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Abstract 

Nucleosomes are the fundamental unit of chromatin. They control eukaryotic genome 

accessibility and can regulate expression, replication, and repair of the genome by organizing 

chromatin. Canonical nucleosome core particles consist of two copies each of four histone 

proteins H2A, H2B, H3, and H4. The histone proteins are assembled into an octamer 

wrapped by ~147 base pairs (bp) of DNA. Nucleosomes interact with each other to form a 

higher-order structure – chromatin. Post-translational modifications (PTMs), which are 

epigenetic marks, play an important role in regulating chromatin accessibility. Recently, 

several studies have employed single-molecule force spectroscopy to unravel chromatin 

folding. Magnetic tweezers are a powerful tool to characterize biological macromolecules and 

their complexes both structurally and dynamically. The technique can measure the 

mechanical properties in terms of extension, elastic properties, and torque by manipulating 

several molecules in parallel with (sub-)piconewton (pN) force sensitivity and (sub-

)nanometer spatial resolution. However, reliable single-molecule manipulation measurements 

require specific and stable attachment chemistries to tether the molecules of interest. Here, I 

present a functionalization strategy for DNA that enables high-yield production of constructs 

for torsionally constrained and very stable attachment. The method is based on 

“megaprimers” to amplify DNA with multiple DBCO and biotin modifications, respectively, 

at the opposite ends of the DNA constructs. DBCO-based click chemistry for covalent 

attachment to the surface and biotin-streptavidin coupling to the bead yield DNA tethers that 

withstand high forces (lifetime = 70 ± 3 hours at 45 pN). My optimized protocol provides a 

high-yield of correctly assembled DNA constructs, which makes it suitable for subsequent in 

vitro reconstitution of nucleosomes on the DNA. 

Many post-translational modifications alter nucleosome dynamics, nucleosome-nucleosome 

interactions, and ultimately chromatin structure and gene expression. Here, I utilize single-

molecule techniques to investigate small arrays of nucleosomes with post-translational 

modifications. I compare unmodified nucleosomes to ones that are methylated at histone 3 on 

lysine 36 (H3K36me3) and constructs that are tetra-acetylated on histone 4 

(H4K5/8/12/16ac). I reconstitute the three types of tri-nucleosome arrays and perform 

magnetic tweezers force spectroscopy. I find a reduction in DNA outer turn wrapping and 

nucleosome-nucleosome interactions for the modified nucleosomes, H3K36me3 and 
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H4K5/8/12/16ac nucleosomes. We also visualize them by high-throughout AFM image in the 

second set of experiments. We find that H3K36me3 and in particular H4K5/8/12/16ac 

nucleosomes adopt significantly more open and loose conformations than unmodified 

nucleosomes. The results suggest that for H3K36me3 the increased breathing and outer turn 

DNA unwrapping seen in mononucleosomes propagates to more open conformations in tri-

nucleosome arrays. In contrast, H4K5/8/12/16ac mononucleosomes exhibit similar 

conformations as their unmodified counterparts, suggesting that the more open conformations 

seen for H4K5/8/12/16ac tri-nucleosomes are driven by reduced nucleosome-nucleosome 

interactions.  

In summary, I mainly focus on the properties of variant nucleosome arrays by using AFM 

and MT. I successfully develop a new single-molecule manipulation assay to benefit the 

research of nucleoprotein complexes and I use the approach to obtain new findings about the 

effect of post-translational modifications on nucleosome arrays. 
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Abbreviation 

DNA Deoxyribonucleic acid 

PTM Post-translational modification 

bp base pair 

pN pico Newton 

AFM Atomic force microscopy 

MT Magnetic tweezers 

A Adenine 

T Thymine 

C Cytosine 

G Guanine  

Lk Linker number 

Tw Twist 

Wr Writhe 

SC Supercoil 

NCP Nucleosome core particle  

SHL Superhelical location 

W601 Widom 601 

SAXS Small angle X-ray scattering 

FRET Förster resonance energy transfer 

EM Electron microscopy 

STORM Stochastic optical reconstruction microscopy 

TAD Topological associating domain 

SMC Structural maintenance of chromosomes 

OT Optical tweezers 

NRL Nucleosome Repeat Length  

CCD Charge-coupled device 

Lp Persistence length  

WLC Worm-like chain 

Lc contour length 

LED Light-Emitting Diode 

dig digoxigenin 

PCR Polymerase chain reaction 

anti-dig anti-digoxigenin 

nN nanoNewton 

DBCO Dibenzocyclooctyne 

AD Allan deviation  

dNTP Deoxynucleotide triphosphates (dNTP) 

DMSO Dimethylsulfoxide 

RNA Ribonucleic acid 

Rg Radius of gyration 
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LUT Look-up table  

PBS Phosphate-buffered saline 

AV Allan Variance  

PSD Power spectrum density  

EDTA Ethylenediaminetetraacetic acid 

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

LLPS Liquid-liquid phase separation 
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1. Introduction 

 

The genomes of eukaryotic organisms are stored in a cell nucleus. Their genetic information 

is encoded in billions of DNA base pairs. It is estimated that each human cell contains about 2 

meters of DNA. To accommodate the long DNA into a cell nucleus, which is typically 10 to 

20 microns in diameter, DNA is packed into 23 chromosomes by proteins called histones and 

other associated proteins, and the resulting DNA-protein complex is called chromatin. Thus, 

as a result of histones folding DNA, chromatin is packed into a much smaller volume than 

DNA alone. The structure of chromatin has been extensively studied over the last decades 

and especially the development of single-molecule techniques provides high spatial and 

temporal resolution to explore the structural dynamics of nucleosomes and chromatin fibers. 

Yet, many features of nucleosome dynamics remain unknown or poorly understood. 

This dissertation is focused on using single-molecule methods, in particular magnetic 

tweezers and atomic force microscopy to probe the conformations and interactions in (arrays 

of) nucleosomes. Magnetic tweezers provide useful information by exerting mechanical 

stress induced by force and monitoring the extension response. The first chapter of the thesis 

introduces the concepts and background of the main structural features of DNA, 

nucleosomes, and chromatin fibers. In addition, I introduce the theoretical background of the 

single molecule technique I applied to my research. Finally, I provide a brief overview of the 

following chapters. 
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1.1 DNA structure  

DNA, or deoxyribonucleic acid, is a polymer that carries the genetic information in all 

cellular life. DNA is composed of simple monomeric units called nucleotides. Each 

nucleotide consists of a nucleobase with four different types adenine (A), guanine (G), 

cytosine (C), and thymine (T), a phosphate group, and a pentose sugar, furanose (Figure 1.1). 

The four different bases arrange the order of DNA to give rise to different genetic codes. In 

1950, the Chargaff rule was published by Austrian-American biochemist, Erwin Chargaff [1]. 

The rule is a principle stating that in the DNA of any species, the amount of guanine equals 

the amount of cytosine, and adenine equals the amount of thymine. These rules apply to 

double-strand DNA. This finding turned out to be crucial to Watson and Click’s model of 

DNA double helix.     

 

 

Figure 1.1: Monomeric unit of DNA structure. The basic unit of DNA is called a 

nucleotide, composed of phosphate (pink block), deoxyribose sugar (blue block), and base 

(Orange block). There are four different types of bases: cytosine, thymine, adenine, and 

guanine. Each phosphate group attached to 5’ carbon is joined by a bond called 

phosphodiester linkage by attaching to the hydroxyl group at 3’end sugar of an incoming 

nucleotide to form the polymer structure: DNA. Adapt from OpenStax College, Biology, 

licensed under (CC BY 4.0).  

1.1.1 The characteristic of the DNA double helix 

In 1953, James Watson and Francis Click discovered the chemical structure of DNA and 

revealed the arrangement of the bases connecting pairs (A+T, C+G) that stack on each other 

to form the characteristic DNA double helix. The sugar-phosphate backbones of DNA shape 

the outside of the helix and the bases form hydrogen-bonded pairs that hold two DNA strands 

together. During that time, Maurice Wilkins and Rosalind Franklin from Kings College in 
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London succeeded in probing the DNA structure by X-ray crystallography, which gave 

Watson and Click clues to the structure of DNA [2-4]. In 1962, Crick, Watson, and Wilkins 

received the Nobel Prize in Medicine. Unfortunately, Franklin died in 1958 and Nobel prizes 

are not awarded posthumously.   

The findings revealed the structure of DNA as a double helix, with two strands antiparallelly 

to each other, which means that single strands intertwine each other in opposite directions. 

The 5’ end (phosphate group) of nucleotides ligate to the 3’ end (hydroxyl group) of the 

subsequent nucleotide via a phosphodiester bond to form 5’-3’ orientation. The two strands 

twist around each other to form a right-handed helix. Alongside the helical structure, the 

bases create wider gaps (major groove) and narrow gaps (minor groove), which is important 

for protein binding to DNA (Figure 1.2).  

 

Figure 1.2: DNA structure. (A) DNA double helix structure, sugar phosphate backbone on 

the outside and nitrogenous bases inside. (B) A-T and C-G base pair, C1’ of deoxyribose 

indicated by the arrow facing lower edge is minor groove and those facing upper edge of the 

base pair is major groove. Hydrogen bonds, indicated by the dotted line. Adapted from [5] 

and licensed under (CC BY 4.0). 

1.1.2 High-order structure: DNA topology 

In cellular life, DNA can adopt more complicated structures, in particular due to the strain 

exerted by multiple enzymes in the cell. Those enzyme machines perform “mechanical” 
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functions and change DNA topology to control cell behavior and development. DNA 

supercoiling is a higher-order DNA structure, where DNA strands are intertwined or linked 

together. DNA topological properties facilitate the regulation of DNA replication and 

transcription. The topology of DNA is characterized by the degree of supercoiling of DNA 

and it can be described by linking numbers [6, 7].  

The linking number is an integer value to describe the number of times that two strands of 

DNA wind around each other. We can describe the linker number as the sum of twist and 

writhe. “Twist” refers to the number of times the single strands of DNA turn around the other. 

“Writhe” refers to the number of times of double-stranded DNA cross each other to present 

supercoil properties. These three parameters are related by [7]: 

                                                             

For relaxed and circular DNA, which means DNA with no torsional stress, the linking 

number is given by , with N the number of base pairs and γ the number of base 

pairs per helical turn (γ ≈ 10.5 base pairs for B-form DNA). DNA underwinding or 

overwinding induces torsional stress within the molecule and results in negative (-) or 

positive (+) supercoils (SC), respectively. One of the remarkable functions of DNA 

supercoiling is to package genetic material into cell or nucleus. In eukaryotic cells, double-

stranded DNA is wrapped around histone octamers to form basic units of chromatin: 

nucleosomes. Supercoiling and wrapping of DNA around histones helps to compact linear 

genome (with a length of ~2 m for the human genome) into cell nucleus on a scale of 

micrometers. Nucleosomes can form a higher-order structure and assemble into chromatin. 
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Figure 1.3: Supercoiling: its handedness and sign. The linking difference ∆Lk is composed 

of twist ∆Tw and writhe ∆Wr. Local DNA unwinding by twisting DNA in the opposite 

direction to the nature helicity to form right-handed in supercoil (-) molecule (∆Lk < 0, 

plasmid on the left). Overwinding by twisting DNA to the nature helicity to form left-handed 

in supercoil (+) molecule (∆Lk >0, plasmid on the right). Topological convention of sign 

assignment of perceived crossings. In a (−) crossing, with turning the overlying direction 

clockwise. In a (+) crossing, with turning the overlying direction in counterclockwise way. 

Reprinted with permission from [8] American Chemical Society. 

1.2 Nucleosome structure 

The fundamental units of chromatin are nucleosomes. In 1997, nucleosome core particle 

(NCP) structure was determined at atomic scale by X-ray crystallography with a resolution of 

2.8 Å [9]. This structure showed that 146 bp DNA wrap 1.65 turns around core histones 

(Figure 1.4a). The core histones organize into an octameric scaffold. In 1991, a 3.1 Å crystal 

structure of histone octamer revealed that the core histones are the assembly of 4 types of 

histone proteins in pairs for each, H2A, H2B, H3, and H4 [10]. Each histone contains core 
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histone and N- and C- terminal extensions. Each core histone is composed of three α helices 

with two intervening loops [9-11]. H2A/H2B and H3/H4 form heterodimers and tetramers 

respectively (Figure 1.4b,c). These complexes assemble to form histone octamers. The 

octamer surface carries positive charges that electrostatically interact with negative charge of 

DNA’s phosphate groups so that DNA wraps around histone octamer to form approximately 

100 Å diameter nucleosome. In addition, histone tails contain strong net positive charge due 

to many arginine and lysine residues. H2A/H2B dimer surface features negative charges that 

are referred to as H2A/H2B acidic patch and the acidic patch has a shape of a narrow groove 

and it provides a common binding site for H4-tail and many nucleosome binding proteins. 

 

Figure 1.4: Nucleosome core particle structure and the histone-fold heterodimers. (a) 

Nucleosome core particle structure (PDB ID 1KX5). (b) H3/H4 histone-fold heterodimer. (c) 

H2A/H2B histone-fold heterodimer. Structures (top) and schemes (bottom) with secondary 

structure elements indicated. Reprinted with permission from [12] Copyright © 2014 

American Chemical Society (ACS).  

