between amino acids on the 

DNA binding domain of the TF and the DNA bases. The sequence motifs recognized by TFs 

are short, their length being about 6-10 bp, and exhibit great sequence degeneracy. Sequence 
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specificity for any particular TF can be determined by in vitro DNA binding assays. 

Traditionally, low throughput assays such as electrophoretic mobility shift assay, DNase I 

footprinting, surface plasmon resonance and southwestern blotting were used to characterize 

TF binding to distinct DNA sequences. Today, however, high throughput assays capable of 

characterizing binding to thousands of sequences in parallel are the methods of choice. 

Two main high throughput techniques have been used to determine TF sequence specificity: 

protein binding microarray (PBM) assays and SELEX-based techniques. PBM assays quantify 

the binding of a TF to commercially synthesized, immobilized DNA sequences. The binding 

affinity to each of the sequences is directly inferred from the binding of a fluorescently labelled 

antibody 43. SELEX-based techniques start with random DNA fragments and subject them to 

rounds of systematic enrichment for preferred sequences which are then subjected to 

sequencing. The sequences identified as high affinity by PBM assays and SELEX-based 

techniques are then subjected to computational algorithms to generate a sequence 

logo/sequence motif for a particular TF. 

Sequence motifs are based on position weight matrices (PWM) and are a representation of the 

preference for a particular nucleotide at a particular position in a sequence motif. PWM assume 

that each nucleotide in a motif exerts an additive and independent effect to the recognition of 

the sequence. However, it is now apparent that, in certain cases, the presence of a particular 

nucleotide in one position determines the preferred nucleotide in another position. And this 

effect is more significant for adjacent nucleotides compared to nucleotides far apart.  

The DNA structural features determined by the sequence of the motifs that play a role in TF 

binding specificity 44,45 are described below. To date a catalogue of 13 DNA structural features 

have been recognized to play a role in TF affinity and have been included in computational 

algorithms for TF binding motif prediction 46.  These include the shape of DNA grooves, DNA 

curvature and flexibility of DNA to bend or unwind. These are in turn dependent on the 

nucleotide sequence both within and in the regions flanking the motif. The effect of nucleotide 

sequence on DNA conformation is perhaps most evident in the DNA minor groove. Minor 

grooves with short A-tracts have a propensity to be narrow, with their width being < 5 Å 

compared to 5.8 Å of linear B-DNA. A narrowed minor groove reduces the distance between 

the phosphates on the backbone of both strands hence increasing the negative electrostatic 
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potential in the groove. DNA binding proteins with positively charged residues such as arginine 

and histidine on their surface are likely to be attracted to a narrowed minor groove 44.  

1.1.3 Structural properties of DNA  

The overall structure of DNA is described by the so-called translational & rotational parameters 

of its base pairs, the groove parameters and local helical parameters 47,48. Three translational 

(shift, slide and rise) and three rotational (tilt, roll and helix twist) parameters are used to 

describe the position of one base pair relative to the next (Fig. 2C). Similarly, three translational 

(shear, stretch and stagger) and three rotational (buckle, opening and propeller twist) parameters 

are used to describe the position of one base relative to its partner in a base pair (Fig. 2D). It is 

important to note that the helix twist (HelT) between successive base pairs varies between 24º 

and 51º and is different from global Twist which is an average over the full helical turn of a 

DNA molecule and is about 34º for B-DNA 49.  These parameters are intrinsically dependent 

on the DNA sequence and have been experimentally determined using X-ray crystallography 

or computationally derived for various DNA sequences 48. Importantly, these features are 

interdependent. For example untwisting DNA widens its grooves while decreasing the helical 

rise 50.  

On the basis of the structural parameters DNA is classified as either A- or B- form. In nature, 

most DNA exists in the B-form, a right-handed helix of 10.5 bp per turn 49. The base pairs are 

arranged almost perpendicularly to the helical axis, with a rise of 3.4 Å, an average helix twist 

of 34º and minor and major grooves of equal depth. Under high ionic conditions, the B-form 

DNA transitions to A-form which has characteristically deep major and shallow minor grooves. 

There are also several other alternative DNA conformations (Z-DNA, triple-triplexes, G-

quadruplexes etc.) that are thought to have biological significance but have no direct relevance 

to the focus of this thesis and therefore are not discussed here.  

 

 



9 

 

 

Figure 2: Translational and rotational parameters of DNA base pairs. A) The methods 

used to derive the parameters. B) Double stranded DNA molecule. C) Translational (shift, slide 

and rise) and rotational (tilt, roll and helix twist) parameters describing the degrees of freedom 

between two base pairs. D) Translational (shear, stretch and stagger) and rotational (buckle, 

propeller twist and opening) parameters describing the relative position of bases within a base 

pair. Figure reproduced from 46. 

The structural parameters of DNA can be modulated by a number of factors including i) the 

binding of drugs such as DNA intercalators; ii) DNA supercoiling; iii) the binding of some 

structural proteins e.g. histones and structural proteins; and iv) DNA base mismatches. 

Pyrimidine-pyrimidine mismatches widen while purine-purine mismatches constrict the base 

pairs 51. I will discuss the factors relevant to my research in the subsequent sections. 
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1.2 DNA INTERCALATORS 

Small molecules that interact with DNA can either bind covalently (e.g. cisplatin binding to 

guanine) or non-covalently. The non-covalent interactions include binding to the phosphate 

backbone, the DNA grooves or reversible intercalation between base pairs 52. Interactions that 

affect DNA processes have been exploited for therapeutic purposes.  

Intercalating molecules possess a characteristic electron-deficient planar ring system termed 

chromophore, which inserts between adjacent DNA base pairs. While simple intercalators such 

as ethidium, propidium and proflavin consist of only the chromophore, other intercalators have 

in addition peptide groups or sugar moieties 53. These additional groups non-covalently interact 

with bases in the DNA grooves and contribute to sequence specificity and the orientation of the 

bound ligand. Intercalation of the hydrophobic chromophores into DNA is energetically 

favoured since it removes the nonpolar ligand from the polar environment of water 54.  

Studies on isolated DNA demonstrated that intercalation increase the distance between adjacent 

bases by 3.4 Å per mono-intercalator and 6.8 Å per bis-intercalator molecule, thus increasing 

the length of the DNA duplex. Further, intercalation causes unwinding of the DNA in the base 

pairs adjacent to the site of intercalation. The degree of unwinding is dependent on the nature 

of the intercalator. For example, EBr unwinds the DNA by 26o 55, YOYO-1 by ~ 24±8o 56 and 

anthracyclines by 11o. The local perturbation from intercalation however spreads along the 

DNA molecule.  

Four DNA intercalators were used in the research described in this thesis. They are ethidium 

bromide and YOYO-1, both known as a useful DNA fluorescent probes, doxorubicin (Dox), a 

well-known antitumor antibiotic, and psoralen which is used in the treatment of some skin 

disorders. The structures of these molecules are shown below (Fig. 3). 

Binding of ethidium anion and doxorubicin to naked DNA has been studied extensively 55,57–61. 

The intercalation of ethidium is non-sequence specific. Following intercalation into dsDNA or 

dsRNA, ethidium absorbance is red-shifted and its fluorescence increases 20-fold most likely 

due to shielding from the water molecules 62. The Dox chromophore preferentially intercalates 

between GC base pairs while the sugar moiety is positioned in the minor groove 61.  Upon 



11 

 

intercalation the Dox fluorescence is greatly quenched63,64. Whereas Dox readily enters live 

cells, ethidium has largely been considered cell impermeant.  

 

Figure 3: Intercalators: A) Ethidium bromide, B) Psoralen, C) Doxorubicin & D) YOYO-1. 

YOYO-1, is a cell membrane impermeant molecule made up of two identical heterocyclic 

moieties connected by a linker. The length and flexibility of the linker allows both moieties to 

intercalate into DNA (bis-intercalation) 56. Following intercalation its fluorescence undergoes 

> 1000-fold enhancement, a property that makes it suitable for single molecule studies.   

Psoralen, a naturally occurring furanocoumarin has been shown to preferentially intercalate into 

negatively supercoiled DNA. When the intercalated molecule is exposed to UV, it forms 

covalent adducts with thymine 62, a property that has been exploited for medicinal purposes 

such as treatment of psoriasis 65 and cutaneous T cell lymphoma 66, as well as basic research 

into DNA damage and repair 67. Psoralen absorbs in UV region and emits weak blue 

fluorescence. However, for laboratory use the psoralen is tagged with functional molecules such 

as biotin for easy detection. 

In the subsequent section I will describe DNA supercoiling followed by a discussion of the 

superhelical properties of chromatinized DNA. 
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1.3 DNA SUPERCOILING AND CHROMATIN TOPOLOGY 

1.3.1 DNA supercoiling 

For linear B-DNA of length N base pairs, each strand winds about the other every 10.5 bp, this 

is its helical repeat length (h). If the ends of the linear molecule were ligated, a relaxed, 

covalently closed circular DNA molecule would be formed.  For such a molecule, the DNA 

strands are permanently intertwined and can only be separated if one or both of the strands were 

cut and allowed to swivel about the other. The number of times one strand would have to rotate 

about the other in order to separate the two strands is referred to as the linking number (Lk) and 

it is always an integer as only opposite DNA ends (3’ to 5’) can be joined. The Lk for a relaxed 

molecule, i.e. one whose h =10.5 bp/turn, is denoted Lko. If the double helical linear molecule 

were first twisted around its axis before ligating its ends, its Lk would differ from its Lko, (∆Lk 

= Lk - Lko), and the molecule would be referred to as superhelical. The ∆Lk would be positive 

if the DNA double helix is twisted in a right-handed direction (over-twisted), and negative if it 

is twisted in a left-handed direction (untwisted) before ligation. The extent to which ∆Lk differs 

from the Lko, regardless of the size of the DNA molecule, is referred to as the superhelical 

density of a molecule (σ), σ =∆Lk/Lko.  

The Lk is a geometrical parameter made up of two components; twist (Tw) and writhe (Wr), 

and changes in Lk are distributed between the two components, hence the formula ∆Lk =∆Tw 

+ ∆Wr. Tw describes the number of times one DNA strand winds about the other in a duplex, 

while Wr is the number of times the duplex winds about its own axis. A relaxed covalently 

closed circular (CCC) DNA molecule has no writhe and therefore its Lk (Lko) is equal to the Tw 

and is directly derived from the formula N/h, (where N is the length of DNA bp and h is the 

helical repeat length in bp). Wr is a vector quantity of a positive sign if the helices cross each 

other in a left-handed direction or negative sign if the helices cross each other in a right-handed 

direction (Fig. 4). However, if the writhing occurs around an object such as a protein as is the 

case in nucleosomes, a left-handed turn is denoted a negative sign whereas a right-handed turn 

is denoted a positive sign. Writhes that form in space are referred to as plectonemes, whereas 

those occurring around an object are referred to as toroids.  
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In the following section, I will discuss DNA packaging into chromatin while highlighting how 

its structure deviates from that of B-DNA in solution. 

 

Figure 4: DNA supercoiling. A) A relaxed covalently closed circular DNA molecule formed 

by ligating the ends of a linear molecule (h=10.5 bp). B) The DNA in (A) was cut and four left 

handed turns were made about its axis before re-ligation to generate negative superhelical 

torsion which manifests as right handed plectonemic writhes (top panel) or left handed toroidal 

writhe (middle panel) or causes local strand separation (bottom panel). The double-head red 

arrows indicate that the molecules can interconvert between the three negatively superhelical 

states without nicking the DNA. Figure from 68. 

1.3.2 DNA supercoiling at the nucleosomal level 

The nucleosomal structure is the lowest level of eukaryotic DNA packaging. 145 to 147 bp of 

DNA is wrapped around a core histone octamer, forming nucleosome core particles (NCPs) 

which are interspersed with linker DNA. Linker DNA is bound by the linker histone H1 and 

the architectural proteins of the high mobility group. The DNA on each NCP makes 1.67 left-
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handed superhelical turns around the histone octamer, an inner complete turn and two outer 

incomplete turns.  

The ∆Lk generated per nucleosome is determined by the seminal band counting technique 

developed by Keller 69. In this technique, deproteinized, supercoiled plasmid DNA is relaxed 

using topoisomerase I in the presence of increasing amount of ethidium bromide (EBr) and the 

resulting covalently closed molecules are separated by gel electrophoresis after dye removal. 

Each sample yields a mixture of DNA molecules whose migration on the gel is dependent on 

the ∆Lk of its constituent topoisomers, which is in turn dependent on the number of EBr 

molecules intercalated into the DNA molecule during relaxation. That is, when EBr binds to 

supercoiled CCC DNA, it causes the DNA to untwist and a compensatory positive writhe is 

formed (∆Tw < 0, ∆Wr > 0). If the concentration of EBr in the solution is increased, more EBr 

molecules will intercalate into DNA and cause more untwisting. The positive writhe is relaxed 

by the topoisomerase. When EBr is removed, the DNA will again twist revealing the supercoils 

that were “trapped” by EBr (∆Tw > 0, ∆Wr < 0). DNA molecules in consecutive bands in the 

same lane differ by ∆Lk = 1, and molecules with equal ∆Lk migrate together in the different 

lanes. Topoisomers on the same lane that co-migrate are further resolved by including EBr in 

the gels. By counting the overlapping bands between relaxed DNA samples and the untreated 

supercoiled control DNA under different electrophoresis conditions, the ∆Lk of a given 

molecule can be determined. Using this technique, the ∆Lk of the SV40 minichromosome was 

determined to be about -26 69. These translated to a ∆Lk of about -1.0 per nucleosome since the 

SV40 minichromosome carries about 26 nucleosomes. Similarly, the ∆Lk generated per 

nucleosome for reconstituted nucleosome arrays was determined to be about -1.0 70. 

 The experimentally determined ∆Lk per nucleosome (∆Lk = -1.0), however, differs from 

theoretically expected one (∆Lk = -1.67) owing to the 1.67 turns the DNA makes around the 

nucleosome, based on the X-ray crystallographic structure 71. The difference between the 

theoretically expected and the experimentally measured ∆Lk came to be known as the Lk 

paradox and has been the subject of much research. Two main hypotheses supported by 

experimental evidence, have been put forward to explain the Lk paradox. One hypothesis 

postulates that the DNA wrapped around the core nucleosome is over-twisted by about + 0.23 

72–74. This is supported by the evidence from hydroxyl radical and DNase I footprinting 
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experiments that determined the helical repeat of nucleosomal DNA to be 10.2 bp compared to 

10.5 for naked DNA 72,75. This effectively increases the ∆Lk per nucleosome to -1.44. The 

second hypothesis states that the length of the linker DNA determines its path which determines 

its contribution to the ∆Lk. (The length of linker DNA occurring in nature was observed to be 

quantized and has been categorized as either 10n or 10n+5, where n is an integer. Thus 10n 

linkers are of a length in multiples of 10 bp, whereas the 10n+5 has multiples of 10 plus 5 bp). 