To describe DNA locations in the nucleosome, we describe DNA positions around the 

nucleosome with respect to the position of the dyad (Figure 1.5). DNA wraps around histone 

proteins in a left-handed superhelix. The superhelical locations (SHL) are used to describe 

DNA positions of superhelical turns from dyad (SHL 0), which is the middle of  DNA 

fragment.  Along the outer wrap of DNA on the nucleosome to the inner wrap of DNA, SHL 
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ranges from -7 to +7. The predominant contacts between DNA and histone octamer are 

located around  locations of SHL (  ) where the minor grooves of DNA 

face octamer. For biophysical or structural studies of nucleosomes, frequently DNA 

sequences are used that are known to position nucleosomes: mixed sequence genomic DNA 

[13, 14], human α-satellite repeats [9, 15], 5s RNA coding sequence [16], and Widom 601 

nucleosome positioning sequence [17, 18]. Widom 601 is the most popular DNA positioning 

sequence in chromatin biochemical studies. Lowary and Widom isolate synthetic random 

DNA sequences with high affinity for the histone octamer and called the highest affinity 

DNA sequence Widom 601 [17]. Widom 601 (W601) is the tightest binding sequence and 

results in high yield of nucleosomes in reconstitution experiments. W601 sequence has TA 

base steps with a 10 bp sequence periodicity (at SHL -0.5, ±1.5, -2.5, -3.5). The locations of 

TA make the minor groove face the histone octamer and have minimal base stacking so that 

W601 is flexible and can easily accommodate the distortion stress in the DNA upon 

assembling in the nucleosome [18, 19].  

 

Figure 1.5: SHL describing location of TA steps in 601L nucleosome core particle 

structure. (a) The DNA superhelical axis in 601L NCP structure with TA steps interacting 

with histones. 601L is Widom 601 with symmetric sequence of TA steps at SHL ± 0.5, ± 1.5, 

± 2.5, ± 3.5 [19]. The dyad is indicated (purple). (b) Zoom in one H3/H4 heterodimer bound 

to DNA containing three TA steps. Backbone phosphates of DNA bound to the H3/H4 

histone folds. Reprinted with permission from[12] Copyright © 2014 American Chemical 

Society (ACS).   
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1.2.1 Nucleosome assembly 

Nucleosome assembly involves the depositions of (H3-H4)2 tetramers onto DNA and then 

followed by the addition of H2A-H2B heterodimers and DNA wrapping [20]. DNA is stably 

packed on histones by electrostatic interactions and hydrogen bonds between DNA and 

histone octamer [9]. Therefore, the reconstitution of nucleosomes is electrostatically driven 

and sensitive to the concentration and type of mono- and divalent cations [21]. Previous 

research on NaCl-induced disassembly pathway for NCP containing the 601-DNA by SAXS 

and FRET show that (Figure 1.6), at physiological ionic strength, NCP adopts an open 

intermediate configuration with unwrapping and rewrapping on a millisecond time scale [22]. 

Above 0.5 M NaCl, H2A-H2B dimers begin to dissociate to form hexasomes and tetrasomes. 

Above 1.2 M NaCl, (H3-H4)2 tetramers begin to dissociate and cause the complete 

disassembly of NCP [22].  

 

Figure 1.6: A schematic of NaCl-dependent disassembly for NCPs containing the 601-

DNA. At physiological ionic strength, NCP configuate local dynamics as DNA breathing and 

even form an open intermendiate structure. As [NaCl] ≥ 0.5 M, H2A-H2B dimers begin to 

dissociate to form a hexasome and texasome. As [NaCl] ≥  1.4 M, (H3-H4)2 tetramers begin 

to dissociate to cause the complete disassembly. Adapted from [22] PNAS December 27, 

2016 114 (2) 334-339  under CC by PDM 1.0 DEED. 

1.2.2 Nucleosome dynamic 

The nucleosome structural dynamics has been extensively studied. A previous study had 

presented a detailed map of histone-DNA interactions along the DNA sequence to near base 

pair accuracy by using a high-resolution force-induced unwrapping [23]. The results reveal 
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that the strength of histone-DNA interactions is not the same for each position (Figure 1.7). 

Nucleosomes make strong interactions at ±40 bp upstream and downstream of the dyad and 

nucleosome dyad. The location near the DNA entry/exit region of nucleosome is the weakest 

location of histone-DNA interaction. In addition, the unwrapping events occur in a ~5 bp 

periodicity, which is in agreement with the DNA major/minor groove periodicity [24].  

 

Figure 1.7: Nucleosome structural dynamics. (a) The nucleosome crystal structure with 

one half of the DNA, (H3-H4)2 tetramer, and one of the H2A-H2B dimers. The colorful 

circles indicate locations of DNA-histone interactions. The numbers indicate the SHL. (c) 

The dwell time of DNA unwrapping as reported by Reference [23]. Reprinted with 

permission from [25]. Copyright by Annual Reviews.  

1.3 From nucleosome to chromatin 

The N-terminal tail domains of each histone protein that protrude from the nucleosome are 

disordered and highly positively charged. The tails can be extensively posttranslationally 

modified and cause conformational changes of nucleosome [26]. The tails interact with 

nucleosomal DNA to influence the stability of nucleosome and accessibility. Within 

chromatin, those tails further interact with adjacent nucleosomes to form higher-order 

structures [27, 28]. However, the exact organization of nucleosomes into compact chromatin 

is controversial, in part due to the structural complexity [29]. Nucleosomes connected by 

about 20-90 bp of linker DNA in vivo [30], which is the length between neighboring 

nucleosomes, form a 10-nm “beads on a string” array. The orientation between two adjacent 

nucleosomes depends strongly on the length of DNA linker. The shorter the DNA linkers, the 

more constrained the internucleosomal flexibility. In the earlier reports related to the structure 

of higher-order organization of chromatin, line arrays of nucleosomes form solenoidal 

filament, which look like a supercoiled fiber [31-34]. This structure adopts a hand-to-hand 

orientation by the consecutive nucleosomes, which means nucleosome-stacking interactions 
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occur between nearest neighbor nucleosome (Figure 1.8). Another alternative configuration 

of stacked nucleosomes is the zig-zag geometry. The architecture of this zig-zag structure is 

referred to as two-start folding of nucleosome arrays. In this model, the helix stacks with 

nucleosomes across from one another (Figure 1.8) [35, 36]. Moreover, due to helical twist of 

DNA, every bp of linker DNA changes the relative orientation between two nucleosome by 

36º. Therefore, DNA linker length corresponding to 10n bp has a preference for the linker to 

retain the same orientation. When DNA linker length corresponds to 10n+5 bp, the 

orientation turns 180º [37-39]. Besides, ionic environment and histone tails also regulate 

chromatin structure. In the presence of divalent ions, the shielding of negative charge allows 

for favorable inter-nucleosome interaction as well. It is shown that, the higher the Mg2+ 

concentration, the more compact the chromatin structure [31, 40, 41]. Histone tails can 

interact with neighbor nucleosome or recruit other proteins. Histone tails are flexible chains 

at the terminal domains of histones. Histone tails are positive charged and protrude from the 

nucleosome. The acidic patch can bind the N-terminal H4 tail of the nucleosome to form 

higher-order nucleosome structures [28]. The tails also feature wide range of post-

translational modifications (PTM) [26]. Those could change the interaction between tails and 

acidic patch and further influence the staking of nucleosomes.  

 

 

Figure 1.8: The schematics of two classic models of 30-nm chromatin fibers. The one-

start helix (A, solenoid) and two-start helix (B, zigzag) [42]. Positions from the first (N1) to 

eight (N8) nucleosome are labeled. In the one-start helix , the 30-nm chromatin exhibited 

interdigitated solenoid, that nucleosome interact neighbors. In the two-start model proposed 

by Schalch et al [35]. A nucleosome in the fiber binds to second-neighbor nucleosome. (Red 

and orange). Adapt from [40] licensed under (CC BY). 
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1.3.1 Regulation of higher order chromatin structures: 10 and 30 nm fibers 

From early electron microscopy (EM), the purified 10-nm fiber with linker histone H1 can 

easily form a regular fiber with 30-nm diameter, which is known as ’30-nm’ chromatin fiber. 

Since then, 30-nm fiber has been assumed to be the basic structural unit of chromatin [42, 

43]. However, several in vivo studies show evidence that chromatin structure is not regular 

[44, 45]. Chromatin in cells can be observed directly by cryo-electron microscopy (EM). The 

data show that 30-nm chromatin fibres were not recognized in cell, but highly dispersed 10-

nm mesh fibers in pluripotent mouse cells [46].  Super-resolution imaging (STORM) found 

that irregular groups of nucleosome clutches form chromatin conformations [47]. Taken 

together, the evidence suggests that the chromatin structure in cells has distinct features from 

the structure found in vitro. Nucleosome arrays, for example in the beads on a string model 

with 10-nm width fiber, form the core of genomic chromatin [48, 49]. The classical view is 

that 10 nm fibers further organize into 30 nm fiber. 30-nm chromatin fiber fold into 

hierarchical helical folding to form a highly compact structure [31, 44, 50]. However, 

research within recent decades found that 30 nm fibers remain absent from interphase nucleic 

[45, 51, 52]. In addition current views reveal that native chromatin formed as variable 

nucleosome arrangements without regular fiber structure [40, 53, 54]. Regular 30 nm fibers 

were found in the presence of low cation conditions since nucleosomal fibers repel each other 

gently due to insufficient screening of negative charges [31-33, 35, 42, 53, 55-57]. Therefore, 

nucleosome selectively bind to close neighbor nucleosome to form 30 nm fibers. However, 

the physiological ion condition has higher cation concentrations, which weaken the 

electrostatic repulsion between adjacent nucleosomes, to force the fibers form large 

condensates lacking the 30 nm structure [53, 56, 57].  

1.3.2 Co-factors and modifications can influence chromatin structure 

Different PTMs, nucleosome variants, and non-histone proteins binding in native chromatin 

are also the factors to change the arrangement of chromatin fiber at different levels (Figure 

1.9). For instance, (1) PTMs at nucleosome tails affect the compaction of nucleosomes in 

chromatin fiber [26, 58, 59]. PTMs often modulate electrostatic or structural properties to 

change the interaction between histones and DNA. One of the typical PTMs is adding marks 

on lysine residues by acetylation, methylation, succinylation, and so on. PTMs can also 

provide signal which then are recognized by associated proteins, to initiate downstream 

signaling cascade and turn on or off the gene expression. (2) Cohesin mediates loop extrusion 
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so that chromatin regions form loops [60]. Hi-C, a genomic technique used to map the 

contact frequency of random two DNA fragments, shows that within chromatin, some regions 

has higher contact frequency [61]. Those regions as enriched introchromosomal contacts are 

organized into Topological Associating Domains (TADs) [62]. Both chromatin loops and 

TADs depend on the SMC complex cohesion to reel flanking regions of a DNA into a loop. 

Also, (3) the formation of compartments: Euchromatin, a loose structure; facultative 

heterochromatin, reversibly silenced gene regions; and constitutive heterochromatin, never 

transcribed chromatin region, segregate radially in nucleus [61, 63]. The 

compartmentalization exhibits contacts both within and between chromosomes [61]. It shows 

that active and inactive chromatin separate spatially in the nucleus [64]. (4) Nuclear bodies 

formation driven by liquid-liquid phase separation [65]. (5) Chromosome territories: 

chromosomes take separate, nonoverlapping positions in nucleus [66]. It is found that 

transcriptionally active chromosomes prefer to occupy nuclear center while inactive 

chromosomes locate at more peripheral in mammalian cells [67, 68]. 

 

Figure 1.9: Schematic view of chromosome folding inside nucleus. DNA-histone assembly 

form nucleosomes into ~11-nm chromatin fiber. The compaction density is variable at 

different region depending on gene regulation. Chromatin folds at submegabase scale into 

higher-order domains referred to as TADs. At the chromosomal scale, chromatin is 

segregated into compartment A and B, indicating active gene region and repressed gene 

region irrespectively. Furthermore, individual chromosomes occupy their own space without 

overlapping to form chromosome territories.  Adapted from [69] licensed under (CC BY 4.0). 

Post-translational modification as a factor to regulate chromatin dynamics 

Epigenetic modifications, or post-translational modifications (PTMs), a diverse array of 

covalent chemical marks that modulate gene expression without altering the DNA sequence, 

have emerged as critical regulators of chromatin architecture and function [70-74]. In 

eukaryotic cells, histones are subject to hundreds of PTMs including acetylation, methylation, 
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ubiquitination, phosphorylation, and sumoylation [75]. Histones PTMs are widely distributed 

throughout the whole genome. They can control the accessibility of DNA or recruit chromatin 

remodelers to regulate gene expression [58, 70-74, 76, 77]. Histone PTMs are present both in 

the tails of histones and their globular core domains [26, 59]. By introducing additional 

charge, neutralizing existing charge, or by adding steric constraints, different modifications 

affect the compaction of chromatin and also modulate the stability of nucleosomes. In 

particular, methylation and acetylation have been intensively studied as marks of chromatin 

status involving active or silenced transcription [73, 75]. For acetylation (“ac”), histone 

acetylation neutralizes the positive charge of lysine, which reduces interactions with DNA 

and has been shown to e.g., enable transcription factor binding within nucleosomes [78-80]. 

Acetylation of H4 tail has a strong effect on weakening chromatin packing in vivo and in vitro 

[78, 81-83]. H3 acetylation also reduces the charge of the tails but the effect on folding 

propensity of nucleosome arrays is less clear [80, 84].  

Histone methylation (“me”) occurs on the side chains of lysines or arginines [85] and, unlike 

acetylation, does not alter the charge of histone protein and is thought to act mainly via 

“reader” enzymes that specifically recognize the methylated site and then activate or repress 

transcription [86]. For example, H3K9 and H3K27 methylation are often related to silenced 

chromatin states [86]. Examples of chromatin readers that recognize methylation and are 

involved in gene repression are HP1 that binds to H3K9me3 and contributes to 

heterochromatin formation [87, 88] and the methyltransferase PRC2 that acts on H3K27 [89] 

and recruits other accessory protein to propagate the H3K27me3 mark resulting in gene 

silencing [90-92]. In contrast, H3K36 methylation is associated with actively transcribed 

regions [93, 94].  

1.4 Single molecule force spectroscopy for studying chromatin 

Single molecule force spectroscopy techniques such as optical tweezers (OT), magnetic 

tweezers (MT), or atomic force microscopy (AFM) can be used to manipulate individual 

nucleosome, nucleosome assemblies, or chromatin fibers with piconewton (pN) force 

sensitivity and nanometer resolution (Figure1.10). Force spectroscopy can be used to directly 

measure nanomechanical properties in terms of extensions, elastic properties, and force and 

torque dependence. In OT, polystyrene beads are trapped by laser beams to generate force. In 

MT, forces are exerted by magnetic fields and act on a paramagnetic beads tethered to 
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biomolecules. In AFM, a cantilever stretches biomolecule samples attached between the 

surface and the cantilever tip [95, 96].  

 

 

Figure 1.10: Schematic representation of atomic force microscopy, magnetic tweezers, 

and optical tweezers. (a) In atomic force microscopy, flexible cantilevers apply direct forces 

to a mononucleosome with the movement of the substrate controlled by a piezoelectric 

device. (b) In magnetic tweezers, forces are applied by a magnetic field to pull 

mononucleosome tethered to a magnetic bead. (c) In optical tweezers, beads binding to two 

ends of mononucleosome are trapped in focused laser beams. 

The stretching behavior of mononucleosome –studied using OT– reveals 2 separate stages of 

DNA unwrapping from the histone octamer [97]. In 50 mM Kac and 10 mM Mg2+, the first 

reversible transition, occurring around 3 pN with a step size length of 21 nm, is referred to as 

outer turn DNA unwrapping. The next second rupture step with size of 22 nm at force above 

~8-9 pN refers to the inner turn DNA unwrapping and the second unwrapping step is 

irreversible. Wang and colleagues design an alternative force spectroscopy approach to 

unpeel DNA from one side of nucleosome by unzipping the DNA double-strand in single-

base pairs steps so that nucleosome is in a highly controlled fashion [23]. The results show 

that the longest dwell times are around 30 to 40 bp and 70 to 80 bp into nucleosome, which 

refer to the strongest DNA-histone interactions. Single-molecule force spectroscopy also 

provides a method to determine the strength of internucleosomes stacking in chromatin 

fibers. Cui & Bustamante used optical tweezers to stretch single chromatin fibers extracted 

from chicken erythrocytes and found a distinctive condensation-decondensation transition 
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that appears between 5 and 6 pN [98]. Similar results from magnetic tweezers by pulling 

reconstituted chromatin determined that nucleosome stacking is disrupted at around 4 pN 

pulling force [99]. The transition to a large extension of chromatin from force-extension 

curves in the low force at ~3 pN is localized at the force regime for DNA unwrapping as 

observed in mononucleosomes [97, 100]. Meng et al. aimed to disentangle unfolding 

transitions in chromatin fibers by using a magnetic tweezers and build a quantitative model 

for all aspects of unwrapping of a chromatin fiber [101, 102]. They showed that the pulling 

force for the unstacking of chromatin fiber co-exists with the unwrapping of the outer turn of 

a single nucleosome between 3 and 7 pN. In addition, chromatin fibers with 20- and 50-bp 

linker DNA demonstrate different folding topologies [103]. Chromatin with 197 bp 

Nucleosome repeat length (NRL) fibers closely follows independent transitions for all rupture 

events, which shows that nucleosome interactions form between neighbors. For chromatin 

arrays with 20 bp linker DNA, the crystal structure of tetranucleosomes shows interactions 

between non-neighboring nucleosomes and form zig-zag folding. Therefore, experimental 

data feature two times smaller extension, higher stiffness and less independence of rupture 

events compared to chromatin array with 50 bp linker DNA (197 bp NRL). 

 

 

Figure 1.11: Force-induced mononucleosome and chromatin disruption. (a) The force-

extension curve (F-D curve) shows two distinct steps referring to DNA unwrapping. 878 nm 

DNA construct with one W601 sequence to reconstitute to mononucleosome with octamer 

histones. Adapted from [97] Copyright © 2006 by The National Academy of Sciences of the 

USA. (b) Wild-type histone chromatin fibers with167- and 197-bp NRLs show different 

response to applied force. F-E curve represents both Chromatin reconstitutions with different 

NRLs unfolding traces. Both traces show that low force regime (at 3-4 pN) referred to 

nucleosome unstaking and outer turn unwrapping presents lengthening plateau, while high 

force regime (≥7 pN) referred to nucleosome inner turn unwrapping presents stepping events. 

Adapt from [104] Licensed under (CC BY 4.0). 
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1.5 Introduction for MT 

Magnetic tweezers rely on the manipulation of superparamagnetic beads using a gradient of 

magnetic field. One of the major advantages of MT is the possibility of multiplexing so that 

within a single measurement, multiple individual molecules can be tracked and manipulated 

in real-time. In addition, the method can not only stretch biomolecular samples but also twist 

and apply torques to multiple tethers.  

The first magnetic tweezers were assembled in 1996 by Strick, Bensimon, and Croquette 

[105, 106]. They used this setup to explore the elasticity of supercoiled DNA. In magnetic 

tweezers, DNA molecules are tethered in a flow cell between a glass surface and a 

paramagnetic bead by means of non-covalent bonds. The flow cell is exposed to a magnetic 

field B generated by a pair of permanent magnets (or electromagnets, in some cases [107]) 

suspended on a motorized stage. The magnetic field exerts an upward stretching force F on 

the bead. The force exerted by the tweezers is given by: 

                                                                      

 

Where  is the induced magnetic moment of the bead in the external magnetic field  The 

force F can be controlled by moving the permanent magnets up or down. LED illumination 

from above the flow cell and the magnet is employed to illuminate the beads. The 

interference of the illuminating light with the light scattered by the bead produces diffraction 

patterns in the focal plane. The exact profile of those patterns is correlated with the distance 

of the bead to the focal plane of the objective. The image of the diffraction pattern is recorded 

through an objective with a charge-coupled device (CCD) camera. Tracking is achieved by 

analysis of the image of the bead (Figure 1.12).  

The applied force can be calculated from the horizontal bead fluctuations . For the 

known extension of DNA nucleic acid, , tethered to the surface. The average potential 

energy by the expression: 

                                                           

 /  represents an effective trap stiffness in the x direction. According to the equipartition 

theorem F/l ·  , where T is the temperature and kB is the Boltzmann constant, 

leading to the following relationship:   
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Instead of calibrating the force by directly computing the variance of the fluctuations , 

calibration typically uses analysis of the power spectrum or the Allan variance, which allows 

to (partially) correct for the finite acquisition frequency of the camera and mechanical drift  

[108, 109]. 

1.5.1 Mechanical properties of a stretched and supercoiled DNA 

DNA stretching by force –at least at low forces– is mainly defined by its polymeric 

properties. The persistence length ( ) is the primary parameter to quantify the (bending) 

stiffness of DNA. DNA is thought of as a semi-flexible polymer in the so-called worm-like 

chain (WLC) model [110]. In particular, Bustamante et al. have shown that the force-

extension diagram of a DNA molecule is well described by a WLC model [111-113]. The 

WLC model considers the polymer as a continuously flexible chain with a quadratic elastic 

bending energy. It also shows that the chain is subjected to thermal fluctuations, which result 

in an entropic force to resist the attempt to stretch the polymer to its full contour length ( ). 

Therefore, by incorporating a force along the axis of DNA extension, the stretching energy 

EWLC is: 

                                            

The first term  describes the resistance of the chain to bending. The resistance is 

proportional to the inverse square of the radius of curvature, R. R-2  is with respect to the arc 

length, s, of the unit tangent vector t(s). The second term  given the stretching 

energy from force and   is the angle between t(s) and the z axis. The quantity A is 

related to  by  = A* 1/kBT. In 1994, an interpolation formula for the WLC to describe the 

force-extension relationship was given [113]: 

                                           

To fit the above equation to the experimental data more accurately, Bouchiat et al. subtracted 

the interpolation formular from the exact numerical solution of the WLC and expressed the 

residuals as a seventh-order polynomial to provides correction terms [114]. The more 

accurate approximation to the WLC is written as: 



Chapter 1 - Introduction 

27 

 

                                    

where a2 = −0.5164228, a3 = −2.737418, a4 = 16.07497, a5 = −38.87607, a6 = 39.49944, a7 = 

−14.17718. This refined WLC model provides a better approximation and is used here to fit 

the experimental nucleic acid stretching data.    

 

 

Figure 1.12: Schematic representation of a magnetic tweezers (MT) set-up. A flow cell is 

prepared to be as measurement chamber. Two cover slides are separated at the edges by a 

thin layer of ~0.2 mm thin parafilm. The top cover slip with two holes are connected to an 

inlet and an outlet reservoir, allowing solutions to be flushed in and out of the cell using a 

pump. One end of polymers will be immobilized to the bottom surface while the other end to 

a paramagnetic bead. Reference beads are located to the bottom surface with polymers 

together. Laser light source is located above the cell to illuminate the field of view as well as 

a pair of permanent magnets, that can be moved vertically and rotated to vary force and 

torque on magnetic bead.  An objective is below the flow cell. An outgoing laser beam passed 

through flowcell and objective was deflected by a mirror into a charge coupled device (CCD) 

camera to record the image from the objective focal plane. LED, light-emitting diode. 

Reprinted with permission from [115]. Copyright by Springer Nature.  

1.5.2 Attachment of DNA to the surface 

Preparation of DNA constructs with multiple attachment sites for single-molecule torque 

and twist assays requires several biochemical reactions. The most frequently used protocol 

involves PCR, restriction reactions, and final ligation to assemble three different DNA 
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fragments into the final construct [105, 115-117]. The central segment of the DNA molecule 

is unlabeled, while the two ends of the molecular construct are labeled with different 

moieties that enable attachment, with multiple biotin and digoxigenin (dig) labels, 

respectively, being a popular choice. The products of the ligation reactions are a mixture 

involving off-target DNA and unligated strands. Therefore, subsequent gel purification is 

often required to obtain the specific DNA construct. Unfortunately, these procedures lead to 

low yield and are prone to introduce nicks into the DNA. 

To overcome the inefficiency of generating DNA through ligation-based protocols, 

improved methods are needed to simplify the process and increase the yield. Recently, new 

methods have been developed to generate high-yield DNA constructs for force and torque 

spectroscopy experiments [118]. In particular, a ligation-free method has been reported that 

achieves high yield of torsionally constrained DNA and efficiently incorporates different 

labels at the end of DNA [119]. The strategy is based on two PCR-synthesized DNA 

constructs that are used as “megaprimers” with biotin and digoxigenin labels, respectively, 

to amplify the target DNA in a final PCR step. The megaprimer-based PCR reaction can 

create torsionally constrained DNA without ligation and restriction reactions. However, an 

additional requirement for biomechanical characterization at the single-molecule level is 

efficient and stable tethering of the biomolecules of interest. The commonly used attachment 

strategy relying on the binding of biotin to streptavidin-coated beads and the binding of dig 

labeled nucleotides to a surface coated with antibodies against dig (anti-dig) is rapid and 

reliable. The biotin-streptavidin interaction exhibits good force stability, despite being non-

covalent, and can be optimized through engineered streptavidin variants [120-122]. 

Unfortunately, the anti-dig/dig interaction has much lower stability under forces > 10 pN 

[123, 124]. Therefore, it is desirable to go beyond non-covalent attachment and introduce 

one or more covalent linkages, which can provide force stabilities up to nN [125]. Several 

approaches for covalent attachment have been developed [125-128] and provide stability for 

long measurements and experiments over a broad force spectrum [129-134]. For DNA 

attachment via dibenzocyclooctyne (DBCO), covalent binding to an azide-functionalized 

surface has been developed. This copper-free click chemistry method is specific, highly 

efficient and yields tethers that are able to withstand very high forces (>100 pN) [128].  
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1.6 Outline of this thesis 

This thesis mainly focuses on probing the mechanical properties and responses to forces of 

nucleosomes using magnetic tweezers. Multiplexed magnetic tweezers provide a detailed 

view of structural transitions in nucleosome fibers under force. In addition to force, magnetic 

tweezers can apply torque, to look into the influence of small molecules on DNA helicity. The 

other application is by applying force to look into the detail nucleosomal arrays structure 

states at different forces. Force spectroscopy measurements require suitable and robust 

molecular attachment strategies. To build a robust anchoring strategy for pulling nucleosome 

fibers, I developed a new DNA attachment strategy to improve the stability of bare DNA and 

nucleosome fiber tethering. I then leveraged the new approach and applied it to study 

different variant nucleosome arrays. Therefore, by applying the new methods, I reconstituted 

nucleosomal arrays with unmodified, acetylated, or trimethylated histone octamers and pulled 

them by magnetic tweezers.  

Here, I present a novel attachment protocol that combines the high-yield enabled by the 

megaprimer approach with the supreme force stability afforded by covalent DBCO/azide 

coupling for anchoring DNA in tweezers experiments. My strategy is based on DNA con-

structs with multiple biotin and DBCO labels at each end, respectively, and assembly via 

ligation-free PCR. The constructs enable torsionally constrained coupling and excellent force 

stability. The high yield of the approach enables us to obtain sufficient material for 

downstream biochemical preparation, in particular for nucleosome reconstitution. 

By applying the developed new methods, I investigate the mechanisms of different 

nucleosome PTMs on DNA compaction. I employ tri-nucleosome constructs, which are 

intermediate in complexity between mononucleosome and higher-order nucleosome fibers or 

chromatin. I employ two highly complementary single-molecule techniques: atomic force 

microscopy and magnetic tweezers. Our results on higher-order compaction are compared to 

mononucleosome AFM data published previously and help to explain the function of PTMs 

on different hierarchical structures. Our magnetic tweezers measurements follow the 

workflow presented in Chapter 2.2 and provide a better understanding of PTMs structural 

differences by gradually disrupting nucleosomal array.  