This is supported by recent modelling and experimental measurements involving positioned 

nucleosomes which found the ∆Lk to range from – 0.8 to -1.4, with linkers of the 10n series 

constraining a higher ∆Lk than linkers of the 10n + 5 series 76,77. The 10n vs 10n +5 linker repeat 

length seem to correlate with the zigzag vs solenoid arrangement of nucleosomes in the 30 nm 

fibre determined in vitro and with the heterochromatic – euchromatic partitioning in cell 78,79. 

Considering the experimental evidence supporting the two hypotheses, it is probable that the 

linking number paradox is only fully explained by taking into account both the twist changes 

in nucleosomal DNA as well as the contribution of the linker DNA length. 

1.3.3 Constraint of DNA supercoiling by the nucleosome core particle  

The altered structure discussed above is constrained on the histone octamer surface. I will 

briefly discuss the core octamer structure before highlighting the features of the DNA 

constraint. The histone octamer is formed of two of each of the core histones H2A, H2B, H3 

and H4. Each of the core histones are composed of a structurally conserved motif named the 

histone-fold and unstructured positively charged N-terminal tails. In addition, each histone H2A 

has a C-terminal tail. Whereas the histone folds organize the 146 bp of DNA around the NCP, 

the histone tails interact with both nucleosomal & linker DNA 71,80. The interactions between 

histone tails and the nucleosomal DNA, which are mainly governed by electrostatic 

interactions, contribute slightly to the thermal stability of mononucleosomes 81. Tail removal 

was shown to mildly increase DNA unwrapping events in mononucleosomes which increased 

its access to other DNA-binding proteins 82. The tails also project beyond the NCP mediating 

nucleosome-to-nucleosome interactions which are the basis of the higher order structure of 

chromatin 83. Posttranslational modification occurring on the tails alter the charge or structure 

of the tail and are recognized by specific reader proteins. Such alterations ultimately affect the 

accessibility of the nucleosomal DNA as well as the stability of the chromatin fibres. 
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The histone-fold is made up of three alpha helices α1, α2 and α3, which are linked by the L1 

and L2 loops, and are responsible for the heterodimeric interactions to form histone-fold pairs 

of H2A-H2B and H3-H4. The folds are organized so as to form a “handshake motif” in which 

the L1 loop of one histone is juxtaposed with the L2 loop of its pairing partner, as shown in Fig. 

5 b & c. Each histone-fold pair forms a scaffold around which about 25 bp of DNA wraps, and 

carries three sites at which DNA-histone interactions are established; two L1L2 sites and one 

α1α1 site. In total, the histone folds are responsible for organizing the central 121 bp of NCP 

DNA whereas the 13 bp stretches of DNA on entry/exit sites are organized by the N-terminal 

α- helix of the H3 histone (αN) (Fig. 6). 

 

Figure 5: Histone fold and histone-fold heterodimers. Schematic representation of the core 

histone architecture and histone fold pairs. a) Histone architecture showing the conserved 

histone fold with 3 alpha helices α1, α2 and α3 joined by the L1 and L2 loops. The N-terminal 

tail of each histone and the C-terminal tail of H2A are shown as lines to the left and right of the 

histone fold, respectively. b) & c) Histone fold heterodimers H2A-H2B and H3-H4 showing 

the juxtaposed L1 and L2 loops on the ends. Figure adapted from 84. 
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The path that DNA follows on the NCP has been determined for core particles containing 146 

and 147 bp of DNA, NCP146 and NCP147, respectively 85. In this, it was determined that a 

single base pair lines up with the dyad (the central location of the nucleosome that divides the 

nucleosome to 2 symmetrical halves) dividing the DNA into two fragments, 72 bp and 73 bp 

long for NCP146 or two equal halves for NCP 147. The DNA winds around the histone octamer 

with its minor and major grooves alternately facing the octamer. The positions where the minor 

groove faces or looks away from the nucleosome core octamer are referred to as the superhelix 

locations (SHL) and they are numbered starting with the dyad position (SHL0) where the minor 

groove of DNA looks away (Fig. 6). The minor groove faces the nucleosome core at 14 different 

locations: SHL ±0.5, ±1.5, ± 2.5, ±3.5, ±4.5, ± 5.5 and ±6.5. Each inward facing minor groove 

lies adjacent to the DNA binding sites on the histone octamer. It is at these sites that histone-

DNA contacts are established in a sequence-independent manner.  
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Figure 6: DNA path and DNA-histone contacts in the nucleosome core particle.  a) 

Structure of the NCP viewed from the dyad axis (dotted vertical line). The DNA is shown in a 

ribbon structure with the two strands shown in red and cyan. The histones are shown in different 

colours: yellow H2A; red H2B; blue H3; green H4. The histone H3 N terminal alpha helices 

(H3 αN) and histone H2B C terminal alpha helices (H2B αC) are shown in grey. b) Half the 

NCP showing the organization of the histone folds and DNA. The terminal stretch of DNA 

around SHL 6.5 is organized by the H3αN; colour coding same as is (a). c) H3-H4 histone fold 

with the DNA. The amino acids involved in bond formation are labelled. There is an arginine 

residue protruding into each minor groove. Figure adapted from panels a, b, 86; panel c, 87 

A total of 142 direct and at least 358 water mediated hydrogen bonds link the DNA to the 

histone octamer per NCP. Most of these bonds are formed between the phosphate backbone 

and arginine & lysine side chains (Table 1). In addition, electrostatic interactions between the 
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negatively charged phosphate DNA backbone and positively charged amino acids (Lys+/Arg+) 

in histones, as well as van der Waals interactions strengthen the grip on nucleosomal DNA. 

Though nucleosomal DNA undergoes spontaneous transient unwrapping from the ends 88, in 

steady state the DNA is largely constrained on the octamer by the large number of bonds. This 

constraint would be expected to greatly hamper the degrees of freedom for nucleosomal DNA. 

 

Table 1: Direct and water mediated hydrogen bonds in the nucleosome core particle. Table 

from 86.  

In addition to the superhelical changes and the constrained conformation, the DNA in the NCP 

is greatly bent, such that 80 bp form a complete superhelical turn. This is a great deviation from 

the persistent length of linear B-DNA in solution which is 150 bp. This bending results in 

widening of both the minor and major grooves that face away from the octamer, while the minor 

grooves that face the octamer become narrow. Furthermore, an arginine residue penetrates into 

each of the inward facing minor grooves where it kinks the DNA.  
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1.3.4 Higher-order organization of chromatin 

Early in vitro experiments suggested that the 10 nm fibre hierarchically folds into a 30 nm fibre 

in the presence of histone H1 or Mg2+. In the 30 nm fibre, two models have been proposed for 

the arrangement of nucleosomes: the solenoid or one-start helix in which for a given 

nucleosome, the nearest neighbour is the ±1 nucleosome 89 and the  zigzag or two-start helix in 

which the nearest neighbour is the  ±2 nucleosome 90,91. The arrangement partly relies on linker 

DNA length. For short linkers (18-30 bp), the 10n linker series favours the more compact zigzag 

helix whereas the 10n+5 series linkers form a more open solenoid helix, corresponding to the 

hetero- and euchromatin, respectively 79,92.  

Nucleosome interactions within the 30 nm fibre are mediated by core histone tails 93, also see 

review 83. Of the tail mediated interactions, those involving the H4 N terminal tail and the H2A-

H2B acidic patch of the neighbouring nucleosome are the most important and deletion of this 

tail abolishes cation induced chromatin folding 94,95.  

The rigid 30 nm fibre has, however, not been observed in vivo. This has been postulated to be 

due to i) the presence of architectural proteins such as the high mobility group proteins that bind 

and bend the linker DNA disrupting the regularity of the 30 nm fibre 96; ii) the higher 

concentration of cations in the nuclei compared to 1-2 mM Mg2+ required to form the 30 nm 

fibre in solution 97; iii) the high concentration of nucleosomes in vivo which favours inter-fibre 

nucleosomes association as opposed to the dilute in vitro conditions in which inter-fibre 

interactions are negligible. In contrast to the rigid structure observed in vitro, chromatin in the 

nuclei has been described to be flexible and follow a disordered “polymer-melt” model in which 

nucleosomes from adjacent fibres freely interdigitate 97.  

As revealed by chromatin conformation capture (3C) techniques including its subsequent 

improvements especially Hi-C, chromatin is organized into compartments, topologically 

associated domains (TADs) and loops. There are two compartments: compartment A is 

enriched for highly expressed genes, carries activating chromatin marks such as H3K36me3, 

H3K79me2, H3K27ac and H3K4me1 and is replicated during early to mid S phase. 

Compartment B on the other hand, is gene poor, enriched for repressive chromatin marks such 

as H3K27me3 and is replicated during mid to end of S phase. The A and B compartments 
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correlate with the euchromatin and heterochromatin, identified earlier using electron 

microscopy.  

Within each chromatin compartment DNA is organized in TADs and loops. The TADs are up 

to megabase size (880 kb) 98 and are defined as regions of increased contact frequency that are 

insulated from the neighbouring regions. That is, chromatin loci within a TAD interact more 

with each other but do not interact with loci in other TADs. Loops and possibly also TADs are 

formed by a mechanism referred to as loop extrusion and have CTCF binding motifs at the 

boundaries 99. The CTCF binding motif is not palindromic and thus if its 5’ to 3’ orientation 

were to be considered forward, pairs of CTCF binding sites can be arranged in a forward, 

reverse, convergent or divergent manner. To initiate loop extrusion, cohesin is loaded onto a 

chromatin fibre by its loading factor NIPBL. Initially cohesin binds to two closely positioned 

sites on the fibre forming a small loop. The cohesin then slides along the chromatin fibre, partly 

pushed along by transcription-induced plectonemes 100,  increasing the loop size until it reaches 

a properly oriented CTCF. The majority of the loops have convergent CTCF motifs at their 

boundaries 101. The binding of CTCF to the CTCF binding site acts as a barrier preventing 

further extrusion. The size of the extruded loop is determined by the residence time of the 

cohesin on the chromatin fibre which is in turn influenced by its unloading protein called WAPL 

(Wings apart-like) 102. WAPL releases cohesin from chromatin by opening its rings causing it 

to fall off; depletion of this protein leads to formation of long loops. In contact maps, TADs 

appear as triangles demarcating regions within which intra-TAD contacts are possible, while 

loops appear as punctate dots which represent enrichment of discrete contacts. Different 

laboratories have identified varying numbers of loops per eukaryotic genome. Differences in 

the number of loops identified apparently depend on the bioinformatics analyses: If the pixel 

density is compared with the local background one ends up with ~10,000 loops per genome 101 

whereas if it is compared to the genome-wide background, one ends up with 105 to 106 loops 

per genome 103,104.  
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Figure 7: 3-D organization of chromatin in interphase nuclei. a) & b). Transcriptionally 

active and silent chromatin occupy distinct regions of the nucleus. The silent heterochromatin 

is mainly found associated with the nuclear lamina and around the nucleolus. It is densely 

packed as depicted by dark staining in the electron micrograph in a) and by reduced interactions 

in the Hi-C contact maps (red colour) in b). Euchromatin is found in the nucleoplasm lightly 

stained in a) and as regions of frequent contacts in Hi-C maps (blue colour) in b). c) &d). 

Chromosomes occupy distinct territories in the interphase nucleus as revealed by FISH in c) 

and contact mapping in d). e) & f). Cartoon presentation of loop extrusion by cohesin as 

observed in single cell and population Hi-C. Cohesin slides along the DNA until it encounters 

a properly oriented CTCF or an opposing cohesin which causes it to stall. Hi-C loops occur as 

dots and their boundaries are demarcated by CTCF. In single cell Hi-C, all loops including 

those not bound by CTCF are detected. Images panels adapted from panel a, 105; panels b & d, 

106; panel c, 107; panels e &f 108.   

1.3.5 Chromatin topology 

The topological state of the genome is established during replication as the DNA emerging from 

the replisome is promptly assembled into nucleosomes 109. For both prokaryotes and eukaryotes, 

the superhelical density is about -0.06 110. Changes to this topological state are generated mainly 

by RNA polymerase (RNAP) during gene transcription. This is because the rotation of DNA is 

hampered by the viscous drag related to its length or by anchorage to elements of the nuclei 
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matrix. Consequently, the DNA ahead of the advancing RNAP becomes positively supercoiled 

and negatively supercoiled behind, according to the twin supercoiling domain model 111. In 

similar fashion, positive supercoils form ahead of the replication machinery while negative 

supercoils form in the nascent duplex bearing the leading strand which is continuously 

synthesized 112.  

A build-up of the locally generated topological changes can stall transcription 113 and 

compromise genome integrity, thus, cells contain topoisomerases to relax the supercoiling. 

Eukaryotic cells have two types of topoisomerases, TOPO I and TOPO II which can cleave one 

or both strands of a DNA duplex, respectively, to relax both + and – supercoiling.  In addition, 

some of the torsional energy can dissipate by i) annihilation of oppositely supercoiled waves 

e.g. between two tandem transcribing RNAPs, the negative supercoiling behind the leading 

RNAP would neutralize the positive torsion ahead of the second RNAP; ii) absorption by DNA 

binding proteins e.g. nucleosomes which constrain negative supercoils; and iii) diffusion along 

the chromatin fibre in a gradient fashion. The extent of diffusion of torsional energy is limited 

by friction but has been detected up to 1.5 kb upstream of the TSS of a transcribed gene 114. In 

principle, the net change in superhelicity emanating from transcription is zero as the number of 

positive and negative supercoils generated are equal. However, whether the supercoils are 

promptly, symmetrically and completely removed remains enigmatic mainly because of limited 

tools for measurement of supercoiling in vivo. So far this measurement has been made by 

measuring the crosslinking of DNA by the intercalating and strand-crosslinking molecule 

psoralen. Negative supercoiling is said to favour psoralen crosslinking, but so does the removal 

of histone proteins which increases the binding sites available for psoralen. A further factor 

could be the difference in linker length between heterochromatin (shorter) and euchromatin 

(longer). 

1.3.6 Regulatory role of transcription-induced supercoiling  

Supercoiling causes folding of chromatin in 3-dimension bringing distant domains elements 

such as enhancers and promoters into close proximity. Further, it affects DNA geometry which 

in turn alters its interaction with regulatory and structural proteins subsequently impacting 

transcription 110. As such, supercoiling is considered an analogue code that controls how the 

digital code (nucleotide sequence) is accessed and read. Nucleosomes for example, readily form 
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on negatively but not positively supercoiled DNA in vitro 115. In vivo, this may serve to 

destabilize nucleosomes ahead of the advancing RNAP 116,117, while facilitating their re-

assembly behind the transcribing complex. However accumulation of torsion beyond a 

threshold value, results in reduced mRNA yield as seen in yeast mutants 113,118.  

Negative supercoiling facilitates spontaneous strand separation at temperatures below the DNA 

melting point. The single stranded DNA thus formed, forms the basis of transitions to non B 

DNA structures and is required for binding of single-strand DNA-binding proteins. 

Additionally, supercoiling generated in one gene alters the transcription of neighbouring genes 

depending on the orientation. For divergent genes, negative supercoils behind the RNAPII 

complex induces promoter melting of the neighbouring promoter and activating transcription 

also there. For convergent genes positive supercoils accumulate between the approaching 

RNAPs. In tandem genes, the negative and positive supercoils between advancing RNAPs 

cancel out; however, there is still accumulation of positive and negative supercoils ahead of the 

leading and behind the rear RNAP, respectively. 