Finally, a discussion of the findings of this work will be given in Chapter 4.  
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2. Results 

 

2.1 The calibration of magnetic tweezers 

Single-molecule MT enables us to control stretching forces and rotational orientation of 

molecules tethered between a surface and magnetic beads. Before doing measurements to 

probe molecules and their interactions of interest, it is crucial to determine the spatiotemporal 

resolution and to test the limitations of our home-built setup. In addition, force calibration is 

necessary to obtain the forces corresponding to different magnet positions. Allan deviation 

(AD) is a tool commonly used for testing the resolution of tracking beads (see Materials and 

Methods). By incubating different sizes of reference beads: 1 or 3 m diameters, to stick to 

the surface, irrespectively, I tracked the z-signal of the reference beads (see Materials and 

Methods) and it shows that the resolution achieves the highest (i.e. lowest σz) when  s 

for both 3 m and 1 m reference beads. Comparing bead sizes, the 3 m reference bead 

achieves higher resolution than 1 m reference beads, consistent with a simple model based 

on Mie scattering [135]. 3 m bead shows the lowest Allan deviation at  ~0.03 nm while 1 

m bead shows Allan deviation ~0.06 nm (Supporting Information & Supplementary Figure 

5.1). The results confirm that our home-built setup achieves spatiotemporal resolution similar 

to previously published results [109, 135, 136] and can sensitively detect changes in bead 

height caused by the changes in sample structure. In addition, I performed force calibration 

by analysis of the horizontal fluctuations due to Brownian motion. The results of force-

extension measurements using the long 20.6 kbp DNA used for force calibration are well 

described by the worm-like chain model [113, 114, 137], with values in good agreement with 

previous literature (Supporting Information & Supplementary Figure 5.2). The results show 

that our home-built setup is ready for the study of biomechanical properties of biopolymers.      
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2.2 High-yield, ligation-free assembly of DNA constructs with 

nucleosome positioning sequence repeats for single molecule 

manipulation assays 

My protocol for the construction of end-labeled DNA constructs for single-molecule 

experiments has two key PCR steps (Figure 2.1a). In the first step, regular primers are used 

in PCR reactions that include modified nucleotides to generate ~380 bp labeled DNA 

constructs. These labeled DNA constructs are used as “megaprimers” in a second PCR 

reaction with regular nucleotides to generate the final ~kbp DNA constructs with labeled 

ends. 

2.2.1 Generation of labeled megaprimer constructs by PCR 

I assembled 380 bp dsDNA labeled megaprimer constructs by PCR. In the PCR reaction to 

assemble functionalized megaprimers, I used 20 nt forward and reverse primer, pFMP218 as 

template, and a non-proofreading Taq polymerase or KOD Hot Start polymerase (see 

Materials and Methods ). I added biotin-16-dUTP or DBCO-(PEG)4-dUTP to the PCR 

reaction, up to 50% of modified dUTP. Gel analysis shows that the PCR reactions with 

labeled nucleotides yield single bands (Supplementary Figure 5.3). As the percentage of 

modified dNTPs increases, a decrease in amplicon mobility is observed. This is consistent 

with the previously observed change in mobility due to the bulky side chains introduced by 

biotin-dUTP derivatives [138]. I similarly attribute the mobility shift of the DBCO-(PEG)4-

dUTP substitution to the bulky side chain. I find that amongst the tested conditions, the 

mobility of the amplicons is lowest (and thus the number of incorporated labels the highest) 

for KOD Hot Start polymerase with 50% dTTP substitution (Supplementary Figure 5.3). I, 

therefore, used the megaprimers generated using the combination of KOD polymerase and 

50% dTTP substitution in the subsequent steps. 

2.2.2 Megaprimer PCR reaction to generate labeled DNA constructs for single-molecule 

measurements 

The megaprimer approach has originally been used for site-direct mutagenesis. More 

recently, the approach has been expanded by using biotin-labeled and dig-labeled 

megaprimers to generate DNA constructs with multiple labels at both ends by PCR 

amplification [119]. I optimized conditions to assemble labeled DNA construct with arrays 
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of nucleosome positioning sequences by PCR. A biotin-labeled megaprimer is used in this 

second PCR step as the forward primer and a DBCO-labeled megaprimer is used as reverse 

primer, to generate final DNA constructs with functionalized ends (Figure 2.1a). To suppress 

off-target products, I prepared a linear template by PCR amplification. As the template, I 

used a 2823 bp plasmid DNA comprising three Widom 601 sequences. I followed the 

megaprimer method described previously [119] as a starting point, which uses KOD Hot 

Start polymerase, which is thermostable and designed to amplify difficult amplicons. I 

optimized PCR reaction conditions by adding DMSO and decreasing the polymerase 

concentration (Supplementary Figure 5.4a and 5.4b and Materials and Methods ). To test the 

applicability of the customized protocol, I combined different substitutions of megaprimers 

to process PCR reactions. In my final protocol, I use megaprimers prepared with 50% 

biotin-dUTP and 50% DBCO-dUTP substitution (Supplementary Figure 5.4).  

To test the reproducibility of our protocol, I performed 5 repeats of the PCR amplification 

for different megaprimer combinations. I find that each repeat of the experiments 

successfully amplified the target products (Supplementary Figure 5.4c,d). To assess the 

purity from the PCR amplifications, I quantified the target product intensity relative to the 

integrated lane intensity (Supplementary Figure 5.4e). The average purities from different 

combinations of megaprimers show similar values for different megaprimers used and are 

>50% in all cases tested. In summary, my optimized megaprimer PCR approach enables 

reproducible amplification of high purity DNA constructs with specific modifications at 

both ends. The yield and purity are considerably higher than what is achieved in previous, 

ligation-based protocols, which is critical in particular for nucleosome assembly on the 

functionalized DNA. In addition to the DNA constructs with three Widom 601 nucleosome 

positioning sequences, I also generated a functionalized DNA construct with one Widom 

601 (Supplementary Figure 5.6) and my colleague, Dr. Pauline Kolbeck, generated a longer 

6.6 kbp DNA without nucleosome positioning sequences (Supplementary Figure 5.7) under 

my instruction, using the megaprimer approach with biotin and DBCO labels. In both cases 

we obtained torsionally constrained DNA tethers suitable for magnetic tweezers experiments 

(Supplementary Figure 5.6 and 5.7), demonstrating the versatility of the approach. 



Chapter 2 – Results 

34 

 

 

Figure 2.1: Ligation-free megaprimers PCR-based DNA assembly method. (a) Schematic 

of the ligation-free method to synthesize torsionally constrained DNA. Briefly, two sets of 

20-bp ssDNA primers and linearized templates are used in PCR reactions to make two multi-

labeled ~380 bp DNAs that become the megaprimers. The two megaprimers are labeled with 

biotin and DBCO, respectively. A linearized template with three repeats of the Widom 601 

sequence (shown schematically as grey bars) is used for subsequent PCR to get the final 2823 

bp PCR construct. (b) Visualization of the PCR result by gel electrophoresis. The left lane 

(“L”) has a DNA size ladder (1 kb PLUS, NE Biolabs). The black arrow in the left lane (“P”) 

indicates the position of PCR product. 
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2.2.3 Force response of megaprimer DNA constructs in magnetic tweezers 

To obtain a high density of labels on the DNA, I used 50% Biotin-dUTP and 50% DBCO-

dUTP megaprimers for amplification and tested the resulting labeled DNA construct in our 

single-molecule magnetic tweezers set up (Figure 2.2a and  Materials and Methods). In the 

magnetic tweezers flow cell, the 2823 bp DNA tethers were anchored with copper-free click 

chemistry [128] to the surface and via biotin-streptavidin coupling to magnetic beads. I 

tracked the position of the magnetic beads while applying calibrated forces [108, 139]. From 

the mean extension as a function of applied force, I obtained force-extension curves (Figure 

2.2b). As expected, the force-extension behavior of DNA closely follows the extensible 

worm-like chain (WLC) model until ~40 pN. At forces > 60 pN, the force-extension 

response of the DNA tethers exhibits two different behaviors: some molecules still behave 

similarly to the worm-like chain model, while others exhibit overstretching behavior at 

about 65 pN, which corresponds to the characteristic signature of stretching torsionally 

unconstrained double-stranded DNA [111, 140, 141]. The absence of an overstretching 

transition in our force range for some DNA tethers is consistent with the expectation for 

fully torsionally constrained DNA, for which the overstretching transition is suppressed at 

forces below 110 pN [111, 141].  

To determine the lifetime of our DNA tethers under mechanical load, I subjected them to a 

constant force of 45 pN and recorded the position traces of the beads until rupture of the 

molecular tethers. I analyzed the lifetimes until rupture and find an approximately 

exponential lifetime distribution with a fitted mean lifetime of 70 ± 3 h (Figure 2.2c). The 

DNA construct is modified with multiple biotin and DBCO labels at the opposite ends. The 

DBCO based coupling has been reported to provide force stability up to nN [125, 128]. In 

contrast, while the streptavidin-biotin bond has an extraordinarily high affinity (Kd ~ 10-14 

M), the Interaction is non-covalent and can be broken under external forces well below 1 nN 

[120, 122, 142]. The tetrameric structure of streptavidin and its non-specific coupling for 

commercially available beads means that different force-loading geometries are possible, 

which gives rise to a broad range of multi-exponential lifetimes [120-122]. Previous work 

has shown that an engineered monovalent variant of streptavidin in the most stable geometry 

(1SA) exhibits a lifetime  = 11.2 ± 0.4 h at 45 pN for a single biotin-streptavidin bond. I 

attribute the fact that I observed an even longer lifetime than what was found for the single, 

engineered streptavidin at the same force, despite using commercially available beads 

without the optimized streptavidin, to the fact that our tethers feature multiple biotin labels 
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that can bind to the bead and, therefore, significantly increase the overall lifetime under 

force. Similarly, Janissen et al. have investigated different DNA constructs by using 

magnetic tweezers [124]. They found that the lifetime under a force of 45 pN for traditional 

biotin and digoxigenin-based DNA anchoring is only ~7 min. If the digoxigenin is replaced 

by covalent anchoring while retaining  

 

Figure 2.2: Force spectroscopy experiments on megaprimer generated DNA constructs 

in magnetic tweezers. (a) Schematic of the magnetic tweezers set-up. The flow cell surface 

is functionalized with azide-(PEG)4-NHS. The DNA construct has two handles, one labeled 

with multiple biotins and the other with multiple DBCOs. The biotins bind to multiple 

streptavidins that coat the magnetic bead and DBCOs at the other end form the covalent bond 

with the azide group. (b) Force-extension curves of DNA molecules anchored as shown in 

panel a. Representative force-extension measurements of torsionally constrained (yellow), 

unconstrained DNA molecules (brown), and co-plot of the extensible WLC model with a 

bending persistence length of 45 nm (black dashed line). Torsionally unconstrained DNA 

exhibits the overstretching transition near 65 pN; the torsionally constrained molecule does 

not overstretch at 65 pN. (c) Fraction of DNA tethers remaining as a function of time when 

subjected to a constant force of 45 pN. The red line is an exponential fit to the data with a 

mean lifetime of (70 ± 3) h. Analyzing the torsionally constrained and unconstrained tethers 

separately, I find very similar lifetimes of 68 ± 2 h and 76 ± 3 h. (d) Extension-rotation curves 

at constant forces of 0.5, 1, 2, 5 pN indicate that the DNA construct is torsionally constrained 

and shows the well-known response of double-stranded DNA [105, 143]. 
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the single biotin-streptavidin linkage at the other end, the lifetime increases to ~3 h, 

highlighting the dramatic increase in force stability afforded by replacing the dig-antidig 

coupling to the surface with a covalent attachment approach. The fact that I achieve an 

approximately 20-fold longer lifetime compared to Janissen et al. might be due to their 

lower label density or the fact that they used neutravidin instead of streptavidin [116, 124]. 

2.2.4 Torsional response of megaprimer DNA constructs in magnetic tweezers 

To determine whether the attachment protocol with multiple labels at both ends enables 

supercoiling experiments on DNA tethers, I systematically under- and overwound the DNA 

by rotating the magnets from –16 to 16 turns at forces of 0.5, 1, 2, and 5 pN (Figure 2.2d). 

Below 1 pN, the rotation curve of DNA behaves symmetrically and the extension of DNA 

decreases on overwinding or underwinding past the buckling point [105, 116, 143]. At 1 and 

2 pN, the extension-rotation response of the DNA is asymmetric, due to torque-induced 

melting of the DNA [144]. Overall, the measurements recapitulate the well-known 

extension-rotation response of double-stranded DNA. I typically obtain 50% of 

supercoilable (i.e. fully torsionally constrained) DNA tethers (27 of 57 tethers), comparable 

to previous protocols [118, 119]. For the 6.6 kbp DNA construct without nucleosome 

positioning sequences, Pauline Kolbeck performed additional experiments using high-speed 

tracking at 1 kHz and recapitulate also the known behavior of the variance of the extension 

fluctuations upon over- and underwinding [145] (Supplementary Figure 5.7c,d). 

2.2.5 Estimation of labeling efficiency from magnetic tweezers rupture time traces 

Examining the extension time traces prior to tether rupture carefully, I find occasional steps 

in the tether extension (Figure 2.3a). Increases in tether extension prior to tether rupture are 

consistent with the disruption of biotin-streptavidin bonds, where the final rupture 

corresponds to the last biotin-streptavidin pair. Prof. Jan Lipfert quantified the observed 

steps and find a rather broad distribution with a mean step size of 13.0 nm ± 14.8 nm (mean 

± standard deviation). We then compared the experimental step size distributions (Figure 

2.3b, grey bars) to a simple model for step sizes based on the experimentally used 

megaprimer sequences  

 



Chapter 2 – Results 

38 

 

 

Figure 2.3: Analysis of tether rupture steps to estimate the labeling efficiency for DNA 

tethers. (a) Examples of the rupture steps in extension time traces under an applied force of 

45 pN (red lines). The black lines are steps in the traces as determined by a step-finding 

algorithm [146]. (b) Experimentally observed step sizes in extension time traces before tether 

dissociation (gray bars; N = 41 steps). Co-plotted are the step size distribution predicted by 

our simple model (see “Model for the step size distributions” in Materials and Methods) that 

takes into account stochastic label incorporation for three selected values of the label 

probability Plabel (color lines; Plabel values are indicated in the legend; simulation results are for 

100,000 simulated tethers for each condition). (c) Goodness of fit comparing simulated step 

size distribution with the experimental data. The goodness of fit is computed as the sum of 

squared differences of normalized counts in each bin for simulated and experimentally 

observed data. (d) Mean step size from simulated step size distributions vs. Plabel. The 

horizontal dashed line corresponds to the experimentally determined value. Standard errors of 

the mean are not shown, as they are smaller than symbols sizes.  