1.4 THE HMG-BOX DNA BINDING DOMAIN 

The HMG-box is a 75 amino acid DNA-binding domain initially discovered in the architectural 

proteins HMGB in mammals, HMG-D in Drosophila 119 and yNHP6A in S. cerevisiae 120. Later 

it was also found in chromatin remodelers such as BAF35 & BAF57, the nucleosome chaperone 

FACT 121, and transcription factors such as TFAM in the mitochondria 122, UBF1 in the nucleoli, 

the Sox family of developmental TFs 123, and the TCF/LEF-1 that regulate gene expression 

during differentiation, among others.  

This domain has been shown to preferentially bind supercoiled, cisplatin damaged DNA, 

hemicatenanes and other non-B DNA structures. It binds to the DNA minor groove causing 

unwinding and widening of the minor groove as well as bending of DNA towards the major 

groove. The degree of bending caused by proteins that have the HMG-box domain varies from 

protein to protein; for example, the TATA binding protein (TBP) induces a 95o bend 124, while 

HMGB1 causes a 77o bend. The bending of DNA is brought about by partial intercalation of 

amino acid side chains125. Intercalating amino acids are core to the binding and bending of DNA 

and their substitution may result in a protein that cannot bind DNA as was observed in a 
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HMGB1 triple mutant, 125 or a protein with a reduced bend angle as observed in Sac7d double 

mutant 126. DNA bending has two major outcomes of gene regulatory importance.  It loops 

DNA, bringing distant regulatory sites such as enhancers and promoters into proximity and it 

locally facilitates the DNA binding of transcription factors 127. 

1.4.1 The HMGB1 protein 

HMGB1 is the most abundant non-histone architectural protein found in the cell nuclei, 

occurring at a density of one molecule per 10-15 nucleosomes 128. In the nucleus it binds to 

linker DNA in competition with histone H1. While histone H1 stabilizes the nucleosome 

structure and facilitates higher order chromatin folding 129 binding of HMGB1 enhances 

nucleosome sliding and decompacts chromatin 130. Following necrosis or activation of 

macrophages and monocytes, HMGB1 is release to the extracellular milieu where it acts as an 

alarmin 131–133. In living cells, it is actively shuttled between the nucleus and cytoplasm 

The protein consists of three domains; two HMG-box domains; box A and box B that bind 

DNA and an acidic C-terminal tail which interacts with histone H1 and also regulates DNA 

binding and bending (Fig. 8) 128,134–136. Boxes A & B carry a total of three intercalating amino 

acids (Phe37 on box A and Ile121 and Phe102 on Box B) and three redox-sensitive cysteines 

(Cys23 and Cy45 on box A, and Cys106 on Box B). The redox state of these cysteins affects 

both the protein’s nuclear interactions as well as its immunogenic properties. The all-thiol form 

has chemokine activity; the disulphide form has cytokine activity while the oxidized form has 

no immunogenic activity. Reduced HMGB1 exhibits higher affinity for DNA, causes greater 

DNA bending 137, and has greater ability to displace histone H1 from nucleosomes compared 

to the oxidized form 138. Several of the HMGB1 residues also undergo post-translational 

modifications (PTMs) which affects its DNA binding and cellular localization; lysine 

acetylation 131, serine phosphorylation 137 and lysine methylation 137 reduce its binding to DNA, 

increase retention in the cytoplasm and redirect it towards secretion.   

HMGB1 has been described as a jack of all trades due to its involvement in many cellular 

processes including transcription, DNA repair, DNA recombination, chromatin organization 

and inflammation, see Reviews 139,140. It exerts its nuclear functions by i) directly restructuring 

the nucleosome or recruitment of nucleosome remodellers to make the DNA more accessible 
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141,142; ii) DNA bending to enhance binding of TFs that require pre-bent DNA such as p53 143 

and/or iii) directly interacting with TFs to increase their residence time on the promoters 144. It 

has also been shown to be recruited to DNA damage sites where it either enhances or obstructs 

repair 145. 

 

Figure 8: Structure and sequence of HMGB1: A) The domains and sequence of HMGB1. 

The amino acid sequence and the post translational modifications are also indicated. B) Tertiary 

structure of HMGB1, the linkers linking box A to box B and box B to the C-terminal tail are 

indicated in yellow. The C terminal tail shown in green can be seen interacting with the DNA 

binding surfaces of box A and box B. C) Box A showing the constituent alpha helices I, II & 

III and the intercalating amino acid in yellow. D) Box B (cyan) binding to DNA (blue), 

intercalating amino acids shown in yellow. NLS, nuclear localization signal .Figure adapted 

from 128 
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2. JUSTIFICATION & OBJECTIVES 

2.1 JUSTIFICATION 

The nucleosome structure has long been known to be a barrier to regulatory factor binding in 

vivo, and this was generally assumed to be due to steric hindrance. This view is, however, 

challenged by the fact that DNA is wrapped on the outside of the nucleosome structure with 

one of its strands exposed at any one point. Further, biophysical studies have revealed that 

relatively large molecules can access even densely packaged chromatin areas and local 

chromatin Brownian motions can bring buried DNA targets for factor binging. Thus, there is 

need for further experiments to elucidate the mechanism by which the nucleosome structure 

inhibits binding. 

The results obtained from my experiments with small molecule intercalators suggest that 

constrained superhelicity hampers intercalation into DNA in chromatin. Considering that some 

protein DNA interactions involve intercalating moieties, I wondered if superhelicity would 

equally affect their binding. HMGB1 is an example for such a protein, containing an HMG-box 

domain what has been identified in various proteins involved in transcription, chromatin 

remodelling and even DNA repair. The binding of this domain to naked DNA in solution has 

been extensively studied but information is rather scanty regarding its binding features in the 

cell’s inner environment, in vivo, warranting further investigation. 

2.2 OBJECTIVES 

2.2.1 General objective 

To determine the mechanism by which chromatin packaging regulates access to DNA in vivo.  

2.2.2 Specific objectives 

1. To develop an assay to evaluate the binding of small molecule intercalators in situ. 

2. To determine the factors regulating intercalation of small molecules in situ.  

3. To assess the influence of factors affecting DNA supercoiling on the binding of 

HMGB1, a protein with intercalating moieties, to DNA in vivo. 
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3. MATERIALS & METHODS 

3.1 MATERIALS 

All materials were obtained from Sigma Aldrich Hungary unless where otherwise stated. 

Cells and lines used:  

i) HPBMCs from healthy donors 

ii) Wildtype HeLa  

iii) HeLa cell line stably expressing GFP tagged histone H1c (HeLaH1c-GFP) 

iv) HeLa cell line stably expressing GFP tagged histone H2B (HeLaH2B-GFP) 

v) HeLa cell line stably expressing GFP tagged histone H3 (HeLaH3-GFP)  

vi) Human osteosarcorma cell line, U2OS expressing H2B-RFP and GFP-HMGB1 

(U2OS2FP) (this cell line was kindly provided by Guido Kroemer 

3.2 METHODS 

3.2.1 Cells and cell culture 

HeLa cells were maintained in RPMI-1640 medium. HeLaH1c-GFP, HeLaH2B-GFP HeLaH3-GFP and 

U2OS2FP were maintained in DMEM medium (Gibco). Both RPMI and DMEM used in culture 

were supplemented with 10% FBS, 1x Glutamax, 100 U/ml penicillin, 100 µl/ml streptomycin 

and phenol red. In addition, media for U2OS2FP cells was suplemented with G418 0.5 mg/mL 

for continous selection of transformed cells. All cells were cultured at 37°C in a humidified, 

5% CO2 incubator and passaged every two days. 

HPBMCs were separated from whole human blood obtained from healthy donors. The blood 

was drawn at the regional Blood Center of the Hungarian National Blood Transfusion Service 

(HNBTS), (Debrecen, Hungary). Ethical approval for use of these samples was sought and 

obtained from the Director of the HNBTS and the Regional and Institutional research ethical 

committee of the University of Debrecen, Faculty of Medicine, (Debrecen, Hungary). Prior to 

blood donation, written, informed consent was obtained from the donors, and their data was 

processed according to the regulations of the European Union. HPBMCs were separated from 



29 

 

whole blood following the density gradient centrifugation technique developed by Böyum 146. 

Briefly, whole human blood was mixed with an equal volume of PBS. The mixture was gently 

layered over Ficoll-Paque plus (Amersham Biosciences, Uppsala, Sweden) in the ratio of 

2:1(blood mixture: Ficoll solution) and centrifuged for 20 minutes. The Puffy coat was carefully 

collected by a Pasteur pipette and transferred into a new tube. The mononuclear cells were 

washed twice PBS and used immediately or incubated in RPMI-1640 medium supplemented 

with 10% FCS (Gibco, Paisley, Scotland) and 1% antibiotic/antimycotic solution (Hyclone, 

South Logan, Utah). 

3.2.2 Harvesting cells from culture flasks 

1x Trypsin–EDTA was used to detach HeLa cells from culture flasks. First the culture media 

was completely aspirated from the culture flask. For a T-25 culture flask, the cells were rinsed 

2x with 1ml of 1x Trypsin–EDTA to remove any traces of culture media. 1ml of Trypsin–

EDTA was then added and the flask transferred to a 37°C water bath for 3 minutes. Detachment 

of cells was confirmed by gently tapping the side of the flask. 3 ml of culture media was added 

to the detached cells to stop the action of trypsin and the cells were transferred into a 15 ml 

centrifuge tube, centrifuged at 1250 RPM for 5 minutes. The supernatant was discarded and the 

cells were washed 1x using PBS and then resuspended in PBS at the required concentration. 

3.2.3 Live cell microscopy 

To study the uptake and intercalation of EBr in live cells, HeLaGFP cells were seeded at the rate 

of 30,000 cells per well onto the wells of an 8- well chamber (Ibidi, Martinstried, Germany) 

and allowed to attach overnight. Once removed from the incubator, cells were rinsed 3x with 

PBS pH 7.4 (150 mM NaCl, 3.3 mM KCl, 8.6 mM disodium phosphate dodecahydrate 

(Na2HPO4.12H2O) and 1.69 mM potassium dihydrogen phosphate (KH2PO4)) to remove 

medium. Cells were then stained with 300µl of 10 µM EBr in PBS-glucose (PBS + 7mM) 

glucose for 30 minutes at 37 °C and then imaged using the Olympus FV-1000 confocal laser 

scanning microscope. For experiments carried out under the microscope (Fig. 9), immediately 

after addition of the staining solution, the sample was transferred onto a pre-warmed (37°C) 

chamber on the microscope. For the microinjection experiment (Fig. 10), once the staining 

solution was added to the cells, the 8-well chamber was transferred to a Zeiss LSM 5 Live (Carl 
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Zeiss, Oberkochen, Germany) confocal laser scanning microscope coupled with a patch clamp 

apparatus. Individual cells were microinjected in a whole-cell patch clamp set-up with a dye 

solution equivalent to that in the bathing solution. Patched cells were imaged for 20 minutes, 

every 30 seconds for the first 5 minutes and then every 2 minutes for the remaining time. 

3.2.4 NaCl-induced histone elution 

To study the effect of the nucleosome structure on intercalation of EBr in situ, histones were 

sequentially evicted from agarose embedded nuclei using varying concentrations of NaCl 

before addition of 10 µM EBr. First, 8-well chambers were coated with 1% low melting point 

agarose dissolved in water (1% LMP-w) as follows: 150 µl of molten 1% LMP-w was dispensed 

onto each well of the chamber to coat the bottom of the well. During the dispensing, the chamber 

was kept on hot plate maintained at 42°C. The molten 1% LMP-w was then quickly removed 

from the wells and the chamber transferred to a metal plate on ice for 2 minutes to allow the 

agarose to gel, and then back to 42°C for 30 minutes until the agarose dried. The procedure was 

repeated one more time to apply a second layer of agarose. 

Next cells were embedded into the pre-coated wells. Pre-warmed 50 µl of 6 x 106cells/ml 

suspension was added to 150 µl molten 1% LMP-PBS at 37°C and gently mixed to create a 

homogeneous suspension. 22 µl of this suspension was dispensed into each well and quickly 

covered with a coverslip to allow the cells to spread. The 8-well chambers were kept at 37°C 

for a further 2 minutes to allow the cells to sediment and then on ice to allow the agarose to gel. 

The coverslips were detached from the agarose by adding 300 µl of cold PBS to the wells and 

carefully removed using a hooked needle. 

The cells were washed 3x for 3 min using 300 µl/well of PBS and then permeabilized using 

400 µl/well of 1% Triton-x-100/PBS-EDTA applied 2x for 10 min each. Nuclei were washed 

3x for 3 min using 400 µl/well of PBS-EDTA to remove residual Tx-100. RNA was digested 

by incubating nuclei with 150 µl/well of 100 µg/ml RNase A (Thermo Scientific, Waltham, 

Massachusetts, USA) dissolved in PBS-EDTA for 2 hr at 37°C. After RNA digestion, nuclei 

were subjected to 400 µl/well of varying cc. of NaCl (as indicated on the x-axis) for 1 hr, with 

solution change every 10 minutes. NaCl was washed from the wells using 400 µl /well of PBS-

EDTA 3 x for 10 minutes each before addition of intercalators.  
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The nuclei were then stained with either 300 µl/well of 10 µM EBr or 150 µ/well of 40 nM 

YOYO-1 for 2 hrs on ice. The staining solution was then replaced with 300 µl/ well of 1 µg/ml 

(3.6 µM) DAPI and incubated for a further 2 hrs on ice before imaging with the laser scanning 

cytometer. In the case of psoralen, 150 µl/ well of 1 mg/ml biotinylated 4,5’,8-trimethyl 

psoralen (bTMP) (kindly provided by Nick Gilbert) was added to the nuclei and incubated on 

ice for 2 hrs. Unbound bTMP was removed by briefly rinsing the nuclei with PBS-EDTA. To 

induce bTMP-DNA cross links, the samples were exposed to UVA (365 nm) on ice for 10 min 

at a distance of 5 cm from the lamp. The samples were washed once more with PBS-EDTA and 

blocked with 1% w/v BSA in EDTA for 45 minutes. For detection of bound bTMP, nuclei were 

incubated with 150 µl/well of 1 µg/ml mouse anti-biotin antibody overnight at 4 °C. Unbound 

primary antibody was removed by 3 washes with PBS-EDTA before a 2 hr incubation on ice 

with 1µg/ml Alexa 633 conjugated anti-mouse antibody (Thermo Scientific, Waltham, 

Massachusetts, USA) 200 µl/well. Nuclei were counter stained with 1 µg/ml DAPI and imaged 

with LSC. 