 

and simulated label incorporation (see the section “Model for the step size distributions” in 

Materials and Methods). This simple model can account for the overall shape of the 

observed step size distribution, with an initial sharp increase and subsequent slow decay of 

the probability of steps with their size. The predicted step size distribution shifts to smaller 

step sizes for higher label efficiencies Plabel (Figure 2.3b, colored lines), where Plabel 
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represents a combined effective probability of incorporating a label and binding to an 

available streptavidin. We find good agreement both of the mean step size and overall 

distribution (Figure 2.3c,d) for Plabel = 0.1. The best fitting value of Plabel = 0.1 is 5-fold 

lower than the ratio of labeled nucleotides in the PCR mix (which is 50%), which suggests 

that the KOD polymerase used in our experiments preferentially incorporates unlabeled 

nucleotides, similar to what has been reported for other polymerases [147-152] and/or that 

not all incorporated biotin labels attach to a streptavidin binding site, likely due to steric 

constraints. These observations are also consistent with the finding that, while in principle 

torsionally constrained attachment of DNA or RNA tethers only requires two attachment 

sites at each end, in practice at least ~10 potential attachment sites should be incorporated at 

the respective ends to ensure a high number of stable and torsionally constrained tethers 

[140]. 

2.3 Epigenetic histone modifications H3K36me3 and 

H4K5/8/12/16ac induce open polynucleosome conformations 

via different mechanisms 

 

My megaprimer assembly-based DNA construct shows proof-of-concept results. That means the 

approach can facilitate the study of DNA interactions with nucleoprotein complexes. I utilize 

the protocol to investigate the influences of epigenetic histone modifications on structural 

dynamics by using magnetic tweezers force spectroscopy and provide complementary results 

from AFM imaging.   

2.3.1 Magnetic tweezers force spectroscopy probes unmodified, 

H4K5/8/12/16ac, and H3K36me3 tri-nucleosome constructs  

 

To test whether my megaprimer assembly-based DNA construct can be used to assemble and 

measure nucleosomes, and also further study the behavior of variants nucleosomes under 

controlled stretching forces by using multiplexed magnetic tweezers, I assembled different 

variants nucleosomes on a 2823 bp DNA construct with biotin labels on one and DBCO 

labels at the other end, separated by unmodified DNA from a central segment containing 3x 

W601 and 50 bp of linker DNA each (Figure 2.4a) to reconstituted unmodified, H3K36me3, 

and H4K5/8/12/16ac tri-nucleosomes. The biotin labels enable attachment to streptavidin-
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coated magnetic beads (M270, 2.7 μm diameter), while the DBCO labeled-end provides 

covalent attachment to azide-functionalized glass slide surface via copper-free click 

chemistry [153] (Figure 2.4a). To confirm the assembly of nucleosomes and to quantify the  

Figure 2.4: Probing tri-nucleosomes in magnetic tweezers (a) Schematic of the DNA 

construct used for magnetic tweezers. The 2823 bp DNA consists of three 147 bp Widom 601 

nucleosome positioning sequences that are flanked by a 589 bp short arm and extra 374 bp 

fragment with DBCO labeled, and a 931 bp long arm and extra 388 bp fragment with biotin 

labeled, respectively. (b) Schematic of the magnetic tweezer set-up. Nucleosomes are 

reconstituted on DNA with two functionalized ends, one labeled with multiple biotins and the 

other with multiple DBCOs. The DNA construct is amplified by using the ligation free 

“megaprimer” method described previously [153]. The flow cell surface is functionalized 

with azide-(PEG)4-NHS. The magnetic beads are labeled with streptavidin. (c) Force-

extension curves of different variant nucleosomes and bare DNA anchored as shown in panel 

A. Nucleosome samples were stretched under applied forces from 0.5 to 30 pN. (d) Force 

ramp at low force (Force ≤ 8 pN; top) of different variants of nucleosome. The extension time 

traces (color curves; bottom) show different length plateaus at forces ≤ 8 pN that indicate 

outer turn unwrapping and unstacking of polynucleosomes. Same color code as in panel c.  
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different polynucleosome populations, I used AFM imaging to count the number of 

successfully assembled bare DNA, and DNA with mono-, di-, tri-nucleosomes 

(Supplementary Figure 5.8). The population distributions for unmodified, H3K36me3, and 

H4K5/8/12/16ac within experimental errors, show a simple binomial distribution. We also 

performed the same analysis on assembled DNA with  variants nucleosomes used for AFM 

measurement (see Materials and Methods) as discussed in Chapter 2.3.4 with a simple 

binomial distribution (Supplementary Figure 5.11). Both results imply that nucleosome 

assembly on three Widom 601 sites is relatively uncooperative under the conditions of our 

experiments, consistent with previous observations [154]. 

 

I performed force-extension experiments on polynucleosome arrays by applying constant 

forces in the magnetic tweezers from 0.5 to 30 pN in 0.2 pN increments, each for 5 s (for 

forces > 8 pN) or 10 s (≤ 8 pN). My master’s student, Evdoxia Karagianni, assisted me force-

extension experiments on DNA. The raw extension traces reveal considerable variability for 

all variant polynucleosomes (Figure 2.4d and Supplementary Figure 5.9), showing the 

heterogeneity and complexity of our reconstituted samples. The time traces also reveal that, 

superimposed on the expected force-extension stretching response of double-stranded DNA, 

there are jumps and hopping events visible in the data, qualitatively in line with nucleosomes 

unwrapping and unstacking. I compared the different tri-nucleosome constructs by taking the 

mean extension for each force plateau to obtain force-extension curves (Figure 2.4c). I find 

that at low forces (≤ 8 pN), the unmodified nucleosome tethers tend to have a shorter 

extension compared to H3K36me3 and H4K5/8/12/16ac. In addition, the raw extension vs. 

time traces below for forces ≤ 8 pN show that unmodified nucleosomes exhibit larger 

fluctuations due to hopping or stepping contributions compared to H3K36me3 and 

H4K5/8/12/16ac constructs (Figure 2.4d and Supplementary Figure 5.9). At high forces (> 8 

pN) all types of nucleosomes show steps with comparable properties.  

2.3.2 Repeated stretching and release cycles indicate that mechanical forces 

disrupt some but not all nucleosome interactions 

I observe clear differences in the tether responses between the first stretching cycle (going 

from 0.5 to 30 pN) and the first release or second stretching cycle (Supplementary Figure 

5.10). After the first stretching cycle, the tether lengths at a given force are increased 

compared to the initial stretching cycle for all nucleosome variants investigated, suggesting 

that at least some of the nucleosome structures are permanently disrupted by applying forces, 
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in agreement with previous literature [98, 155]. Nonetheless, repeated force-extension cycles 

still show steps and a decreased extension, compared to bare DNA, at low forces, implying 

that some nucleosomes remain bound or can rebind even after stretching to 30 pN, consistent 

with previous observations that the core particle may reassemble upon relaxation after 

peeling off the inner turn DNA [98, 156-159].   

2.3.3 Force spectroscopy suggests a reduction of stacking and outer 

turn wrapping interactions in H4K5/8/12/16ac and H3K36me3 compared 

to unmodified nucleosomes  

The time traces in the low force regime (≤ 8 pN) exhibit a broad range of steps, hopping 

behavior, and gradual changes in extension, while the traces at higher forces show more 

clearly defined steps. I attribute the changes in the range of 2-8 pN to unwrapping of the outer 

turn of DNA from nucleosomes and the disruption of nucleosome-nucleosome interactions. In 

contrast, the defined steps at high forces (> 8 pN) agree with previous reports [97, 100, 101, 

155, 157, 160-166] of non-equilibrium peeling of the inner ~75 bp of DNA from the core of 

the octamer. Here, I first discuss the behavior at low forces (≤ 8 pN) and in the next section I 

analyze the steps at higher forces. 

To compare the different variant nucleosomes in force-extension measurements, I computed 

the mean extension in z for each force plateau and calculated the difference in z between 

adjacent force steps (Figure 2.5a), defined as Δz. Spikes in Δz correspond to abrupt jumps in 

tether lengths (Figure 2.5b). The computed Δz values show that all types of nucleosomes 

demonstrate multiple spikes from low to high forces (Figure 2.5b). Unmodified nucleosomes 

have higher density of spikes, and the spikes are distributed over a broader range of forces. 

For both H3K36me3 and H4K5/8/12/16ac, the spikes are less dense at low force regime (≤ 8 

pN) compared to the unmodified condition. I analyzed the Δz distribution at forces ranging 

from 2 to 8 pN. The result shows that H3K36me3 and H4K5/8/12/16ac have narrower 

distributions and a reduced population of events with Δz ≥ 10 nm compared to unmodified 

nucleosomes (Figure 2.5c). By calculating the relative population for Δz ≥ 10 nm, I find that 

H3K36me3 (4.6% ± 1.0%) and H4K5/8/12/16ac (4.9% ± 1.0%) exhibit significantly fewer 

large steps than unmodified nucleosomes (8.7% ± 1.2%). The reduced number of stepping 

events in the force range 2-8 pN for H3K36me3 and H4K5/8/12/16ac compared to 

unmodified tri-nucleosomes suggests that these PTMs disrupt nucleosome-nucleosome 
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stacking and outer turn wrapping. The magnetic tweezers observations indicate more open 

and diverse conformations for H3K36me3 and H4K5/8/12/16ac.  

 

Fig

ure 2.5: Analysis of force-extension reveals nucleosome unstacking and unwrapping. (a) 

Schematic of the Δz analysis, using the unmodified nucleosome force-extension curve from 

Figure 2.4b. I analyzed the force-extension data for polynucleosomes by averaging each force 

plateau’s z positions and subtracting the average z position from the previous force plateau to 

obtain Δz. (b) Δz vs. force data for unmodified (N=20), H3K36me3 (N=16), H4K5/8/12/16 

(N=17), and DNA (N=15). (c) Histograms of Δz values with kernel density estimates (solid 

lines) using the data in the force range 2-8 pN for different variant nucleosomes and bare 

DNA. The insets show histograms of Δz from 10 – 50 nm with kernel density estimates and 

the fractions of counts for Δz  ≥ 10 nm. A indicates the area under the curve for Δz from 10-

50 nm. The indicated error is the counting error. The fraction of events with Δz  ≥ 10 nm is 

significantly lower for H3K36me3 or H4K5/8/12/16ac compared to unmodified nucleosomes 

(p = 0.013982 and p = 0.021895 , respectively), while the difference between the two PTMs 

is not significant (p = 0.93985), based on two-sample two-tailed proportion tests. 
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2.3.4 Force spectroscopy finds no influence of the investigated PTMs 

on inner turn unwrapping of nucleosomes 

The Δz vs. force plots from variant nucleosomes also show that at higher forces (> 8 pN), 

there are multiple spikes regardless of nucleosome types (Figure 2.5b). The corresponding 

steps are consistent with inner turn nucleosome unwrapping. To quantify the effects of the 

investigated PTMs on inner turn unwrapping, I analyzed the extension steps at high forces (> 

8 pN) with the step-finding algorithm by Kerssemakers et al. [146] to identify unwrapping 

steps in our extension vs. time traces (Figure 2.6a). From the fits, I determine the differences 

between average extensions before and after the steps to obtain step sizes. The distributions 

of step sizes from the three different types of nucleosomes show very similar peaks with 

mean step sizes between 21-24 nm (Figure 2.6b), in excellent agreement with previous 

reports for step sizes of inner turn unmodified nucleosome unwrapping in the range of 20-30 

nm [97, 100, 101, 155, 157, 160-166]. In addition, I analyzed the forces at which the high-

force steps occur to quantify the force range of inner turn unwrapping. I again find 

remarkably similar force distributions for all types of nucleosomes studied, with mean forces 

well within experimental error, at 19-20 pN (Figure 2.6c). The results suggest that the 

H3K36me3 and H4K5/8/12/16ac PTMs have no significant effects on inner turn nucleosome 

disassembly. Inner turn nucleosome unwrapping is sudden due to the strong interactions near 

to positions ±40 bp of DNA from the dyad axis [23]. Overall, the interactions between the 

inner turn DNA wrap and the histone octamer involve both electrostatic and non-electrostatic 

interactions, while the outer DNA wrap interactions with the histone octamer are dominated 

by electrostatic interactions [23, 97]. Consequently, the changes at the N-tail due to 

H4K5/8/12/16ac or H3K36me3 are unlikely to affect the inner turn nucleosomal DNA 

unwrapping, consistent with our experimental findings.  
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Figure 2.6: Analysis of inner turn DNA unwrapping in tri-nucleosome constructs under 

force. (a) Example of discrete steps in time traces (colored data) at forces > 8 pN, 

characteristic of the unwrapping of the inner DNA turn from nucleosomes. Black lines are 

fitted steps using algorithm by Kerssemakers et al. [146]. Unmodified nucleosome, blue line; 

H3K36me3 nucleosome, yellow line; and H4K5/8/12/16ac nulceosome, red line. (b) 

Histograms of the step sizes for inner turn unwrapping as determined in panel A. Solid lines 

are Gaussian fits and the means are indicated in the panels.  (c) Histogram of the forces for 

inner turn unwrapping corresponding to the steps in panel b. Solid lines are Gaussian fits and 

the means and standard deviations are indicated in the panels. The step sizes and forces are 

not significantly different for any of the pairwise comparisons as determined by two-sample 

t-tests. 