3.2.5 DNase I hypersensitivity assay 

DNase hypersensitivity assay is routinely used to map accessible DNA in chromatin 17. To test 

whether the increased binding of intercalators upon histone elution reflected increased access 

to DNA, a DNase hypersensitivity assay was carried out. Following the protocol described 

above, agarose embedded nuclei were depleted of RNA and of varying amounts of 

nucleosomes. The nuclei were then equilibrated with 400 µl/well of DNase I buffer (10 mM 

Tris pH 8, 0.1 mM CaCl2 and 2.5 mM MgCl2) then the DNA nicked by DNase I digestion for 

10 min at 37°C (300 µl/well of 0.1 µg/ml DNase I). Residual enzyme was removed or its activity 

inhibited by three washes with PBS-EDTA. The samples were then equilibrated with DNA 

polymerase I buffer (50 mM Tris-HCl, pH 7.2, and 10 mM MgSO4). Nicks generated by DNase 

I were labelled by in situ nick translation in a reaction volume of 120 µl/well consisting of 0.5 

U of DNA polymerase I, 5 nmol of dATP, dCTP, dGTP and biotin-dUTP for 10 min at room 

temperature. The biotin-dUTP was labelled with anti-biotin and fluorophore conjugated 

secondary antibody as described above, nuclei counter stained with DAPI and imaging done by 

LSC. 
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3.2.6 MNase Digestion 

In live cells and in isolated nuclei, EBr was hypothesized to bind mainly to the linker DNA. To 

substantiate this hypothesis, agarose embedded, RNA-depleted nuclei (prepared as described 

above), were fixed with 300 µl/well of 4%formaldehyde for 20 min on ice. The nuclei were 

then washed 3x to remove residual formaldehyde and equilibrated with MNase buffer (50 mM 

Tris, pH 7.5, 1 mM CaCl2). Next, 150 µl/well of varying amounts of MNase as indicated on the 

x-axis (Fig. 13A) were added to each well and the samples incubated at 37°C for 7 minutes.  

MNase activity was stopped by 3 washes with PBS-EDTA. The nuclei were stained with 10 

µM EBr and counterstained with 1 µg/ml DAPI and fluorescence of each nucleus measured by 

the LSC. 

3.2.7 EBr staining of nicked, linear and native plasmid DNA 

To ascertain the effect of topology on EBr uptake by naked DNA, native pcDNA3-EGFP (6159 

bp), was linearized or nicked using 1 U of ECoRI or 1 U of Nb.BsmI respectively following the 

manufacturer’s instructions (Thermo Scientific, Waltham, Massachusetts, USA). Next, 0.5 µg 

of each plasmid form; linear, native and nicked were mixed and separated on 1% agarose gel 

(TAE buffer). After electrophoresis, the lanes were cut and stained with different cc. of EBr as 

indicated on the x-axis (Fig. 17a). The gel was reassembled, imaged by FluorChem Q (Alpha 

Innotech and the image processed using Fiji ImageJ to determine the fluorescence intensity of 

each DNA band. 

3.2.8 In-gel cell irradiation and determination of nick incidence 

To evaluate the effect of topology on EBr binding to DNA in situ, live cells were irradiated 

with x-rays and dye uptake by the nuclei prepared thereof, measured by LSC. First, however, it 

was necessary to determine the dosage of x-rays sufficient to cause 1 nick per chromatin loop 

(~50 kb DNA). To determine this, live HeLaH3-GFP, were harvested and embedded into agarose 

plugs by the method described by Varga et al. 147. Briefly, cells were resuspended in PBS at a 

cc. of 1.3x107/ml and brought to 37°C.  The suspension was added to an equal volume of pre-

warmed 1.5% LMP-PBS-EDTA and mixed to create a homogenous suspension. 90 µl of the 

mixture was distributed into CHEF moulds and allowed to gel at 4°C for 20 min. The resulting 

agarose plugs were transferred into the wells of an 8-well chamber containing DMEM. The 
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cells in the plugs were irradiated with varying doses (25-300 Gy) of X-ray radiation at a distance 

of 57.2 cm from the 6 MeV linear accelerator. 

Next the plugs were washed with cold PBS-EDTA on ice 3x for 30 minutes each time and then 

submerged in lysis buffer (0.4325 M EDTA, 1% N-Lauroylsarcosine, 10 mM Tris, pH 8, and 

0.5 mg/ml proteinase K (Thermo Scientific, Waltham, Massachusetts, USA) and transferred to 

a heating block set to 55°C. 24 hours later, the lysis buffer was replenished with a new batch 

and incubated for a further 24 hrs. At the end of the 48 hrs, proteinase K was inactivated using 

1 mM PMSF (phenylmethylsulfanylfluoride) for 10 min at room temperature followed by 

washing the plugs 3x in cold Tris-EDTA (10 mM Tris HCl, 1 mM EDTA, pH 8.0). 

To map the single stranded DNA breaks, the nicks on the genomic DNA were converted to 

double strand DNA breaks using S1 nuclease before electrophoresis. Briefly, once the 

proteinase K activity was stopped and the agarose plugs with genomic DNA washed, the plugs 

were equilibrated 3x with S1 nuclease buffer (250 mM NaCl, 49.5 mM Na-acetate, 0.36% 

ZnSO4, and 1% BSA, pH 4.4) for 10, 30 and 60 minutes in that order. Nicks were then 

converted to ds DNA breaks by submerging the plugs in 1000 U/ml S1 nuclease (Thermo 

scientific, Waltham, Massachusetts, USA) and incubating at 37°C for 1 hr. The plugs were then 

loaded into the wells of a 1% agarose gel in 0.5x TBE ds DNA fragments, 3-300 kb were 

separated by the CHEF mapper (Bio RAD). The gel was stained with 0.5 μg/ml EBr and imaged 

using FluorChem Q (Alpha Innotech, San Leandro, California, USA) gel documentation 

system. Fragment size was identified using a pulse marker (Midrange PFG marker New 

England Biolabs N0342S) that was run alongside the samples. 

3.2.9 Salt extraction of histones 

Salt extraction of histones was carried out using the technique described by Shechter et al. [66]. 

Briefly, 1x107 HeLa cells were resuspended in 1 ml of extraction buffer (10 mM HEPES, pH 

7.7, 10 mM KCl, 1.5 mM MgCl2, 0.34 M sucrose, 10% glycerol, 20x dilution protease inhibitor 

cocktail and 0.2% NP-40) and incubated on ice for 10 min. Nuclei were recovered by 

centrifugation at 6,500g for 5 min and then washed in extraction buffer without detergent. 

Nuclei were then lysed by incubating with Tris-EDTA for 30 min on a rotator, at low speed. 

Chromatin was recovered by centrifugation at 6,500g for 5 min. Histones were then extracted 
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using 400 μl of high-salt buffer (50 mM Tris-HCl pH 8.0, 2.5 M NaCl, 0.05% NP40), by slowly 

rotating the samples for 30 min at 4°C. The solution was then centrifuged at 16,000g and the 

supernatant filtered through a 3,500 MWCO spin column (Sartorius AG, Göttingen, Germany). 

Samples were washed twice with PBS then quantified by measuring absorption at 280 nm. 

3.2.10 Microscopy 

An Olympus FlouView 1000 confocal laser scanning microscope fitted with 3 lasers was used. 

GFP was excited using the 488 nm laser line, the 543 nm line was used for EBr, and the 633 

nm line for excitation of Alexa Fluor 633. Microscopy images were taken using the 60x oil 

immersion objective (NA = 1.35) analysed using Fiji ImageJ. 

3.2.11 Automated microscopy 

Automated microscopy was done using an iCys Research Imaging Cytometer (CompuCyte 

Corporation, Westwood, MA). The instrument is based on an Olympus IX-71 inverted 

microscope equipped with four lasers, photodiodes (detecting light loss and scatter) and four 

photomultiplier tubes (PMTs). A 405 nm solid state laser was used for the excitation of DAPI 

and Hoechst, the 488 nm Argon laser line was used to excite GFP and EBr, and a 633 nm HeNe 

laser for Alexa 633. For each salt treatment, 1500–2000 events were measured. The nuclei were 

contoured/identified by their DAPI fluorescence. No further masking of nucleoli was done as 

the samples were already digested with RNase A. Data analysis was performed using the iCys 

7.0 software, and graphs were prepared using SigmaPlot 14.0. 

3.2.12 Spectrofluorimetry 

Quantification of EBr concentration remaining in the supernatant following staining of nuclei 

was carried out using a Fluorolog-3 spectrofluorimeter (Horiba Jobin Vyon, Edison, NJ). EBr 

was excited at 300 nm and the emission fluorescence measured at 590 nm. To prepare the EBr 

titration curve solution concentrations ranging from 0.5–4 μg/ml were used. 

3.2.13 Fluorescence lifetime imaging and data analysis 

The fluorescence decay dynamics were acquired using a Nikon A1 laser scanning microscope 

with a PicoQuant time-correlated single photon counting module. EBr was excited by a 510 nm 
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pulsed laser at 4 MHz repetition frequency. Laser power was 1,891 μW as measured at the back 

aperture of the objective. Emitted fluorescence photons were collected using a 60x water 

immersion objective (NA = 1.27) and directed to an avalanche photo detector (Excelitas 

Technologies), using a 594 long pass filter. An average of 2,000 counts were collected for every 

sample. Data was analysed using SymPhoTime 64 software and fitted using n-Exponential 

reconvolution module for 2 lifetime components. Lifetime component plots were prepared 

using SigmaPlot 14. 

3.2.14 Cell fixation and immunofluorescence labelling  

U2OS2RFP cells grown on an 8 well chamber were fixed with one of the following fixatives for 

30 min on ice and a further 30 minutes at RT. i) 4% formaldehyde in PBS-EDTA; ii) 0.003% 

glyoxal pH 5 (containing 20% ethanol and 7.5x10-6 % acetic acid); iii) 4% formaldehyde mixed 

with 2% glutaraldehyde and iv) 70% chilled ethanol in PBS. The fixative volume used was 300 

µl/well. Formaldehyde was quenched by incubating the sample with 100 mM glycin for 20 min 

at room temperature. Fixed cells were then permeabilized using 0.5% Tx-100/PBS-EDTA for 

10 min at RT. This was followed by washing 3 times using PBS-EDTA at a volume of 300 

µl/well. 

To prevent non-specific antibody binding, samples were blocked with 0.5% BSA/PBS-EDTA 

for 30 min. 200 µl of 1 µg/ml anti-HMGB1 polyclonal antibody produced in rabbit (FineTest, 

Wuhan, Cat # FNab10218) was added to each well and samples incubated overnight at 4°C. 

Samples were then washed 3x with 300 µl/well of PBAS-EDTA to remove unbound primary 

antibody before adding 200 µl/well of Alexa-647 conjugated goat anti-rabbit antibody and 

incubating on ice 2 hrs. Unbound secondary antibody was removed by 2 brief washes with 300 

before imaging µl/well of PBAS-EDTA and the samples imaged on the Olympus FluoView 

1000 confocal microscope 

3.2.15 Cell treatment 

HeLaH1c-GFP and U2OS2FP cells were seeded on an 8 well chamber (Ibidi Manstried,Germany) 

at a cell number of 30,000 per well and allowed to attach overnight. Cells were treated with the 

indicated concentrations of either doxorubicin for 2 hrs (sigma Aldrich), EBr for 1 hr, 

bleomycin for 2 hrs or H2O2 for 20 min at 37°C in phenol red-free medium. Irradiation with x-
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rays was done at room temperature at a distance of 57.6 cm from the window of a 6 MeV linear 

accelerator (irradiation was done by Attila Kovács at the Radiolotherapy Department, 

University of Debrecen). 

3.2.16 Strip FRAP 

To assess the mobility of histone H1-GFP, strip FRAP measurements were carried out as 

described previously with minor modification 148. In brief, FRAP measurements were 

performed on FV1000 Olympus confocal microscope using a 60x, 1.2 numeric aperture oil 

immersion objective. The 488 nm laser line was used to excite GFP with a laser power of 4.45 

μW at the objective (8%), and emission was detected through a 500 to 520 nm band pass filter. 

For quantitative analysis, a 512x512-pixel area was selected and scanned with an open pinhole 

(5.56 Airy units) and 9.1x zoom (pixel size: 0.045 µm), with a pixel dwell time of 0.664 μs. A 

strip region was illuminated with 100% of the 488 nm laser to bleach the EGFP molecules at a 

selected strip-shaped region of interest (FRAP ROI) having an area of 256 x12 pixels, a laser 

power of 55.6 μW at the objective, and a pixel dwell time of 20 μs. Before bleaching, 10 images 

were collected at intervals of 1.74 s followed by one bleach period at the FRAP ROI, and then 

collecting 80 post-bleach images for a total time of 139.5 s. To standardize the geometry of the 

measurement, the strip-shaped FRAP ROI (bleached area) was positioned horizontally at one 

third of the vertical extension of the nucleus, avoiding nucleoli. Image fluorescence was 

analysed in Fiji ImageJ. Recovery of fluorescence in the ROI was normalized to the total 

fluorescence of the nuclei at each time point to take care of photobleaching. Recovery data was 

fitted in GraphPad Prism version 8.02 using a one phase decay.  Analysis of variance was 

performed with One-way Anova. 

3.2.17 Point FRAP 

For measurement of GFP-HMGB1 mobility, point FRAP measurements were performed on 

Olympus FluoView 1000 confocal microscope based on an inverted IX-81 stand with an 

UPlanAPo 60x NA 1.2 oil immersion objective. EGFP was excited by the 488 nm line of an Ar 

ion laser, and emission was detected through a 500–520 nm band-pass filter by PMT. The 

measurement for point FRAP data acquisition started with a confocal image of a cell (512×512-

pixel, pixel size: 0.103 µm), followed by the selection of a laser spot at which the laser beam 
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was focused. Before bleaching, 5120 pre-bleach pixels were collected with a pixel dwell time 

of 10 μs (51.2 ms) with 8.84 µW laser power followed by bleach period for 51.2 ms with 100% 

laser power 55.6 µW and then collecting 40,000 post-bleach pixels from the same spot for a 

total time of 297.59 ms.  

In order to change the laser power of the Ar-ion laser shorter than pixel dwell time, a dedicated 

LabVIEW program was developed (by Gábor Mocsár).  The analogue output of a NI 7833 field 

programmable gate array (FPGA) card (National Instruments, Austin, TX) was fed into the 

laser power controller input pin of the acousto-optic tunable filter (AOTF, AA Opto electronic 

MOD.NC) of the laser combiner unit, allowing fast (~1 μs) voltage driven laser power 

switching by FPGA card. The operating of the FPGA card was initiated by TTL output of the 

trigger port of the FV1000 system, thus the controlling the laser power and collecting the 

fluorescent data were synchronized. 

The model function fitting of the recovery post-bleach data was performed by a custom written 

Matlab (The Math Works, Natick, MA) program (by Gábor Mocsár). Data were fitted assuming 

a one-component exponential recovery with the following equation:  

𝐼(𝑡) = 𝐼1 (1(−𝑡
𝜏1⁄ )) + 𝐼𝑏𝑔      (eq. 1) 

 

Where I(t) is intensity at a given time point; t, time; I1, amplitude of the intensity; τ1, recovery 

time; Ibg, background intensity. 

3.2.18 Fluorescence correlation spectroscopy (FCS) 

For FCS measurements, 1 µg of native pEGFP-C3 plasmid DNA and 945 ng of Alexa labelled 

rHMGB1 was used per well in a volume of 300 µl of protein binding buffer with or without 

doxorubicin. The mixture was allowed to equilibrate at RT for 1 hr before measurement. 

FCS measurements were carried out on a Nikon A1 Eclipse Ti2 confocal laser-scanning 

microscope (Nikon, Tokyo, Japan), equipped with a Plan Apo 60× water objective [NA=1.27] 

and PicoQuant - TCSPC-FCS upgrade kit (PicoQuant, Berlin, Germany). FCS measurements 

involving Alexa 647 conjugated rHMGB1 and plasmid DNA were carried out in 8-well 

chambers. All measurements were made at room temperature. Alexa 647 was excited by the 
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633 nm laser. Fluorescence emission was filtered through a 650-700 nm band width filter and 

detected with single photon counting detectors (PicoQuant, Berlin, Germany). Measurements 

of 10x10 s runs were taken at a point in the solution. Fluorescence autocorrelation curves were 

calculated SymPhoTime64 software (PicoQuant, Berlin, Germany) at 200 time points from 300 

ns to 1 s with quasi-logarithmic time scale. Autocorrelation curves were fitted to a model with 

triplet state and two diffusion components to account for DNA bound HMGB1 (slow 

component) and free 3D-diffusion of HMGB1 (fast component). 

𝐺(𝜏) =
1−𝑇+𝑇𝑒
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Where: N is the average number of fluorescent molecules in the detection volume, T is the 

fraction of molecules in the triplet state, τtr is the triplet correlation time. The rate of diffusion 

is characterized by the diffusion time, τd, which is the average time that a molecule spends in 

the illuminated volume. τD1 and τD2 are the diffusion times of the fast and slow component, ρ is 

the fraction of the first component and 1- ρ is the fraction of the second component. Diffusion 

coefficients (D) of the fast and slow component were determined from the following equation:  

 𝐷 =
𝜔𝑥𝑦

2

4𝜏𝑑
           (eq. 3) 

Where ωxy is the lateral e-2 radius of the detection volume. 𝜔xy was measured by determining 

the diffusion time of 100 nM Alexa 647 dye (dissolved in 10 mM Tris-EDTA buffer, pH 7.4) 

with a known diffusion coefficient (DA647 = 330 µm2/s, at T = 22.5°C) and substituting them 

into eq. 3. All correlation curves were fitted using the free online QuickFit 3.0 software. FRAP 

and FCS data were plotted using GraphPad Prism version 8.0.2. 

3.2.19 Expression and purification of rHMGB1 

The pET19b expression vector carrying the full length human HMGB1 gene with C23S, C45S, 

C106S and E204C mutations (kindly provided by Jennifer Kugel at University of Colorado 
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Boulder, USA) was transformed into Rossetta (DE3)pLysS and grown overnight at 37°C 

incubator on LB agar plates containing 100 µg/ml ampicililin and 37.4 µg/ml chloramphenicol. 

A single transformed colony from the plate was used to inoculate 5 ml LB with antibiotic. The 

small culture was incubated overnight at 37 °C with shaking. The small culture was used to 

inoculate 100 ml of LB containing D glucose (100 ml LB, 2.4 mM NaOH, 0.2 g D-glucose) 

and antibiotic in a 500 ml culture flask. The culture was grown at 37°C with shaking until an 

OD600 of 0.5 was attained upon which expression was induced using 0.5 mM IPTG and the cells 

were grown for a further 3 hours. The culture was transferred into 50 ml centrifuge tubes and 

pelleted at 5000 RPM for 15 min. The supernatant was discarded leaving a small volume to 

resuspend the pellet in. The cells were then transferred into a 1.5 ml Eppendorf tube and pelleted 

again. The supernatant was discarded, the pellet flash-frozen and stored at -80°C. 

To extract the protein, 2 ml of lysis buffer (20 mM Tris pH 7.9, 500 ml NaCl, 10% glycerol, 

5mM imidazole, 5 mM beta mercaptoethanol (BME) and 0.2 mM PMSF) was added to a 

thawed pellet from 100 ml culture, the pellet was resuspended then the cells sonicated 5x on 

ice (30 s on /30 s off). The lysate was then centrifuged for 15 min at 4°C at 15000 RPM. The 

supernatant containing the protein was transferred into a packed Nickel column and then kept 

at 4°C for 1 hr with rocking motion. The supernatant was allowed to flow through, then the 

resin washed with 1 ml of lysis buffer followed by 3 ml of lysis buffer containing 50 mM 

imidazole. The protein was eluted using lysis buffer containing 250 mM imidazole. The column 

was stripped with lysis buffer supplemented with 1 M imidazole. 

Following elution from the nickel column, the buffer was exchanged using a 10K MWCO spin 

column and 50 ml degassed dialysis buffer (20 mM Tris pH 7.9, 50 mM KCL, 10% glycerol, 

100 mM PMSF, 100 mM MgCl2 and 1 mM DTT). After buffer exchange the protein sample in 

about 250 µl was centrifuged at 18,000 RPM for 30 min at 4°C and the supernatant transferred 

to a dsDNA cellulose column and incubated for 1 hr at 4°C with rocking motion. The 

supernatant was allowed to flow through, the resin washed 3x with 3 ml wash buffer (20 mM 

Tris pH 7.9, 50 mM NaCl, 10 % glycerol, 5mM MgCl2 and 1mM DTT) and the protein eluted 

using wash buffer with 500 mM NaCl. The column was stripped with wash buffer containing 1 

M KCl. The protein was then desalted using 10K MWCO spin column and degassed dialysis 

buffer as above without DTT. Purification was confirmed using a 12% SDS PAGE gel 



40 

 

electrophoresed for 1 hr at 150V. Samples were centrifuged at 18,000 RPM for 30 min at 4°C, 

aliquoted, flash frozen and stored at -80°C. Quantification was carried out using Lowry assay 

and known amounts of BSA controls. Measurements were also made on the Nanodrop.  

3.2.20 Fluorescence labelling of rHMGB1 

Labelling of rHMGB1 with Alexa 647 C2 maleimide (Thermo scientific) was done following 

the manufacturer’s instructions. To reduce the disulphide bonds in the protein, 750 µg of 

rHMGB1 in degassed buffer A (100mM Tris pH 7.1, 50 mM KCl, 10% glycerol, 0.2 mM PMSF 

and 5 mM MgCl2) was mixed with DTT to a final concentration of 10 mM and incubated at 

4°C for 2 hrs. DTT was removed using a spin column and 20 ml buffer A. 1.5 µl of 8 mM Alexa 

647 C2 maleimide was added to the sample and incubated in the dark at 4°C overnight. 

Unbound dye was removed using 10K MWCO microfuge spin column and sample washed with 

column wash buffer (20 mM Tris pH 7.9, 50 mM KCl and 5 mM MgCl2). Samples were 

quantified by measuring absorbance at 280 nm and compared to a standard curve prepared from 

known amounts of BSA. Glycerol was added to a final cc of 10 % and samples stored at either 

-20°C for short term or -80°C for long-term storage. 

3.2.21 Electrophoretic mobility shift assay (EMSA) 

To determine the binding affinity of the labelled rHMGB1 to various topological forms of 

plasmid DNA, gel electrophoresis was carried out. Native pEGFP C3 plasmid DNA was either 

nicked or linearized using Nb.Mva1269I and ECoRI (Thermo scientific), respectively, using 

the manufacturer’s instructions. The DNA samples were then cleaned using gel cleaning kit 

(QIAGEN) following the manufacturer’s instructions. DNA was quantified by measuring the 

absorbance at 260 nm on the Nanodrop. An equal amount (0.5 µg) of linear, nicked and native 

plasmid DNA was mixed in 20 µl of protein binding buffer (50mM NaCl, 20 mM Tris HCl 

pH7.5 and 0.2 mM EDTA). To this DNA mixture, varying amounts of rHMGB1 was added per 

sample as indicated on the gel (Fig. 23a) and incubated on ice for 40 min on ice. The samples 

were then loaded to a 1% agarose gel in 0.5x TBE and run for at 36 V for 15 hours at 4°C. The 

gel was stained with 0.5 µg/ml EBr and then imaged. The image was processed using Fiji 

ImageJ. 
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4. RESULTS 

PART 1 

4.1 INTERCALATION OF SMALL MOLECULES IN SITU 

4.1.1 The cell membrane is not the only barrier to EBr staining in vivo 

To evaluate the accessibility of DNA in native chromatin to small molecule intercalators, I 

utilized the classical intercalating dye EBr. Live cells incubated with 10 µM EBr rapidly took 

up the dye and its fluorescence could be observed in the cytoplasm and the nucleoli (Fig. 9b, 

c). The cytoplasmic fluorescence was likely due to dye intercalation into mitochondrial DNA 

and double-stranded RNA (dsRNA). The nucleolar signal was likely due to double-stranded 

RNA in ribosomal subunits as it was significantly diminished or eliminated when fixed nuclei 

were treated with RNase A. There was, however, minimal EBr fluorescence observed from the 

chromatin even after prolonged incubation with the dye. Following cell permeabilization with 

either Streptolysin O toxin (Fig. 9f, g) or Tx-100 (Fig. 9i, j), there was a somewhat elevated 

chromatin staining and a conspicuous increase in nucleoli fluorescence. This indicates that 

following permeabilization, a higher concentration of EBr is attained in the cell, staining the 

chromatin only moderately, however.  
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Figure 9: Uptake of EBr and chromatin staining by live and permeabilized HeLa cells 

expressing GFP tagged histone H3. Representative nuclei are shown here. (a-d) live cells, e-

g) SLO permeabilized cells and (h-k) Tx-100 permeabilized cells. Line scans on the right show 

EBr fluorescence along the white arrow. Green, H3-GFP; red, EBr fluorescence; yellow 

arrowhead, nucleoli. 

To investigate further the possibility that low levels of chromatin fluorescence was due to a 

limited amount of dye permeating the cell membrane, we incubated live cells with 10 µM EBr 

and then in a whole-cell patch-clamp setup, directly microinjected a single cell with the same 

dye concentration. The patch-clamp apparatus used was coupled with a confocal microscope 

which allowed us to monitor staining in real-time. We observed that the dye gradually spread 

across the cytoplasm from the point of microinjection and into the nucleus where it stained the 

nucleoli first. EBr fluorescence in the chromatin was only observed after about 5 minutes and 

it took about 15 minutes before the chromatin was fully stained (Fig. 10i). During the whole 

observation period, the spatial distribution and level of EBr fluorescence in the neighbouring 

cells did not change and was much less compared to that of the microinjected cell.  
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Figure 10: Native chromatin does not readily allow intercalation of EBr. a - c) Live HeLa 

cells expressing GFP tagged histone H3 were incubated with 10 µM EBr then imaged by a 

confocal microscope, a) H3-GFP b) EBr, c) merged image. The cell marked with a white 

asterisk (*) in image c) was microinjected with the same concentration of EBr and its 

fluorescence followed for a period of 20 mins. The white arrow points to a cytoplasmic bleb 

filled with EBr likely binding to lipid micelles. 
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This confirmed that, though EBr is a small molecule, only a limited fraction of the dye in 

solution diffuses across the cell membrane. However, even when the cell membrane barrier is 

overcome as in the patch-clamp setup, DNA in chromatin does not readily take up the 

intercalator. This suggests that intercalation into chromatin in a live cell is hindered to a 

considerable extent, whereas it is freely permitted to bind dsRNA and mitochondrial DNA.  

4.1.2 Intercalation into nucleosomal DNA closely correlates with 

nucleosome core particle disassembly 

The nucleosomal structure is known to inhibit the binding of regulatory factors to DNA in vivo. 

To determine whether it would equally affect the binding of a small molecule, I quantified EBr 

binding to DNA in situ following salt extraction of fractions of the histone compliment. 

Treatment of nuclei with salt elutes histones from chromatin in a concentration dependent 

manner 149. Linker histones are the first to be eluted by about 0.35 M NaCl, followed by the 

H2A-H2B histone dimers eluted at 1.2 M NaCl and lastly the H3-H4 histone tetramers at about 

1.55 M NaCl. Recently, Imre and colleagues 150 developed an assay to monitor salt-induced 

histone elution on a cell-by-cell basis. Based on this approach, I developed an assay to study 

intercalation with minimal perturbation to the native chromatin structure. Since EBr also binds 

to dsRNA, I included an RNase A digestion step to eliminate the contribution of dsRNA to the 

EBr fluorescence measured. This allowed me to evaluate the effect of each of the histone 

proteins in limiting EBr intercalation, in a large number of cells still on a cell-by-cell basis. I 

observed that the mean EBr fluorescence per nuclei was unchanged up to pre-treatment with 

0.75 M NaCl. Above this salt concentration, the EBr fluorescence gradually increased up to 

about 3-fold relative to the initial staining at 1.55 M NaCl. This increase was observed in both 

HeLa and human peripheral blood mononuclear cells (HPBMCs). Remarkably, EBr 

fluorescence started to rise when core histones were also beginning to be released, at around 

0.75 M NaCl (Fig. 11 a, b).  

To ascertain whether the binding of other intercalating agents would be similarly affected by 

the presence of nucleosomes, the binding of the bis-intercalating dye YOYO-1 and psoralen 

were also measured. Similar to EBr, both bTMP binding and YOYO-1 fluorescence began to 

increase concurrently with core histone elution (Fig. 11 c, d).  
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Figure 11: Increase in intercalator binding closely correlates with core histone elution: 

Changes in intercalator binding and nuclear area following histone elution. Following salt-

induced histone elution, the remaining histones were detected by the GFP tag (A & C) or by 

immunofluorescence labelling (B & D). A) EBr intercalation in HeLa H2B-GFP cells. B) EBr 

intercalation into HPBMCs, C) Biotinylated trimethylpsoralen (bTMP) binding to HeLa H3-

GFP cells. D) YOYO-1 binding in HeLa cells. Plots show a representative experiment of three 

replicates. Mean and SEM of ≥750 nuclei in G1 phase cells normalized to control samples 

maintained in PBS-EDTA.  
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Remarkably, salt-induced histone elution was accompanied by an increase in the cross-sectional 

area of individual nuclei (Fig. 11 a-d) confirming the role of nucleosomal packaging in DNA 

compaction. Furthermore, the nuclear area starts to enlarge even before the core histones would 

be evicted. As seen in Fig. 12, the nuclei remain intact, with most of the chromatin still within 

the confines of the nuclear lamina even for samples treated with 1.35 M NaCl. 

 

Figure 12: Chromatin remains within the confines of the nuclear lamina even after salt 

treatment.  Representative images of agarose embedded, salt treated nuclei stained with EBr. 