2.3.5 Assembly and AFM imaging of tri-nucleosome arrays 

To prepare nucleosome samples for AFM imaging, My master’s student, Peter Müller, and I 

assembled different variant nucleosomes by salt gradient dialysis on 895 bp DNA constructs. 

I designed and prepared DNA construct featuring three Widom 601 (W601) sequences [17] 

partitioned by 50 bp of linker DNA and flanked by a short arm 120 bp and long arm 232 bp 

(Figure 2.7). The same DNA construct was used for the different nucleosome variants. Peter 

Müller deposited nucleosome samples on poly-L-lysine coated mica and recorded high-
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resolution AFM images (see Materials and Methods for details). AFM images (Figure 2.7) are 

obtained by amplitude modulation AFM in air and further analyzed to dissect the influences 

of PTMs on structural dynamics and geometry. The AFM images show populations of naked 

DNA, mono-, di-, and tri-nucleosomes (Supplementary Figure 5.11). I designed the DNA 

construct with two different length arms flanking the region with the W601 sequences to be 

able to determine nucleosome positioning. To quantify the positioning, we first evaluated the 

length of the two arms for individual tri-nucleosome particles (see Materials and Methods for 

details) (Figure 2.7e). The length of the short arm and long arm are 37.3 ± 8.4 nm and 71.6 ± 

6.4 nm, respectively. These results are in excellent agreement with the expected values of 38 

nm and 73 nm for short and long arm, assuming a DNA length per base pair of 3.14 ± 0.13 Å 

found previously by AFM imaging under similar conditions [24], fully consistent with the 

positioning of the nucleosomes on the W601 sequences.  

We used AFM imaging to confirm the assembly of different variant nucleosomes and 

quantify the different polynucleosome populations, by counting the number of mono-, di-, tri-

, and even occasional tetra-nucleosomes (requiring nucleosome loading to DNA outside of 

the W601 sequences) that are successfully assembled (Supplementary Figure 5.11). The 

populations for bare DNA, and DNA with one, two, three, and four nucleosomes are 

consistent, within experimental errors, with a simple binomial distribution (Supplementary 

Figure 5.11), which implies that the assembly of the different variant nucleosomes on the 

three W601 sites are all relatively uncooperative under the conditions of our experiments, 

consistent with previous observations [153, 154]. We find similar probabilities P for sites 

being occupied for the different variants, with nearly identical values for unmodified (P = 

0.418 ± 0.010) and H4K5/8/12/16ac (P = 0.415 ± 0.008). H3K36me3 exhibits a slightly 

lower occupation probability of P = 0.344 ± 0.008, which might be due to minor differences 

in the protein concentration due to experimental variability or due to a slightly lower affinity 

of the tri-methylated variant. Overall, AFM imaging confirms that nucleosomes of all three 

variants are assembled robustly on our DNA construct, with similar affinities and relatively 

low cooperativity between positioning sites. 
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Figure 2.7: Analysis of tri-nucleosome conformations by AFM imaging. (a) Crystal 

structure of a canonical nucleosome (PDB 1KX5). Colored spheres represent the positions of 

the modified amino acids in the histone tail. Residues involved in H3K36me3 (i.e. three 

additional methyl groups at lysine 36 of histone H3) are shown as a blue sphere and in 

H4K5/8/12/16 ac (i.e. acetylation of H4 histones at lysines 5, 8, 12 and 16) as green spheres) 

(b) Schematic of the DNA construct used for AFM imaging. The 896 bp DNA consists of 

three 147 bp Widom 601 nucleosome positioning sequences that are flanked by a short and a 

long arm of 122 bp and 233 bp, respectively. (c) AFM image of DNA and tri-nucleosome 

sample with a field of view of 3 µm x 3 µm  (recorded with 2048 x 2048 pixels). (d) Zooms 

of selected tri-nucleosomes in the AFM image in panel c. e) Histograms of short and long 

arm length of unmodified tri-nucleosomes, with a Gaussian fitted to each distribution (green 

solid line). Insets show example image of tri-nucleosomes with the poly-line profile indicated 

that was used to measure the arm lengths. Vertical lines are the expected arm length 

computed from the number of base pairs in the short and long arm, respectively, and 

assuming 0.314 ± 0.13 nm/bp. 

 

2.3.6 AFM imaging reveals conformational changes of tri-nucleosome 

arrays induced by epigenetic modifications 

To study the effect of selected PTMs on nucleosome structure, we analyzed the configuration 

of tri-nucleosomes by extracting several structure parameters from AFM images. In first step, 

we used process images in SPIP and identified the tri-nucleosome samples (Supplementary 

Figure 5.12). Nucleosome positions are ordered from the nucleosome closest to the short tail 

to the one closest to long tail (referred to as N1, N2, N3) and we extract the x and y positions 

of the nucleosome centers (Supplementary Figure 5.12). As a first geometric parameter to 

quantify tri-nucleosome conformations, we calculated the distance between the first 

nucleosome and the third, which we call the N1N3-distance. In addition, we computed the 

inner angle , defined as the angle between the lines connecting N2 to N1 and N3, using the 

formula  with  and b are two dimensional vectors of the nucleosome 

particles (Supplementary Figure 4.2D, , ). Finally, we determine the 

radius of gyration defined by ,  where (d1, d2, d3) are the distances from 

the nucleosome positions to their center of mass (Supplementary Figure 5.12).  

Peter Müller applied AFM imaging and image analysis to obtain distributions of the 

geometric parameters to quantify and compare the impact of the different PTMs (Figure 2.8). 

For each modification, we measured the radii of gyration as a parameter describing the 

overall nucleosome distances in the tri-nucleosome complex (Figure 2.8a,d,g), the distance 
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between the outer two nucleosomes (Figure 2.8b,e,h), and the angle at the inner nucleosome 

(Figure 2.8c,f,i). To facilitate a direct comparison of the impact of the nucleosome types, we 

smoothed histograms for a given parameter using a kernel density estimate (Figure 2.8a-i) 

and co-plot the resulting probability densities (Figure 2.8j-l).  

We find that the radii of gyration, N1N3-distances, and inner angles provide a highly 

consistent picture: The unmodified nucleosomes exhibit the most compact conformations, 

exhibiting narrow distributions, with the smallest mean values for all three parameters. 

Conversely, H4K5/8/12/16ac nucleosomes present the broadest range and largest average 

values, while H3K36me3 nucleosomes exhibit distributions for radii of gyration, N1N3-

distances, and inner angles that are intermediate between the other two nucleosome types 

(Figure 2.8j-l). Together, these data suggest that H4K5/8/12/16ac nucleosomes exhibit the 

least compact and most open conformations, while unmodified nucleosomes exhibit the most 

compact structures and H3K36me3 nucleosomes take on intermediate conformations. 

Comparing the mean values for radii of gyration, N1N3-distances, and inner angles, we find 

statistically significant differences (assessed by two-sample t-tests) with unmodified 

nucleosomes being most compact and H4K5/8/12/16ac taking on the largest values, except 

for the radii of gyrations comparison between H3K36me3 and H4K5/8/12/16ac and the inner 

angle comparison between unmodified and K3K36me3, which are not significant (Figure 

2.8p-r). In addition to comparing the overall distributions and their means, we looked at the 

subpopulations with open conformations, defined as having Rg, N1-N3-distance, or inner 

angle α values above a manually determined threshold (Figure 2.8m-o). The fraction of 

particularly open conformations increases, in almost all cases statistically significantly, in 

going from unmodified, to H3K36me3, and further to H4K5/8/12/16ac nucleosomes, further 

confirming the observations from the overall distributions (Figure 2.8m-o). In addition to 

comparing the means, we also compared the full distribution using Kolmogorov–Smirnov 

tests to compare the full distribution of Rg, N1-N3-distance, and inner angle α between the 

different variant nucleosomes (Table 2.1). We find statistically significant differences for all 

parameters (N1N3-distance, Rg, and inner angle α) and for each pairwise comparison, except 

for the inner angle comparison between unmodified and H3K36me3. The AFM results are in 

line with magnetic tweezers observations that indicate more open and diverse conformations 

for H3K36me3 and H4K5/8/12/16ac. Interestingly, while the AFM results suggest that 

H4K5/8/12/16ac tri-nucleosomes adopt the most open conformations (Figure 2.5), the 

magnetic tweezers measurements see the difference in Δz steps > 10 nm between H3K36me3 
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and H4K5/8/12/16ac is within experimental error (Figure 2.5). The more open configurations 

for H3K36me3 compared to unmodified tri-nucleosome arrays are in line with the behavior 

of the constituent mononucleosomes. Previous work using a high-throughout AFM analysis 

approach to probe mononucleosomes found that H3K36me3 mononucleosomes have 

increased breathing activity, are almost 2-fold less likely to occupy the fully wrapped state 

and exhibit less anti-cooperativity for unwrapping from the respective ends compared to 

unmodified nucleosomes [167]. In contrast, the same assay found no difference between the 

conformations of H4K5/8/12/16ac and unmodified mononucleosomes, in stark contrast to our 

findings for tri-nucleosomes.  

To be able to even more directly compare how mononucleosome conformations vary across 

the different PTMs under the conditions of our assay, We exploited the fact that in our tri-

nucleosome samples there is a sub-population of molecules with only one nucleosome 

assembled (Supplementary Figure 5.13). Dr. Willem Vanderlinden analyzed this sub-

population of mononucleosomes by tracing the DNA entry/exit angles (Supplementary Figure 

5.13). From the analysis of the mononucleosome sub-population in our tri-nucleosome data, 

we find that H3K36me3 nucleosomes have statistically significant larger mean exit angles 

compared to unmodified and H4K5/8/12/16ac nucleosomes, while there is no significant 

difference between the unmodified and H4K5/8/12/16ac condition, in excellent agreement 

with the previous analysis using mononucleome samples assembled on shorter DNA with 

only one W601 positioning sequence [57]. 

Type1 Type2 Parameter P-value 

Unmodified H3K36me3 Rg 1.2815e-06 

Unmodified H3K36me3 N
1
N

3
-distances  0.0039 

Unmodified H3K36me3 Inner angle  0.1624 

Unmodified H4K5/8/12/16ac Rg 5.5441e-15 

Unmodified H4K5/8/12/16ac N
1
N

3
-distances  2.5401e-15 

Unmodified H4K5/8/12/16ac Inner angle  4.2401e-09 

H3K36me3 H4K5/8/12/16ac Rg 9.9286e-04 

H3K36me3 H4K5/8/12/16ac N
1
N

3
-distances  5.6997e-06 

H3K36me3 H4K5/8/12/16ac Inner angle  2.0555e-05 
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Table 2.1: Pairwise comparisons by a two-sample Kolmogorov–Smirnov test between 

nucleosome types for radius of gyration (Rg), N1N3-distance, and inner angle.   
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Figure 2.8: AFM imaging reveals the impact of H3K36me3 and H4K5/8/12/16ac PTMs 

on tri-nucleosome conformations. (a-i) Probability distributions for radii of gyration, N1N3-

distances, and inner angles determined from AFM imaging for unmodified (a-c), H3K36me3 

(d-f), and H4K5/8/12/16ac (g-i) nucleosomes. Raw data are shown in the histogram. Solids 

lines are kernel density estimated. (j-l) show the kernel density estimates of the different 

nucleosome modifications co-plotted for each parameter for ease of comparison. The 

numbers of molecules analyzed for each condition are indicated in panels a, d, and g. The 

insets in panels b, c, e, f, h, and i show example AFM images of tri-nucleosome constructs 

with the N1N3-distances (blue line) and inner angles (green line) indicated. (m-r) Quantitative 

comparisons of the distributions from panels (a-l). panels m-o show the fraction of particles 

exhibiting values larger than a given threshold for the different parameters as indicated in the 

y-axis labels for the different nucleosome types, i.e. the fraction of tri-nucleosomes adopting 

a more “open” configuration. Error bars indicate the counting error. Bars between the 

columns indicate the results of a two-tail two-sample proportion-test. (p-r) Mean values of the 

parameter distribution for the different nucleosome types. The bars between the columns 

indicate the result of a two-tail two-sample t-test. Error bars indicate the standard error of the 

mean. ~ not significant, *p < 0.05, **p<0.01, ***p<0.001. 

 

Together, the observations suggest that the acetylation of H4K5/8/12/16ac nucleosomes 

primarily affects nucleosome-nucleosome interactions and the open, more dynamic 

conformations of H4K5/8/12/16ac tri-nucleosome mostly occur due to a decrease in stacking 

and/or binding interactions between the nucleosomes, compared to unmodified and 

H3K36me3. Our experimental observations for H4K5/8/12/16ac tri-nucleosomes are in good 

agreement with molecular simulations that investigated histone tail acetylation dependence of 

the free energy landscape of tri-nucleosome and found that tri-nucleosomes with H4 

acetylation have a larger Rg compared to unmodified nucleosomes and also reduce the contact 

between first and third nucleosomes mediated by the histone tails [168]. Our results support 

that H4-acetylation opens nucleosome array by reducing the inter-nucleosome interaction 

[169].  

2.3.7 Effect of the ion atmosphere on tri-nucleosome conformations 

Since chromatin structure is sensitive to the ionic environment [170-175], we performed 

control AFM imaging measurements using a different buffer composition and compared the 

structural parameters in the presence of different types of salt. It is well-known that Mg2+ can 

affect the compaction of chromatin [170, 173, 176, 177]. Mg2+ can help chromatin to turn 

from ‘beads-on-a-string’ into a 30 nm fiber in vitro [176] and Mg2+ and K+ mixed 

environment seems important for the structure of heterochromatin formation [178]. Previous 

work by sedimentation velocity analytical ultracentrifugation on nucleosome arrays in 
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different mixed salt solution shows that the additions of Mg2+ leads to the precipitation of 

nucleosome arrays in solution with KCl or NaCl [172]. Therefore, we compared the effect of 

the mixed ionic Mg2+ and K+ (2 mM MgCl2 and 100 mM KCl; which is approximately the 

physiological concentration of ions intracellularly) and used as the buffer for the 

measurements described above, to the 200 mM NaCl buffer condition, the standard deposition 

buffer employed previously to characterize the effect of PTMs on single nucleosomes [167]. 