Green, H3-GFP; red, EBr fluorescence; cyan, lamin B1 immunofluorescence. 
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4.1.3 Initial intercalator binding is largely limited to the linker and 

nucleosome free regions 

The findings above (Fig. 11) suggest that intercalation occurs in regions not bound to 

nucleosomes, which comprises the linker DNA and NFRs. Intercalation into the 147 bp of DNA 

wrapped around each octamer appears to occur only when the core nucleosome particle is 

disassembled. To learn if the initial binding involved mainly the linker DNA only, 

formaldehyde fixed nuclei were digested using varying cc. of MNase. This resulted in a 

spectacular decrease of EBr staining without a similar loss of mononucleosomes as deduced 

from the H2B-GFP fluorescence (Fig. 13a). This indicates that the region initially stained by 

EBr is sensitive to MNase confirming it to be linker DNA. Similarly, this region was found to 

be hypersensitive to DNase I digestion as determined by in situ nick labelling (Fig. 13b). Above 

1.05 M NaCl, there was a reduction in the number of nicks detected which was accompanied 

by a reduction in the DAPI fluorescence. This indicates loss of DNA as the DNase I digestion 

is enhanced in the absence of nucleosomes. 

 

Figure 13: Initial intercalator binding in nuclei is limited to linker DNA.  A) Reduction in 

EBr fluorescence following a brief MNase digestion of formaldehyde fixed, HeLa H2B-GFP 

nuclei. B) Marked increase in DNase sensitivity following core nucleosome destabilization as 

indicated by number of nicks (right Y-axis). The graphs show the results of one representative 

experiment of three independent replicates. Mean ± SEM of G1 phase cells normalized to the 

control, n ≥750. 
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By comparison, binding of DAPI, a minor groove binding dye which is of similar size as EBr, 

was unaffected by the elution of histones either when applied to nuclei already stained with EBr 

as in Fig. 11 or when applied to nuclei in its absence (Fig. 14). This confirms that a small 

molecule can freely access the DNA in situ, and thus the lack of EBr intercalation into 

chromatinized DNA was not due to limited access. 
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Figure 14: DAPI staining of DNA in chromatin is unaffected by the presence of histones. 

Fluorescence profile of HeLa nuclei treated with varying concentration of NaCl. Plot shows 

mean and SEM of ≥750 G1 nuclei, normalized to the control nuclei maintained in PBS-EDTA. 

It has been previously suggested that DNA binding molecules may also bind to histone proteins 

151. If the histones bind a relatively large fraction of the available intercalator molecules, then 

there would be a limited number of molecules available to bind DNA. To rule this out, I 

measured the amount of dye left in the supernatant after staining nuclei. I found that about 75% 

of applied EBr was left in the supernatant. Furthermore, there was no difference in the amount 

of EBr left in the supernatant from wells where nuclei were treated with low salt (histones 

present) and those treated with high salt (histones absent). This means that even if the histones 

were to bind EBr, there was still a sufficiently high amount of EBr available to intercalate into 

DNA (Fig. 15a). Besides, using fluorescence lifetime imaging (FLIM), I detected only one 

fluorescence component in the agarose embedded, RNA depleted nuclei. The lifetime of this 

component was 22.6 ns which corresponds to EBr intercalated into DNA (Fig. 15b). Applying 

the same concentration of EBr to histones in solution yielded only one life time component 

corresponding to that of EBr in solution i.e. 1.8 ns. These FLIM measurements confirm that the 
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increase in fluorescence recorded in my experiments was indeed originating from increased 

intercalation of EBr into DNA. 

 

Figure 15: EBr fluorescence reflects the amount of DNA not bound to nucleosomes  A) 

The amount of dye remaining in the supernatant after staining of the nuclei. The fluorescence 

of EBr in solution was determined by spectrofluorimetry. Bars were normalized to the 

fluorescence of 10 µM EBr in PBS-EDTA. The red line shows the EBr titration curve (upper 

axis). B) EBr fluorescence lifetime of agarose embedded, RNA-depleted, salt treated nuclei 

stained with the dye. At every salt pre-treatment a single component of ~ 22.6 ns was detected. 

Having ruled out limited access as well as binding of EBr by histones from among the possible 

mechanisms by which the nucleosome structure could inhibit intercalation, I investigated the 

possible role of the topological constraint exerted on the DNA by the nucleosomal structure. 

The DNA wrapped around the histone octamer is held in place by several hydrogen and 

electrostatic bonds which severely limit its degree of freedom, as described in Introduction. 

Removal of these bonds as it occurs when histones are eluted by salt, may then increase the 

ability of DNA to deform to accommodate an intercalator. To assess the effect of constraint, I 

fixed salt pre-treated nuclei with either formaldehyde or ethanol then stained them with EBr 

and DAPI. In control experiments, the fixation was done post staining. The results showed that 

whereas ethanol had no effect on EBr intercalation (Fig. 16a), formaldehyde fixation negatively 

affected EBr intercalation (Fig. 16b). The effect of formaldehyde was much more pronounced 

in nuclei treated with a low NaCl cc. (0.35 M) when all the core histones were still present. 
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Figure 16: Crosslinking of DNA to histones by formaldehyde negatively affects EBr 

intercalation, as opposed to the lack of effect of ethanol fixation. EBr staining of agarose 

embedded, RNA-depleted, salt treated nuclei fixed with 70% ethanol (A) or 4% formaldehyde 

(B) before or after staining.  

4.1.4 Enhancement of EBr intercalation by nicking of the DNA 

Linker DNA is free of nucleosomes and its twist and writhe can freely interconvert however its 

ends are not free to rotate. To assess whether this would limit the level of intercalation, I 

compared the intercalation of EBr into supercoiled, linear and relaxed plasmid DNA. I observed 

that covalently closed supercoiled plasmids took up less EBr compared to an equal amount of 

linear and relaxed forms, and the difference was more pronounced at high EBr concentration 

(Fig. 17a). Similarly, nuclei obtained from cells exposed to 300 Gy of X-ray irradiation took up 

more EBr when compared to nuclei from control cells (Fig 17 c, d). 300 Gy X-ray radiation is 

sufficient to induce just a single nick within a 50 kb loop (Fig. 17b). The increase in EBr 

fluorescence of nicked vs control samples is present even at low salt (<0.75 M NaCl), where 

intercalation is limited to the linker and NFR regions and the nucleosomes are in place. In other 

words, this increase was not due to more DNA becoming available for EBr intercalation as it 

would happen when core histones are eluted. As shown in Fig. 17 c, d, the amount of core 

histones remaining in the nuclei derived from irradiated and non-irradiated cells below 0.75 M 

NaCl was equal. Above this salt concentration, irradiation sensitized the core histones H2B-

GFP to salt elution. 
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Figure 17: Relaxation of extranucleosomal torsion increases EBr intercalation. A) EBr 

fluorescence profile of linear, nicked and supercoiled plasmid DNA as a function of EBr 

concentration. B) Nick frequency as a function of X-ray dose. Nicks generated by irradiation 

were converted to double-strand breaks using S1-nuclease and the fragments separated by 

CHEF. C & D) EBr intercalation and histones remaining in the nuclei. H3-GFP (C) or H2B-

GFP (D) in agarose embedded, RNA-depleted, salt-treated HeLa nuclei prepared from cells 

irradiated with 300 Gy or from un-irradiated cells (Ctrl). E) Change in area shown together with 

the H3-GFP data of panel C. Plots shows one representative experiment of three replicates. 

Mean ±SEM values of G1 phase nuclei normalized to control, n ≥ 750. 



52 

 

Transcription is expected to be an important determinant of the supercoiling state in vivo, so to 

check if it affects the binding of EBr in situ, I evaluated the binding of EBr to nuclei from 

transcription inhibited cells and compared it with the control. I observed a minimal increase in 

EBr binding in actinomycin D or α-amanitin treated cells (Fig. 18). 

 

Figure 18: Transcription inhibition slightly increased EBr interaction. EBr fluorescence 

and remaining H3-GFP histones in nuclei derived from cells treated with either 10 µg/ml 

actinomycin D (A) or 50 µg/ml α-amanitin (B), compared with nuclei from untreated cells 

(Ctrl). Plots show one representative experiment of three replicates. Mean ±SEM of 

fluorescence and area of ≥750 G1 phase nuclei were normalized to the control values. 

The results above demonstrate that the intercalation of a small molecule to DNA in situ can be 

increased by relieving the topological strain imposed by packaging of DNA into chromatin. 

Salt-induced elution of histones (Fig. 11), which perhaps mimics the nucleosome 

destabilization achieved by chromatin remodellers in vivo, converts the DNA around the NCP 

from a stiff toroid to a flexible plectoneme which is deformable and whose twist and writhe can 

easily interconvert. Additionally, nicking of the DNA increased binding of the intercalator to 

the extranucleosomal DNA even in the presence of nucleosomes (Fig. 17). 
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PART 2  

4.2 FACTORS DETERMINING HMGB1 BINDING TO 

CHROMATIN  

Next, I asked if the rules governing small molecule intercalation would hold true for a DNA 

binding protein whose binding involves intercalating moieties. To evaluate this, I have studied 

the binding of HMGB1 to DNA in vivo in response to changes in DNA supercoiling. In vitro, 

HMGB1 has previously been shown to preferentially bind supercoiled DNA over linear and 

relaxed forms 128.  

PART 2/A 

4.2A HMGB1 BINDING TO CHROMATIN IS AFFECTED BY 

INTERCALATORS 

4.2.1 EBr causes recruitment of HMGB1 to binding sites on chromatin 

To evaluate the effect of changes in supercoiling and DNA helical properties on HMGB1 

binding, live U2OS2FP cells were treated with varying concentrations of EBr and binding of 

HMGB1 was assessed by confocal microscopy. Uptake of EBr by the cells was evident from 

the appearance of red fluorescence in the cytoplasm and an increase in the red fluorescence in 

the nuclei (Fig. 19a). Intensive EBr staining was observed in the nucleoli indicating the ease 

with which an intercalator binds to double stranded RNA in ribosomal subunits compared to 

the DNA in chromatin. In chromatin, EBr intercalation is largely limited to the linker DNA 152. 

Though the cells used here also express H2B-RFP, increase in EBr intercalation into DNA is 

evident from the increase in red fluorescence in the nuclei. EBr also induced chromatin 

condensation, most evident at the highest cc. of EBr used here (Fig. 19a panel j).  

In the presence of EBr, GFP-HMGB1 was gradually reduced and eventually lost from the 

nucleoli, what can be attributed to either displacement of HMGB1 from its binding sites in the 

nucleoli or loss of fluorescence due to energy transfer to the EBr bound to double-stranded 
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RNA in ribosomal subunits there. In the rest of the nucleus, the GFP signal became structured, 

implying that it became more chromatin bound. To confirm this impression, point FRAP 

measurements were made. The fluorescence recovery time increased with increasing 

concentration of EBr, from 25 ms for the control samples up to about 60 ms for samples treated 

with 50 µM EBr (Fig. 19b).  A further increase of EBr concentration from 50 to 100 µM yielded 

a reduction in recovery time. 
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Figure 19: EBr increases the binding of HMGB1 to chromatin in a dose dependent 

manner. U2OS2FP were incubated with 0, 10, 20, 50 and 100 µM EBr for 1 hr and then imaged 

by confocal microscopy. a) Representative nuclei showing GFP-HMGB1 (panel a-e), EBr and 

H2B-RFP (panel f-j) and the merged images (panel k-o). The fluorescence gain of the red 

channel in the control sample (panel f) was increased on the image to make it visible. b)  

Fluorescence recovery time of GFP-HMGB1 in EBr treated cells as measured by point FRAP. 

Very similar results were obtained when EBr was allowed to enter the cells by electroporation 

(not shown). P, * = 0.022; **<0.0047; *** < 0.0001; +, mean. Green, GFP-HMGB1; Red, Dox 

and H2B-RFP.  
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4.2.2 Dox exerts a biphasic effect on HMGB1 mobility in vivo 

To check whether these observations were unique to EBr or could apply to other intercalating 

drugs, another intercalator, the anticancer anthracycline Doxorubicin (Dox) was tested. Similar 

to EBr, Dox caused GFP-HMGB1 loss from the nucleoli and a more structured distribution in 

the chromatin suggesting that the protein was becoming more chromatin bound (Fig. 20a). 

However, at Dox cc. > 9 µM, the GFP-HMGB1 signal again became diffuse suggesting that at 

higher cc., Dox caused the protein to become more mobile. This was also confirmed by point 

FRAP, the recovery time increased with increasing Dox cc. peaking at 50 ms for samples treated 

with 4.5 µM and then declined with further increase in Dox cc. (Fig. 20b).  
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Figure 20: Doxorubicin affects HMGB1 dynamics in a concentration dependent manner.   

A) Representative nuclei of U2OS cells treated with the indicated concentration of Dox for 2 

hrs. GFP-HMGB1 (panel a-g), Dox and H2B-RFP (panel h-n) and the merged images (panel o-

u). B) GFP-HMGB1 recovery time of Dox treated cells as measured by point FRAP. The graph 

shows one representative experiment of three repeats. P, * =0.0295 *** < 0.0001; +, mean. 
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Drug intercalation to DNA increases the base pair rise while reducing the helix twist by an 

angle dependent on the intercalator molecule. This decrease in helix twist translates to an 

overall reduction in DNA twist, which is compensated by an increase in writhe within the 

chromatin loops. To elucidate the contribution of superhelicity to the recovery profiles 

generated above (Figs. 19b & 20b), I carried out further experiments as outlined below. 

4.2.3 DNA nicking had no effect on HMGB1 binding in vivo 

To test the possible role of writhe in HMGB1 binding in vivo, DNA writhe was relaxed by 

exposing live U2OS2FP cells to DNA nicking agents: H2O2, bleomycin or x-ray irradiation, and 

GFP-HMGB1 binding to DNA was evaluated by point FRAP. Given the short time interval 

between nicking and measurement, it was expected that the breaks would still be unrepaired 

and if they are at all repaired, the original levels of internucleosomal superhelicity, as 

established in S phase, would not have been regenerated. Thus, if HMGB1 binding is sensitive 

to negative writhe, its relaxation would reduce its binding. Surprisingly, none of these agents 

caused a change in the recovery rate (Fig. 21).  

 

Figure 21: Relaxation of supercoiling by nicking doesn’t affect chromatin binding of 

HMGB1. U2OS2FP cells were treated with a) 25, 50,100, 200 400 and 800 µM H2O2 for 20 

minutes or b) 6, 12, 25 and 50 Gy of X-ray radiation or c) 10, 100 and 1,000 µg/ml bleomycin 

for 2 hrs, then the mobility of GFP-HMGB1 was measured by point FRAP. Graphs show one 

representative experiment of three repeats. 
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To further test the effect of writhe, I evaluated the binding rHMGB1 to CCC plasmid DNA in 

the presence of varying cc. of Dox by FCS. The recombinant, fluorescently labelled HMGB1 

used in this experiment behaved just as expected for the native protein 153; preferential binding 

to supercoiled DNA was detected (Fig. 22A). As seen on the gel (Fig. 22A), the migration of 

supercoiled plasmid DNA was retarded by as low as to 60 rHMGB1 molecules per plasmid 

molecule and the retardation became more pronounced with increasing amounts of rHMGB1. 

Migration of the linear DNA was not affected until there was 100 rHMGB1 molecules per 

plasmid molecule and even then the retardation was only minute compared to supercoiled DNA. 

The nicked DNA band was not shifted at all for the protein concentration used in this 

experiment.  

4.2.4 Dox decreases the binding of HMGB1 to CCC plasmid DNA 

The diffusion constant (D) of rHMGB1 in solution as determined by FCS was 86 µm2/s. In the 

presence of native plasmid DNA, two diffusing components were observed: a fast component 

corresponding to freely diffusing rHMGB1 (mean D = 90 µm2/s) and a slow component (mean 

D = 5 µm2/s) which was interpreted to be DNA-bound HMGB1 (Fig. 22b). Addition of 

increasing cc. of Dox led to a monotonous decrease in the fraction of HMGB1 bound to plasmid 

DNA (Fig 22c). This finding suggests that Dox may directly compete with HMGB1 binding or 

the positive plectonemic writhe it induces, negatively affects the binding of HMGB1 to DNA. 

Though the DNA: Dox ratios used in the FCS experiment may not directly compare to those of 

the in vivo experiment, however, the monotonous decrease in HMGB1 binding suggests that 

factors other than the overall DNA twist & writhe partitioning may be responsible for the initial 

increase in HMGB1 binding to DNA in the presence of an intercalator in vivo. 
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Figure 22: Doxorubicin displaces rHMGB1 from plasmid DNA in solution.  A) Varying 

amounts of rHMGB1 were added and allowed to bind 1.5 µg of plasmid DNA mixture (equal 

amounts of nicked, linear and supercoiled) before being separated by gel elecrophoresis. At the 

end of electrophoresis the gel was stained with 0.5 µg/ml EBr before imaging. B) Diffussion 

coefficient of Alexa-647 labelled rHMGB1 in solution and in the presence of supercoiled 

plasmid DNA as measured by fluorescence correlation spectroscopy (FCS). C)  Fraction of 

rHMGB1 bound to covalently closed plasmid DNA in the presence of varying concentrations 

of Dox. O, oligomers; N, nicked; Ln, linear and Sc, supercoiled plasmid DNA. 

4.2.5 Dox and EBr displace histone H1 from chromatin in live cells 

Previous studies have shown that HMGB1 competes with histone H1 for binding to the linker 

DNA near the nucleosome dyad 154. Further, daunomycin, a drug structurally similar to Dox 
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was shown to evict the linker histone variant H1.1 from the chromatin 155. To check whether 

the changes in recovery rate upon intercalator treatment observed here are related to their effect 

on histone H1 acting as a competitor of HMGB1, HeLa cells expressing GFP tagged H1c were 

treated with increasing cc. of Dox and its effect on histone H1c was assessed. The effect of Dox 

on H1c binding in vivo was both time and cc. dependent. Within 30 min, large-scale Dox-

induced eviction of H1c-GFP from chromatin and its deposition in the nucleoli was observed 

(Fig. 23a). This was also reflected in its increased mobility as measured by strip FRAP (Fig. 

23b). After 120 min of Dox treatment, the nucleolar component disappeared and there was a 

generalized loss of H1c-GFP from the cell (Fig. 23a). Similarly, EBr caused displacement of 

H1c-GFP from chromatin (Fig. 24). The displacement of histone H1 from DNA likely increases 

the number of available binding sites in the genomic DNA for HMGB1 which can explain its 

recruitment to chromatin and the slow recovery rate at low intercalator cc.  

 

Figure 23: Doxorubicin affects histone H1c binding to DNA in a dose- and time-dependent 

manner.   A) Representative images of HeLa cells expressing histone H1c-GFP treated with 

Dox a) for 30 minutes (top row) or 2 hrs (bottom row). B) FRAP analyses of H1c-GFP 

intranuclear mobility without Dox treatment and after for 30 minutes treatment with different 

cc of the drug. P, ***<0.0001) 
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Figure 24: EBr displaces histone H1c from chromatin.   Live HeLa cells expressing GFP 

tagged histone H1c were treated for 1 hr with varying concentrations of EBr. This figure shows 

representative nuclei from EBr treated cells. HMGB1-GFP, green; EBr, red; bottom row, 

merged images. 

PART 2/B 

4.2B METHODICAL ASPECTS OF HMGB1 NUCLEAR 

LOCALIZATION 

Before assessing the effect of superhelicity on HMGB1 binding in vivo, I first carried out 

experiments to ascertain the cellular distribution and DNA binding properties of HMGB1. In 

the course of these experiments I noticed phenomena that have led to a shared publication with 

Zarębski and colleagues 156. These studies do not belong to the line of main reasoning of my 

thesis, so I will summarize them under the subtitle below, in PART2/B. 
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4.2.6 Translocation of HMGB1 to the nucleoli during fixation 

In live U2OS cells expressing GFP-tagged HMGB1 and RFP-tagged H2B, GFP-HMGB1 was 

distributed throughout the nucleus including the nucleoli (Fig. 25 a, c). Following cell 

membrane permeabilization by either Tx-100 or SLO, all the HMGB1 was lost from the cell. 

This was the case even when the permeabilization was carried out in a low salt, sucrose-based 

osmotic buffer indicating that this protein was weakly bound to the DNA.  

When cells were fixed with a crosslinking fixative such as formaldehyde (Fig. 25 d, g) or 

glyoxal (Fig. 25 h, k), I observed a reduction of the green fluorescence in the nucleoplasm and 

an increase in the nucleoli, signifying a nucleoplasm to nucleoli translocation of GFP-HMGB1. 

This indicates that GFP-HMGB1 was able to escape crosslinking to its primary binding sites in 

chromatinized DNA what may be explained by its weak binding to the DNA allowing for a fast 

dissociation. The formation of formaldehyde crosslinks takes several minutes (~20 mins), 

during which the protein may dissociate and relocate to nucleoli. In support of this notion, 

fixation of cells using a formaldehyde/glutaraldehyde mixture, which increases the rate of 

fixation by up to 5x compared to formaldehyde alone 157, markedly reduced the translocation 

of HMGB (Fig. 25 l)  

Fixation with ethanol (Fig. 25 p, r), which does not form crosslinks, led to loss of the protein 

from the chromatin, while a small amount translocated to the nucleoli. Subsequent steps in IF 

labelling led to the loss of all the HMGB1 from the ethanol fixed cells.  

Interestingly, IF was unable to detect the large amount of HMGB1 in the nucleoli of 

formaldehyde fixed cells. This may be due to tight crosslinking caused by formaldehyde which 

hinders antibody access or masks the epitopes. The inhibition was more pronounced in samples 

fixed with a mixture of formaldehyde and glutaraldehyde; in these samples IF labelling was 

completely inhibited in the nuclei (Fig. 25 l & o). From these observations, I concluded that the 

GFP-tagged form better reflects the physiological behaviour of HMGB1, the tag 

notwithstanding.  
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Figure 25: Relocation of HMGB1 during fixation.  Representative nuclei of live and fixed 

U2OS2FP cells showing relocation of GFP-HMGB1 during fixation. (a-c) live cells, (d-g) 

formaldehyde-fixed cells, (h-k) glyoxal-fixed cells, (l-o) glutaraldehyde + formaldehyde-fixed 

cells and (p-r) ethanol-fixed cells.  Note that in the glyoxal-fixed sample, cells that express 

GFP-HMGB1 and those that have the endogenously expressed protein alone, have the same 

HMGB1 distribution as detected by IF (h vs k). Green, GFP-HMGB1; Red, H2B-RFP; Cyan, 

HMGB1 IF. Scale bar =10 µm 
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5. DISCUSSION 

PART 1 

EBr intercalation into genomic DNA in live cells is generally thought to be solely inhibited by 

the cell membrane, and as such this dye has been used as a marker of cell viability 158–160. 

However, results presented herein reveal that a small amount of EBr does indeed traverse the 

cell membrane, apparently staining the mitochondrial DNA, and ds RNA in the ribosomal 

subunits present in the nucleoli (Fig. 9). However, even when the dye is introduced into the 

cytoplasm and then enters the nuclei, as obvious from the ready staining the nucleoli, its 

intercalation into nuclear DNA is still delayed (Fig. 10). Similarly to my observations, 161 failed 

to detect steady-state EBr fluorescence from the nuclei (nucleoli exempted) even though its 

presence could be detected through time correlated photon counting. These observations raise 

the possibility that there may exist stages in different forms of cell death when the membrane 

is permeable but the chromatin still resists intercalation.  

Early studies investigating the intercalation of EBr into chromatinized DNA using isolated 

mononucleosomes 162,163 or chromatin fibres DNA 163–165, revealed that the nucleosome 

structure impeded intercalation into nucleosomal DNA. Whether this impediment manifests in 

situ, has not been studied before. To evaluate this, I developed an assay based on salt-induced 

destabilization of nucleosomes 150,166, to sequentially elute histone proteins from agarose-

embedded nuclei and assess their effect on EBr intercalation. Embedding cells into agarose 

prior to nuclei preparation ensures minimal perturbation to the chromatin. In this assay, the 

histone dimers H2A-H2B are eluted beginning at 0.75 M NaCl, whereas elution of the tetramers 

(H3-H4)2 ensues at about 1.2 M NaCl. In agreement with those early findings, I found that the 

intercalation of EBr, YOYO-1 and psoralen into chromatinized DNA, at the conditions used, is 

limited to the linker regions (Fig. 11) and intercalation into nucleosomal DNA only occurs after 

nucleosome destabilization. The region that was initially stained by EBr in the presence of 

nucleosomes was found to be sensitive to MNase and hypersensitive to DNase I (Fig.13), which 

is characteristic of linker DNA. The fact that MNase digestion did not completely eliminate the 

EBr fluorescence from fixed nuclei indicates that when the ends of nucleosomal DNA become 
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free upon digestion of linker DNA, intercalation into the DNA wrapped around the NCP 

becomes possible, probably starting from the ends.  

The increase in EBr fluorescence coincides with disassembly of the NCPs (Fig. 11) indicating 

that the nucleosome structure does indeed inhibit the intercalation of even a small molecule. 

The final fluorescence of EBr in nucleosome depleted nuclei is about three-fold higher than the 

initial fluorescence. Given that the EBr fluorescence measured in agarose-embedded nuclei is 

a reflection of intercalated EBr (Fig. 15b), it can be extrapolated that a third of the genome is 

nucleosome free while two-thirds is bound to nucleosomes. This is in agreement with the ratio 

of the total length of all the linker DNA to that of the nucleosome-constrained DNA.  

I have ruled out the diminishing binding of EBr to histones in the wake of nucleosome eviction 

as the reason for increased dye binding to DNA. EBr binding to histone proteins has been 

previously reported before 151,167. Even if such binding occurred in my experiments, there was 

still a large amount of dye left in the supernatant after staining the nuclei even in the presence 

of all the histones (Fig. 15a).  

The fact that DAPI, another small molecule which binds to the DNA minor groove was not 

affected by the presence of histones (Figs. 11 and 14) is evidence against limited access as the 

means by which intercalation is inhibited. Thus, I hypothesized that intercalation, a step that 

follows access of EBr to DNA, is what is inhibited in chromatinized DNA. Inhibition is likely 

due to the tight grip of histones on DNA that greatly hinders its deformation to accommodate 

an intercalator.  

During intercalation, a planar molecule is inserted between adjacent base pairs on a DNA 

molecule, which consequently affects the helix twist and rise to a degree dependent on the 

intercalator 168. YOYO-1 untwists the DNA by ~24±8o and increases the rise by 6.8 Å per 

molecule 56, while EBr untwists the DNA by ~26o and increases the rise by 3.4 Å 55. Such DNA 

distortion would be disfavoured in a molecule of DNA that is constrained when wrapped around 

the NCP.  

The 147 bp of DNA wrapped around the NCP is bound to the histone core by several direct and 

water mediated hydrogen bonds, van der Waals bonds and electrostatic bridges 71,86,169. 

Although histone-DNA interactions are highly dynamic, with the DNA spontaneously 
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unwrapping from the nucleosomal ends, such events are transient and involve only a few base 

pairs (~ 10 bp) 170,171. Thus, a large fraction of the nucleosomal DNA still remains constrained 

172,173. This interpretation is in agreement with the finding that cross-linking the DNA to the 

nucleosome using formaldehyde further inhibits EBr intercalation unlike ethanol fixation which 

does not cause crosslinking and has no effect on EBr staining of nuclei (Fig. 16). Following 

salt-induced eviction of histones, the constrained toroidal structures are converted to flexible 

plectonemes capable of altering their twist and writhe to accommodate intercalator molecules. 

The NCP organizes 147 bp of DNA in 1.67 left handed superhelical turns around the histone 

octamer. The experimentally determined ΔLk of about -1.0 per nucleosome is in a stark contrast 

with the theoretically expected -1.67. This discrepancy, which came to be known as the linking 

number paradox, is only solved if one considers the contribution of linker DNA to the generated 

ΔLk per nucleosome (as described in the Introduction). The fact that linker DNA contributes to 

the generated ΔLk implies that the linker DNA is itself supercoiled, suggesting the existence of 

net supercoiling in the extranucleosomal regions. In apparent support of this scenario, I 

observed an increase in EBr intercalation to the extranucleosomal DNA following nicking (Fig. 

17 C & D). This increase was not related to histone eviction as there was no difference in the 

remaining H2B-GFP between nuclei from irradiated vs control cells, in samples treated with up 

to 0.75 M NaCl (Fig. 17 C & D).  

The increase in intercalation, also observed when plasmid DNA was linearized or nicked, can 

alternatively be explained by topological constraint alone without existence of net torsion. That 

is, since intercalation causes DNA untwisting with a compensatory increase in writhe in a 

covalently closed DNA molecule, the build-up of positive writhe, which can occur even in a 

relaxed molecule, is what limits the extent of intercalation. Positive writhe possibly increases 

the dissociation constant of EBr from DNA 57. In case of an initial negative superhelicity, which 

favours intercalation compared to relaxed DNA, the resulting positive supercoiling would still 

greatly limit intercalation compared to the nicked molecules in which there is no positive writhe 

build-up. Though topological constraint can fully explain the increase in EBr intercalation, 

existence of net torsion may still be supported by the following argument. 

Following salt treatment of nuclei, there was a modest increase in the size of the nuclei before 

eviction of core histones (Fig. 11). This suggests that chromatin loops are confined to a small 
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volume by interactions that are more sensitive to salt than nucleosomes are. These possibly 

involve histone H1, which is evicted at ≥ 0.35 M NaCl. At moderate salt concentrations, the 

chromatin/DNA loops possibly undergo changes in writhe thus pushing against the nuclear 

lamina (Fig. 12). At high salt concentration, when much or all the nucleosomes have been 

evicted, the DNA loops can be seen projecting between the gaps in the nuclear lamina. Further 

increase in nuclear area following X-ray irradiation beyond that of control samples (Fig. 17 E), 

even at concentrations where the nucleosomes are still present, is additional evidence for the 

existence of extranucleosomal torsion. Since X-ray irradiation creates mostly nicks 174, the 

increase cannot be due to conversion of a chromatin loop into double stranded DNA anchored 

to the nuclei matrix at one end. This is in agreement with the fact that in the absence of 

nucleosomes the area of nuclei from irradiated and control cells was comparable. 