The results show that both unmodified tri-nucleosome and the acetylated tri-nucleosome 

adopt more compact structures in the presence of Mg2+ and K+ (Supplementary Figure 5.14), 

in line with previously observed trends for chromatin. However, the effect of the change in 

ionic conditions is smaller than the effect of the PTMs on structure. In fact, the change 

induced by changing from the NaCl imaging buffer to the mixed conditions with Mg2+ was 

smaller, for all parameters analyzed, than the difference between unmodified and 

H4K5/8/12/16ac nucleosomes (Supplementary Figure 5.14). In conclusion, while we find that 

the addition of Mg2+ compacts tri-nucleosome arrays in agreement with previous findings, the 

observed influence of PTMs on the structure of tri-nucleosome is similar for different salt 

conditions and dominates under the conditions employed here. 
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3. Material and Methods 

3.1 DNA constructs preparations 

 

To prepare force calibration for MT measurement, we used a ~20.6 kb DNA construct The 

preparation of DNA has been described previously [116]. Briefly, the DNA construct is 

generated by ligation of handles (~600 bp) with fragments labeled with multi-biotin and 

multi-digoxigenin, respectively, to an unmodified middle DNA segment with 20,666 bp in 

length.  

To prepare DNA constructs for nucleosome array analysis, we prepared two different DNA 

constructs for the AFM and MT measurements, respectively. We used the plasmid pFMP218 

[190] as template to produce DNA constructs with nucleosome positing sequences. pFMP218 

is a custom-built plasmid (provided by Prof. Felix Müller-Planitz, TU Dresden, Germany) 

from a pUC18 backbone with 3 repeats of Widom 601 sequences inserted. [85]. The DNA 

construct for AFM measurements has a length of 896 bp. We prepared the DNA by PCR with 

Phusion Hot Start polymerase (follow the vendor’s protocol) by using forward primer 5’-

TAAGTTGGGTAACGCCAGG-3’ and reverse primer 5’-GGCCGATTCATTAATGCAGC-

3’. The final PCR product was purified with the QIAquick PCR Purification Kit (Qiagen). 

For MT measurement, The final design yields a 2823 bp DNA molecule with a 2055 bp 

central unlabeled segment, flanked by two ~380 bp labeled regions. I generated the 2823 bp 

DNA construct from pFMP218 as linear template for subsequent assembly by PCR with 

Phusion Hot Start polymerase (following the vendor’s protocol) using forward primer 5’-

GCAGAAGTGGTCCTGCAACT-3’ and reverse primer 5’-

CCGGATCAAGAGCTACCAAC-3’.  

Functionalized handles (the “megaprimers”; Figure 2.1a) were obtained by PCR 

amplification. I tested both Taq polymerase (New England Biolabs (NEB), Ipswich, MA 

USA) and KOD Hot Start polymerase (Novagen, Darmstadt, Germany) to prepare the 

functionalized handles and found both to give good yields of functionalized DNA product 

(Supplementary Figure 5.3). For both polymerases, I ran PCR reactions with added biotin-16-

dUTP or 5-DBCO-(PEG)4-dUTP (Jena Biosciences GmbH, Jena, Germany), respectively. 
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For Taq polymerase, the PCR reactions used 0.3 µM forward primer 5’-

GCAGAAGTGGTCCTGCAACT-3’, 0.3 µM reverse primer 5’-

CGCCGCATACACTATTCTCA-3’, 6 ng template DNA, and different amounts of biotin-16-

dUTP (0.16, 0.08, or 0.04 mM final concentration) in 20 µL 1 x Taq Master Mix (which 

contains a final concentration of 0.2 mM of each unmodified dNTP). The other PCR solution 

contains 0.3 µM forward primer 5’-CCGCTTACCGGATACCTGTC-3’, 0.3 µM reverse 

primer 5’-CCGGATCAAGAGCTACCAAC-3’, 6 ng template DNA, and different amounts of 

5-DBCO-(PEG)4-dUTP (0.16, 0.08, or 0.04 mM final concentration) in 20 µL 1 x Taq Master 

Mix.  

For KOD Hot Start polymerase, I followed a previous protocol [148]. I used the same DNA 

template and primers as for Taq polymerase and incorporated labeled dUTPs by replacing 

dTTPs in the PCR reaction mix [191] using either 25% or 50% biotin-16-dUTP or DBCO-

(PEG)4-dUTP (the final concentrations are 0.05/0.15 and 0.1/0.1 mM modified 

dUTP/unmodified dTTP), respectively. 

The functionalized PCR products are subsequently used as megaprimers to amplify the 

desired DNA substrate. I used KOD Hot Start polymerase for this PCR reaction. Instead of 

following the vendor’s protocol, I changed the reaction conditions to optimize the purity and 

yield of the target DNA (Supplementary Figure 5.4). My final protocol uses KOD Hot Start 

polymerase with a reaction solution containing 1.5 mM MgCl2, 0.16 mM x 4 dNTP, 1x KOD 

Hot start buffer, 7.5% DMSO (New England Biolabs), 200 ng forward megaprimer, 200 ng 

reverse megaprimer, 50 ng linear template from pFMP218, and 0.5 µL (1 unit/µL) KOD Hot 

start polymerase in 100 µL reaction volume. I used the following PCR cycling parameters: 

Initial denaturation at 95 ºC for 2 min; 35 cycles of denaturation at 95 ºC for 20 s, annealing 

at 60 ºC for 10 s, and elongation at 70 ºC for 65 s. The final cycle was followed by extension 

at 70ºC for 1 min. The PCR products were purified with the QIAquick PCR Purification Kit 

(Qiagen, Hilden, Germany) after each step of PCR amplification. One reaction with a final 

volume of 100 µl typically produces 0.6 µg DNA, of which approximately 70% is the 

correctly assembled megaprimer DNA (Supplementary Figure 5.4e). This amount of product 

is similar to a previously described megaprimer protocol using digoxigenin-labeling [148] 

and significantly higher than previous non-PCR based protocols [123, 147].  

I also tested PCR reactions using a 5x smaller reaction volume and 5x higher final 

concentrations of megaprimers and template DNA, using 10% DMSO and 1x KOD Hot start 
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polymerase MasterMix (Novagen, Darmstadt, Germany) (Supplementary Figure 5.5). The 

smaller final volume facilitates downstream processing and the higher megaprimer 

concentration has been suggested to increase yield [192, 193]. While the PCR reactions at 

higher concentrations yield functionalized DNA constructs, I find more off-target products 

(Supplementary Figure 5.5) and greater variability in yield. Therefore, I recommend the 

reaction described above with a final reaction volume of 100 µL. 

3.2 Magnetic tweezers setup  

We experiment on a home-built MT setup as described previously. Two magnets (5 x 5 x 5 

mm3; Supermagnete) with a 1 mm gap in vertical configuration [119] are placed in a vertical 

configuration on a motorized arm. We use a DC- motor (M-126.PD2, P1, Germany) to 

control the distance between magnets and the flow cell as well as a rotational motor (C-150. 

PD motor with C-863.11-Mercury controller, Physik Instrumente) to control the magnets’ 

rotation. An LED (69647, Lumitronix LED Technik GmbH, Germany) is used for 

illumination. We use a 40x oil-immersion objective (UPLFLN 40x, Olympus, Japan) and a 

CMOS sensor camera with 4096 x 3072 pixels (12M Falcon2, Teledyne Daisa, Canada) to 

image a field of view of 400 x 300 μm2. The objective is mounted on a piezo stage (Pifoc 

P726. 1CD, PI Physikinstrumente) to build a look-up table (LUT) for tracking the bead z-

position. With a step size of 100 nm, the LUT is generated over a range of 20 μm. Set up 

control and bead tracking use Labview routines described previously Cnossen et al. (36). The 

flow cell outlet is connected to a pump to handle fluid. 

3.3 Flow cell preparation for magnetic tweezers force 

spectroscopy calibration 

Two kinds of flow cells are built for force calibration or nucleosome array probing 

measurements, respectively. The flow cells are built from two coverslips (24 x 60 mm, Carl 

Roth, Germany). The bottom coverslip is functionalized using (3-Glycidoxypropyl) 

trimethoxysilane (abcr GmbG, Germany) or treated with 2% APTES to generate an 

aminosilanized surface.  After that, the functionalized coverslip is incubated with 100 ml of a 

5000x diluted stock solution of polystyrene beads (Polysciences, USA) in ethanol (Carl Roth, 

Germany) to serve as reference beads. The top coverslips with two 1 mm radius holes as 

openings are glued to the bottom functionalized coverslip by a single layer of melted 
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Parafilm. These immobile surface-bound beads serve as reference beads for drift correction. 

The bottom coverslip was aligned with a pre-cut parafilm and a top coverslip with two small 

holes for inlet and outlet. Then the assembled flow cell was baked at 80℃ for 1 min. 

3.4 Measurement of drift correction and Allan deviation 

The preparation of flow cell involves the incubation of 1 m diameter polystyrene reference 

beads to attach to the surface of the bottom slide. After preparation of the flow cell with 

reference beads, I flush the flow cell with PBS buffer. I record the z-positions of surface-

attached beads. I then subtract the z-position of one bead from another surface-attached bead, 

to determine the tracking precision. Traces are recorded for ~ 20 min at 58 Hz acquisition 

frequency. To understand the tracking limit of MT, I use Allen deviation (AD) to calculate the 

resolution [109]. The theory of Allen variance technique is closely related to signal 

averaging. Beads tracking is affected by Gaussian noise (fluctuation) with a variance of . 

Repeating the measurement N times and averaging the measured value help reduce the noise. 

Thus, by averaging more samples,  = , and the variance can be reduced. However, this 

application assumes that the noise sample are not correlated with each other. Drift can cause 

correlation of each signal and then decrease the effectiveness of signal averaging. Therefore,  

 can even increase above certain value of N. AD is a technique used to determine how 

many samples should be averaged to minimize the noise and to determine the spatiotemporal 

resolution of tracking algorithms [135, 179]. To calculate AD, I divide the time series 

measurements into multiple intervals. Each interval has certain amount of samples and the 

intervals overlap with each other. The AD of a particle position along the z-axis is defined as 

follows: 

 with  

Where  defines the time between consecutive samples and the time over which the sample is 

average. Therefore, the AD is one-half the average difference in position between consecutive 

intervals of duration .  
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3.5 20.6 kbp DNA measurement preparation 

To perform the measurements for force calibration, a flow cell functionalized with (3-

Glycidoxypropyl) trimethoxysilane (abcr GmbG, Germany) is incubated with 100 L of 200 

mg/mL anti-digoxigenin (abcam, Germany) in 1 x PBS (phosphate-buffered saline, Roche, 

Switzerland) for at least 1h. After that, the flow cell is rinsed with 800 L PBS to flush away 

non-binding anti-digoxigenin. To avoid non-specific interaction, 100 L 250 mg/mL of 

bovine serum albumine (Carl Roth, Germany) in PBS is incubated in flow cell for 1 h and 

followed by the rinse of  800 mL PBS. In the end, the DNA-beads solution is flushed into 

flow cell. To let ~20.6 kbp DNA attach to magnetic beads, 1 L picomolar ~20.6 kbp DNA 

stock solution is mixed with 13 L 2.8 m diameter streptavidin-coated M270 in 200 L PBS 

buffer (Thermo Fisher Scientific, Germany) beforehand. M270 beads are used for both force 

calibration and the further measurement of nucleosome arrays. To calibrate the magnet 

distance-to-force relation, I recorded the transverse fluctuations of the beads at different 

magnet separations and analyzed the Allan variance (AV) of the transverse fluctuations to 

quantify the force at each magnet position. 

3.6 Magnetic tweezers force calibration  

As described in Introduction 1.5, the force exerted by MT is given by  , 

where  is the induced magnetic moment of the bead in the external magnetic field . The 

applied force F can be calculated from the horizontal bead fluctuation .   

according to the equipartition theorem: F/l ·  , where T is the temperature, l as 

the extension of DNA nucleic acid and kB is the Boltzmann constant. The horizontal bead 

fluctuation is related to Brownian motion, which defines a bead’s movements in a harmonic 

trap with associated Langevin equation.  

 

where x(t) is the position of the particle as a function of time, m is the inertial mass, k is the 

trap stiffness attribution to applied force F,  the thermal force on the particle by 

random collisions with water molecules,  the friction coefficient defined as 

, with D as the beads diffusion constant,  the dynamic viscosity. The 

inertial term is negligible since the loss of kinetic energy through friction takes place on very 
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small time scale . Therefore, it yields a well-known Power spectrum density (PSD) of 

Brownian motion in frequency domain  [180]: 

=  

The fc = k/2  is defined as corner frequency, an indication of the highest frequencies in the 

system. Fitting this model to the measured PSD yields  and . Those two parameters can be 

used to calculate the applied force F and bead radius R as a control parameter for the fit 

which is known beforehand. To get more accurate and precise force, we chose Allan Variance 

(AV) model approach to find the right forces. AV, as a time-domain measure, it is half of the 

ensemble-averaged variance of the difference between two consecutive samples of position. 