The evidence presented above in support of the existence of net extranucleosomal torsion in the 

eukaryotic genome is at variance with some earlier conclusions 175 176. In those early 

experiments, the authors observed no difference in psoralen photo-binding to the whole 

genome, between gamma or X-ray irradiated cells and control cells, which led to the conclusion 

that there is no net extranucleosomal torsion in eukaryotic cells. Recently however, Naughton 

and colleagues demonstrated a reduction in psoralen binding following treatment of cells with 

bleomycin, a DNA nicking agent 177. This discrepancy may arise from a number of factors; i) 

the results presented herein, as well as the immunofluorescence measurement referred to in 

Naughton et al, were obtained on a cell-by-cell basis as opposed to the population average in 

those early experiments. ii) The low concentration of psoralen used in the early experiments 

may have been a limiting factor177. iii) Upon UVA-illumination, psoralen forms just 1 crosslink 

for every 15 mono-adducts formed. Quantification of psoralen intercalation based on detection 

of double stranded DNA resistant to denaturation or exonuclease digestion only captures a small 

fraction of bound psoralen as opposed to the immunofluorescence utilized by Naughton et al. 

The global increase in EBr binding to the extranucleosomal regions (Fig. 17C & D) was caused 

by a single nick per 50 kb chromatin loop (Fig. 17B). This implies that binding of torsion-

sensitive regulatory factors would simultaneously be affected within a particular loop following 

local topoisomerase activity. In the cell, transient DNA breaks are generated during 

transcription elongation and during replication to resolve torsional stress. Such breaks are 
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expected to occur at random locations within the gene. Topoisomerase induced DNA breaks 

have also been detected at promoters of neuronal genes 178, promoters of androgen & oestrogen 

target genes 179 as well as at androgen regulated enhancers 180 where they facilitate 

transcriptional activation (also see reviews 181,182. Some of the DNA breaks may not be repaired 

and have been detected as persistent DNA breaks. Given that a single nick causes the relaxation 

of the whole chromatin loop, the persistent DNA breaks and superhelical domains must be 

somehow separated in the genome.  

In vivo, transcription is the main cause of superhelical changes, generating positive supercoils 

ahead and negative supercoils behind of the transcription machinery. Whether these changes 

induce any net change in the superhelical state of the chromatin is dependent on the efficiency 

with which topoisomerases acting ahead and behind of the transcription machinery relax the 

torsion. Following transcription inhibition by either actinomycin D or α-amanitin, EBr 

intercalation in the presence of nucleosomes was only slightly increased (Fig. 18). This implies 

that transcription generates minimal net change in the overall supercoiling of the cell, hence the 

effect of transcription inhibitors is not detectable. This could be due to symmetrical resolution 

of transcription induced torsional stress ahead and behind of the transcription machinery in vivo. 

Alternatively, it has before been observed that following transcription inhibition, chromatin 

domain that were initially negatively supercoiled became negatively supercoiled and vice versa, 

while others were unaffected 177. Such dynamic changes at domain level may cancel out. 

DNA intercalators such as doxorubicin and daunomycin form a major class of cancer 

chemotherapeutic agents. The success of these agents depends on their functional interaction 

with DNA. The fact that in vivo nicking increased the binding of EBr to DNA (Fig. 17C & D), 

implies that radiotherapy or chemotherapeutical agents that induce DNA breaks such as 

bleomycin and topoisomerase inhibitors may synergize with anthracycline therapy when used 

concurrently.  
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PART 2/A 

I have shown that drug intercalation into DNA in vivo affects HMGB1 binding to DNA in a 

manner dependent on the concentration and the drug itself. By increasing the intercalator 

concentration, both EBr and Dox lead to recruitment and binding of HMGB1 to sites on 

chromatin as shown by the structured distribution (Figs. 19a and 20a). This is also reflected in 

the increase in recovery time following photobleaching (Figs. 19b & 20b). At high 

concentration, > 9 µM Dox caused a drastic reduction in the binding of GFP-HMGB1 to DNA.  

The initial increase in HMGB1 binding was found to be the result of increased number of 

binding sites following histone H1 displacement from DNA. Both H1 and HMGB1 compete 

for the linker DNA near the nucleosome dyad 154. However, histone H1 demonstrated higher 

sensitivity to intercalator binding than HMGB1 as it was readily displaced from chromatin by 

both EBr and Dox at concentrations where HMGB1 was clearly bound to DNA (Figs. 23 and 

24).  

The reduction in HMGB1 binding to DNA at high Dox concentrations (Fig. 20b) could be due 

to intercalator induced DNA distortion or competition between Dox and HMGB1 for binding 

sites on DNA. Dox carries two DNA binding moieties; the anthraquinone moiety which 

intercalates between adjacent G-C base pair steps and the amino sugar which is positioned in 

the DNA minor groove 61. Intercalation of the anthraquinone moiety increases the base pair rise 

to 5.2 Å and reduces the helical twist at the site of intercalation. In vivo, untwisting of the DNA 

due to intercalation would be compensated for by positive writhing within the closed chromatin 

loops without change in the linking number, in line with the equation ΔLk= ΔTw + ΔWr. The 

level of the compensatory positive torsion would increase with increase in the number of 

intercalated molecules. This intercalator-induced change in torsion together with that induced 

by ongoing replication and transcription would trigger topoisomerase activity to resolve it, as 

reviewed in 181,183. However, at the high concentrations (>9 µM) Dox would inhibit 

topoisomerase binding to DNA (as reviewed in 184), thus leading to accumulation of positive 

torsion. Though some of the negative toroidal superhelicity constrained around the 

nucleosomes would be converted to plectonemic negative torsion due to Dox induced histone 

eviction 185,186, this may reduce but not completely annihilate the positive torsion. The positive 

writhe would thus hinder the binding of HMGB1 because it involves intercalation. This 
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argument is supported by the monotonous reduction in HMGB1 binding to covalently closed 

plasmid DNA in the presence of Dox (Fig. 22c). 

The binding of Dox and HMGB1 to DNA overlap in two aspects: both involve intercalation 

into DNA and minor groove binding. HMGB1 consists of two DNA binding domains, box A 

and B, which are connected by a short linker to an intrinsically disordered, acidic C-terminal 

tail 187. The A and B domains form an “L”-shape with a concave DNA binding surface. The 

binding of HMGB1 to DNA occurs through the DNA minor groove and induces a bend towards 

the major groove. Additionally, hydrophobic amino acids phenylalanine (Phe38) on box A, 

phenylalanine (Phe1103) and isoleucine (Ile122) on box B partially intercalate between base 

pairs following DNA binding, and unwind the DNA 128. This overlap in the Dox and HMGB1 

binding to DNA is bound to create grounds for competition and as the drug concentration is 

increased beyond 9 µM, HMGB1 seems to be the weaker competitor. Hence, HMGB1 binding 

is reduced at high Dox cc. The Dox amino sugar has also been shown to sterically obstructs 

interactions between histones and DNA and is responsible for histone displacement from DNA 

185.  

Even at the highest concentration of EBr used (100 µM), HMGB1 binding to DNA was 

markedly increased beyond that of the control both as seen in the microscopy images and 

through the point FRAP profiles (Fig. 19). This is a sharp contrast from the observation with 

Dox were at drug concentrations above 9 µM HMGB1 (Fig. 20) binding to DNA was markedly 

reduced. This could be attributed to the lower uptake of EBr by live cells due to its positive 

charge, which means that the amount intercalated in DNA is much lower than that in the 

extracellular milieu. Doxorubicin on the other hand, is known to accumulate in the cells 

attaining higher intracellular concentration compared to the extracellular milieu. It may also be 

that the drastic reduction in GFP-HMGB1 binding at high Dox concentration is solely due to 

the presence of the amino sugar positioned in the DNA minor groove. 

Relaxing the DNA writhe in chromatin loops by use of DNA nicking agents like X-ray 

irradiation, H2O2 or bleomycin, did not yield any observable effect on the binding of HMGB1 

binding in vivo (Fig. 21). This is despite the well documented preference of HMGB1 binding 

to supercoiled over relaxed DNA in vitro (Fig. 22a; see also 128). At the dosage used in these 

experiments, X-ray irradiation would cause 6,000 -50,000, while H2O2 would cause 15,000 -
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36,000 single strand breaks per nucleus 174,188. Despite the rapid repair of single strand breaks 

occurring in a matter of minutes 189, many of the breaks would still be unrepaired given the 

short time interval between nicking the DNA and measurement. And even if a large fraction 

were repaired it is unlikely that the level of supercoiling that could be re-established in S-phase 

would have been restored in the absence of DNA replication in these circumstances. The fact 

that HMGB1 binding in vivo was not affected by DNA nicking means that the protein does bind 

to linear or relaxed DNA equally well when it is the only form available. 

Other groups have observed nuclear to cytoplasmic translocation or extracellular secretion of 

HMGB1 from immune cells following ionizing radiation or H2O2 peroxide treatment and x-ray 

radiation, at doses lower than those used here 138,190,191. This, however, occurred 3-24 hours 

after exposure, i.e. long after most of the single strand breaks would have been repaired and 

thus cannot be directly related to changes in superhelicity or H1 binding. 

The evidence presented here suggests that supercoiling may not affect HMGB1 binding in vivo. 

To put it more accurately, any effect of supercoiling may be overshadowed by interactions 

involving the chromatin environment. 

The concentration dependent influence of Dox on HMGB1 binding has not been recognized 

before and may contribute to the effects and side-effects of this anthracycline of medical 

significance. 

The findings presented herein suggest that, the constraint of nucleosome-bound DNA imposed 

by the numerous histone-DNA bonds inhibits ligand binding to the DNA. An exception to this 

may be the pioneer TF which are able to bind DNA at the nucleosome entry/exit points during 

spontaneous unwrapping events or bind partial motifs and induce local release or distortion of 

DNA 192. Though the binding of the small molecule minor groove binder, DAPI, used in my 

experiments was unaffected by presence of nucleosomes, it may not be so for larger ligands 

that may require larger deformation. Further, due to the interrelated character of the DNA-shape 

features 50, the constraint imposed by the nucleosomes is expected to affect ligands with or 

without intercalating moieties that bind to DNA grooves or backbone. A number of TF that 

establish hydrogen bonds with DNA in the major groove also have moieties that extend to the 

minor groove. 
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On the other hand, the DNA devoid of nucleosomes encompassing linker DNA and NFR is 

flexible enough to allow deformation and ligand binding. For these regions, ligand binding 

appears to be strongly influenced, perhaps also regulated by competition between ligands. 

PART 2/B 

Sample fixation and subsequent permeabilization are important steps in the 

immunofluorescence detection of intracellular components. Fixation is expected to preserve the 

spatial distribution of the components of interest. Contrary to this expectation, results presented 

here (Fig. 25) reveal that HMGB1 may escape crosslinking to its binding sites on chromatin 

and be subsequently relocated to the nucleoli. The escape is probably made possible by the 

weak binding of the protein to DNA, allowing it to detach and move to another location during 

the process of fixation which may take several minutes 157,193. Similar relocation has been 

observed for histone H1 following ethanol fixation or anthracycline treatment 156. It is therefore 

important to always optimize fixation protocols to the component of interest. The observation 

also raises the intriguing question why nucleoli which excludes many proteins under normal 

circumstances behave as depots of the protein released from chromatin. 
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6. SUMMARY 

Transcriptional regulation plays an important role in cell differentiation and in maintaining cell 

phenotypes, and misregulation often leads to disease. In eukaryotes, chromatin is maintained in 

a repressive state by the nucleosomal structure. Consequently, transcription activation requires 

creation of nucleosome free regions for regulatory factor binding. Similarly, transcription 

elongation requires destabilization of the nucleosomes ahead of the transcribing machinery. The 

mechanism by which the nucleosome structure inhibits regulatory factor binding has, however, 

not been fully elucidated. Current knowledge from biophysical experiments challenges the 

possibility of limited access as the mechanism of inhibition. This is especially obvious 

considering that the DNA winds on the exterior surface of the core histone octamer being 

continuously exposed toward the surroundings. Further, it has been shown that even regions of 

dense chromatin packaging are freely accessible to relatively large ligands partly due to the 

relatively large pore-size in the chromatin matrix and to the local Brownian motion occasionally 

bringing sites buried in chromatin domains to the surface where large TF would bind. Therefore, 

the question how access to DNA in chromatin is regulated remains unanswered. 

I have considered the possible role of alteration of DNA structure that results from packaging 

of DNA into chromatin as a mechanism of controlled access. This is bearing in mind the 

important contribution that DNA shape makes to TF binding specificity. Further, it is well 

known that TF binding to DNA results in deformation of both the DNA and protein so as to 

form a proper fit between the macromolecules. However, such a plasticity may not be allowed 

in view of the limited degrees of freedom that DNA in chromatin has. 

In my work, I evaluated the binding of fluorescent, small molecule intercalators to DNA in situ. 

Intercalation requires deformation of DNA akin to that of TF binding. Given their low 

molecular weight, small molecules would be expected to easily access the DNA in all chromatin 

domains and there intercalation could be easily quantified from their fluorescence. My results 

revealed that intercalation was limited to extranucleosomal DNA, while intercalation into the 

nucleosomal DNA only became possible after histone eviction. Intercalation into 

extranucleosomal DNA could be moderately enhanced by topological relaxation in the wake of 

nicking the DNA. A single nick per 50 kbp loop was sufficient to achieve this increment 

revealing that the conformational change elicited readily spreads along the chromatin. Staining 
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with DAPI, which binds to the minor groove without intercalation, was unimpeded by the 

presence of nucleosomes. These data have led me to conclude that the conformational constraint 

imposed on DNA by the several chemical bonds linking the DNA to the nucleosome core are 

likely responsible for this shielding of the DNA to particular small molecules from inside, while 

the internucleosomal DNA can adapt to bind the ligand. 

Next, I evaluated the effect of supercoil relaxation on the binding of HMGB1, a protein whose 

binding to DNA partly involves intercalation. These measurements have yielded a complex 

picture. Relaxation of supercoiling by using DNA nicking agents had no effect of HMGB1 

binding in vivo. However, binding of Dox, a membrane permeable DNA intercalator, led to an 

initial increase in HMGB1 binding in vivo, followed by decreased binding at higher 

concentrations. In solution, intercalator binding caused a monotonous decrease in HMGB1 

binding to supercoiled plasmid DNA. Having assessed also the effect of Dox on the binding of 

the linker histone H1, known to antagonize HMGB1 binding, has led me to conclude that Dox 

used at small concentrations enhances HMGB1 binding by destabilizing H1 binding, while in 

the higher concentration range competes with HMGB1 for the DNA.  

Nucleosomes emerge as major impediments of ligand binding as a result of the constraint of 

DNA conformation, while the extranucleosomal DNA exhibits a higher degree of 

conformational plasticity, allowing for a complexity of molecular interactions. Since the 

conformational features determining intercalation are tightly interdependent with all the other 

DNA conformational features, based on the powerful effect of nucleosomal constraint on 

intercalator binding I anticipate an analogous effect of the nucleosomal structure on any ligand 

binding, including that of TFs. My data also suggests that anthracycline therapy may be 

synergized by chemotherapeutic agents that induce DNA breaks such as topoisomerase 

inhibitors and bleomycin, or radiotherapy. 
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