AV is defined by the square of AD while a particle positions along x-axis. It plays a role as 

autocorrelation over averaged points. Wiener-Khinchin theorem can be used to related PSD 

with autocorrelation and variance. Therefore, previous P(f) can be converted into the 

following model for the AV [109, 181]: 

 

3.7 Nucleosome reconstitution 

Nucleosomes were assembled on the labeled DNA construct (2823 bp DNA) obtained using 

the megaprimer protocol outlined in the previous section for MT measurements. Unlabeled 

DNA construct (895 bp) obtained by PCR as described in the previous section is used for 

AFM imaging. Recombinant human histone octamers were purchased from EpiCypher 

(Durham, North Carolina). Samples were prepared via salt gradient dialysis following the 

protocol described previously [182]. In brief, containing 2.8 – 3 g of 2823 bp or 895 bp 

DNA and histone octamer (ratio of histone octamer to Widom 601 is 1 to 1-1.5) in 30 μL 

high-salt buffer (10 mM Tris-HCl, pH 7.6, 1 mM EDTA, 0.1% (w/v) Triton-X100, and 2 M 

NaCl) were incubated in a dialysis chamber (Slide-A-Lyzer MINI Dialysis Devices, 3.5K 

MWCO, Thermo Scientific) at 4C. Then, the dialysis chamber was transferred to a glass 

beaker with 300 mL high-salt buffer and 300 μL β-mercaptoethanol. 3 L low-salt buffer (10 

mM Tris-HCl, pH 7.6, 1 mM EDTA, 0.1% (w/v) Triton-X100, and 50 mM NaCl) and 300 

μL β-mercaptoethanol were transferred to the high-salt buffer overnight at 4C (at least 16 

h). The buffer exchange was achieved with a peristaltic pump to slowly introduce the low-
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salt buffer into the beaker with the dialysis chamber. Finally, we placed the dialysis chamber 

into 1 L low-salt buffer with 300 μL β-mercaptoethanol for 1-2 h. 

3.8 DNA or polynucleosome anchoring for magnetic tweezers 

experiments 

Following flow cell with aminosilanized surface assembly, 50 mM each of azide-(PEG)4-

NHS (Jena Biosciences GmbH, Jena, Germany) and methyl-(PEG)4-NHS (Life 

technologies) in 1 x PBS were introduced and incubated for 1 h [128]. To prepare the 

solution, 100 mg azide-(PEG)4-NHS or methyl-(PEG)4-NHS were dissolved in 100 µL 

DMSO, respectively, to prevent hydrolysis of the NHS ester during storage at –20C. I 

added 1 x PBS buffer to adjust to a final concentration of 100 mM for both azide-(PEG)4-

NHS and methyl-(PEG)4-NHS, respectively, and then mix equal volumes. The mixture was 

quickly filled into the incubation chamber for surface passivation to avoid hydrolysis. We 

found that the addition of salt in HEPES buffer (10 mM HEPES, pH 7.6) is necessary to 

immobilize DNA or polynucleosomes on the surface of the flow cell. Therefore, I mixed my 

DNA or polynucleosome sample in measurement buffer MB1 (MB1; 10 mM HEPES pH 

7.6, 100 mM KCl, 2 mM MgCl2, 0.1% Tween-20). Next, the flow cell was flushed with 500 

L MB1. DNA or polynucleosomes were dissolved in 100 L MB1, flushed into the flow 

cell and incubated for 1 h. Afterwards, I rinsed with MB2 buffer, which consists of MB1 

supplemented with 0.1% (w/v) bovine serum albumin (Carl Roth, Germany). The flow cell 

was rinsed with MB2 to flush out unbound DNA or nucleosomes. Subsequently, I flowed in 

1% casein for nucleosome samples or 1.5% (w/v) bovine serum albumin for DNA samples 

in MB2 into the flow cell, incubated for 1 h to minimize nonspecific interactions, and then 

flushed with MB2. Finally, I flushed in streptavidin-coated M270 beads (Dynabeads, 

Invitrogen) and incubated in the flow cell for 10 min. Subsequently, unbound beads were 

flushed out with 2 mL MB2. 

3.9  AFM sample preparation, imaging, and analysis 

We followed the previously published protocol to prepare samples for AFM imaging [24, 

167, 183-185]. The reconstituted nucleosomes were incubated in 100 mM KCl, 2 mM 

MgCl2, and 10 mM Tris-HCl, pH 7.6, for 1 min on ice and then deposited on poly-L-lysine 

(0.01% w/v) coated muscovite mica for 30 s, followed by 20 ml Milli-Q water rinsing and 
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drying with a gentle stream of filtered N2 gas. AFM imaging was performed on a 

Nanowizard Ultraspeed 2 (JPK, Berlin,Germany) with AFM cantilevers 240AC-NA (Opus) 

in air.  All AFM images were acquired in tapping mode at room temperature. The scans were 

recorded at 1 Hz line frequency over a field of view of 3 μm x 3 μm at 2048 x 2048 pixels. 

For image processing, Scanning Probe Image Processor (SPIP v6.5.1; Image Metrology) 

was employed. Image processing involved background correction by using global fitting 

with a third-order polynomial and line-by-line correction through the histogram alignment 

routine.   

3.10 Model for the step size distributions 

When subjecting the megaprimer-DNA tethers to constant forces, we observe stepwise 

increases in the tether length before tether rupture. Here we describe a simple, minimal 

model to account for the experimentally observed step size distribution. Since the covalent 

linkages used in our protocol are expected to be very force stable, we assume that only the 

biotin-streptavidin bonds dissociate under the constant loads exerted in the magnetic 

tweezers assay and cause the observed steps on the time scale of our experiments [122, 186]. 

As a starting point, we used the DNA sequence for the biotin megaprimer assembly. In our 

reaction, a fraction of the thymidine moieties in the DNA sequence is replaced by 

biotinylated uridine. However, it is important to note that not all thymidine moieties in the 

sequence will form bonds to the magnetic bead since i) the PCR reaction contains a mix of 

labeled and unlabeled nucleotides, ii) the polymerase might incorporate labeled and 

unlabeled nucleotides with different probabilities [152, 187], iii) not all labeled nucleotides 

will bind to a streptavidin on the bead due to steric constraints, amongst other reasons. We 

assume that the incorporation and subsequent binding to streptavidin of functionalized 

nucleotides are random and occurs with probability Plabel that we treat as a fitting parameter. 

We used a Monte Carlo approach whereby PCR reactions are simulated by randomly 

incorporating labels at T positions in the sequence with probability Plabel. To convert the 

simulated label positions in the sequence to step sizes, we further assumed that streptavidin 

can only bind labels that are at least 10 bp apart, corresponding to a minimal physical 

distance of ~3 nm, since it is unlikely that two streptavidin tetramers [188] would bind 

within one helical turn. Simulated step size distributions are obtained by converting the 

distances between subsequent incorporated and streptavidin bound labels from bp to nm 

using a conversion factor of 0.34 nm/bp, corresponding to the crystallographic length of 
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double-stranded DNA. The experimentally determined step size distribution is compared to 

the experimental data using an unweighted χ2-criterion. In addition, we compare the mean 

step sizes of the simulated and experimental data. 
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4. Discussion 

Magnetic tweezers are powerful instruments for a broad range of single-molecule measurements 

and applications. Over the decades, magnetic tweezers have been developed to provide high-

resolution and a large force range to dissect the dynamics and mechanical responses of 

macromolecules [122, 136, 189]. Besides, we can manipulate macromolecules by stretching or 

twisting them with magnetic tweezers [106, 140, 179, 190-192]. Furthermore, the tweezers 

generate a nearly homogenous force field over large distances which, combined with camera-

based detection, helps to track and manipulate multiple molecules in real-time [122].  

The mechanical properties of DNA have been studied over the past decades. DNA stores the 

genetic information and the human genome is composed of three billion base pairs with more 

than one-meter length in a stretched configuration. To compact DNA into a micrometer-sized cell 

nucleus, DNA forms chromatin by wrapping around histones. Therefore, the thesis mainly 

focuses on the properties of variant nucleosome arrays.  

To study how DNA forms nucleosomes, the basic unit of chromatin, and how post-translational 

modification affects the dynamics of nucleosomes, a robust tether should provide stability for 

probing nucleosome array samples. One of the commonly used attachments of nucleosome 

samples is to synthesize the DNA with multiple biotin and digoxigenin-labeled at both DNA 

ends respectively. However, the non-covalent bonds forming between digoxigenin (dig) on the 

DNA and anti-digoxigenin antibodies on the flow cell surface provide weak interactions. Thus, 

tethers are not stable and easy to rupture under high force. Besides, the preparation of DNA 

constructs for magnetic tweezers is time-consuming and low-yield. Here, I present a new 

method for preparing functionalized DNA constructs for single-molecule measurements that 

combines the benefits of ligation-free, high-yield megaprimer-based assembly and covalent 

attachment of DNA to the surface for very high force stability. My tethers are torsionally 

constrained and thus enable torque and twist measurements. In addition, they provide 

exceptionally high force stability, and I find an average lifetime of (70 ± 3) h at 45 pN using 

regular, commercially available streptavidin-coated beads. The high yield of correctly labeled 

DNA enables efficient nucleosome reconstitution by standard salt gradient dialysis. I anticipate 
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that my methodology will enable a range of measurements on DNA and nucleoprotein 

complexes that benefit from high yield and force stability.  

PTMs are a key factor that affects the structure and dynamics of chromatin fibers in the cell. 

They can have manifold effects on chromatin structure, such as entry site unwrapping, 

nucleosome destabilization, formation of active or repressive compartments, and histone-histone 

destabilization [26, 40, 59]. Here I investigate the conformations of post-translational modified 

nucleosomes using two single-molecule techniques: atomic force microscopy imaging and 

magnetic tweezer force spectroscopy. Specifically, I study the effects of the post-translational 

modifications H3K36me3 and H4K5/8/12/16ac on tri-nucleosome array structure and 

mechanical stability. I use tri-nucleosomes, which have been reported to be the smallest cluster 

size found in cells [47], as a tractable model system for comparison of different PTMs on 

nucleosome arrays that build in complexity on our previous work on mononucleosomes in 

isolation [167].  

H3K36me3 and H4K5/8/12/16ac are known as markers of active regions in chromatin. Previous 

high-throughput AFM image analysis has shown that H3K36me3 mononucleosomes exhibit 

partial unwrapping and more open conformations compared to unmodified mononucleosomes, 

likely due to the position of the H3K36me3 mark at the DNA entry/exit site of the nucleosome 

[29, 92]. We confirmed this finding by analyzing the mononucleosome sub-population of our tri-

nucleosome samples and found significantly higher exit angles for H3K36me3 nucleosomes 

compared to unmodified and H4K5/8/12/16ac species. It has been found that PTMs at the 

entry/exit region enhance partial DNA unwrapping [26, 167, 193]. The results here suggest that 

the increased unwrapping induced by the H3K36me3 seen in mononucleosomes propagates to 

higher order nucleosome assemblies, as we observe more open and loose conformations for 

H3K36me3 compared to unmodified nucleosomes both by AFM imaging and magnetic tweezers 

force spectroscopy. The findings are in line with previous simulations that predict nucleosome 

breathing to affect their higher order structures, to result in more heterogeneous nucleosome-

nucleosome contacts [194]. 

The H3K36me3 modification is associated with DNA repair, alternative splicing, and 

transcription. It is enriched in the region of actively transcribed genes [195-197]. The finding that 

H3K36me3 leads to more open nucleosome array structures highlights a mechanism of how it 
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can facilitate access to histone-binding proteins, e.g. of protein carrying a PWWP domain [198] 

that interact with the H3K36me3 mark and regulate gene transcription [195, 197].  

Interestingly, the H4K5/8/12/16ac modification causes no significant changes in 

mononucleosome structure compared to unmodified mononucleosome [167], yet it leads to the 

most open and extended tri-nucleosome structures as judged by the AFM imaging results, of the 

three variants studied. This is consistent with the view that the H4K5/8/12/16ac mark, which is 

known to be associated with open chromatin conformations [78, 199], reduces nucleosome-

nucleosome interactions and stacking. The fact that H4K5/8/12/16ac tri-nucleosomes are more 

open and less compact than the H3K36me3 constructs suggests that nucleosome-nucleosome 

interactions can be more important and overrule nucleosome breathing and outer turn 

unwrapping. 

 In vitro work reveals that H4K5/8/12/16ac inhibits liquid-liquid phase separation, likely due to 

the decrease of multivalent interaction with other nucleosomes [37]. Our experiments are 

consistent with this observation of reduced liquid-liquid phase separation by H4K5/8/12/16ac 

nucleosomes, as we observe reduced nucleosome-nucleosome. In contrast, the inner turn 

unwrapping appears to not be influenced by the investigated PTMs, consistent with the view that 

their influence is limited to the entry-exit site and tail regions.  

Chromatin architecture is more open at transcriptionally active sites [200]. Here I demonstrate 

that epigenetic marks associated with active transcription can decrease chromatin compaction 

directly – not only by reducing nucleosome-nucleosome interactions but also by outer turn 

wrapping affinity. Taken together, my work suggests that the combination of force spectroscopy 

and AFM imaging can provide a comprehensive understanding of how different PTMs affect 

nucleosome assemblies and we anticipate our approach to be powerful to study the effect of other 

PTMs in the future. 

Perspective 

I built a robust nucleosomal positioning sequence (with 3 x Widom sequence) DNA tether for 

magnetic tweezers measurement, which will be useful to apply to the investigation of other DNA 

binding proteins or enzymes. It could be possible to generate a DNA construct with >3 x Widom 

sequences or different lengths of linker DNA by using the megaprimer assembly protocol to 
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build a complex nucleosome array system on magnetic tweezers. Here, I apply the approach to 

the study of different variant nucleosome structures and the results provide interesting views of 

H4K5/8/12/16ac and H3K36me3 regulation of nucleosome array. We can build higher-order 

structures of those different PTMs to look into the mechanism of nucleosome-nucleosome 

stacking and breathing. Previous research reveals that wild-type histone chromatin fibers with 

167- and 197-bp NRLs perform different structure transitions of nucleosome rupture, which have 

been quantitatively analyzed by magnetic tweezers measurement [101, 103]. We expect to build 

up a chromatin fiber to further look into the model of nucleosome-nucleosome stacking among 

different PTMs.  

In the nucleus, chromatin is hierarchically organized at different length scales. Over the past 

year, phase separation has been discussed as a mechanism to form compartmentalization in 

nucleus [37, 40, 200, 201]. In particular, liquid-liquid phase separation (LLPS) can be driven by 

various interactions between chromatin and other factors. It is known that H4K5/8/12/16ac is 

unfavorable to the formation of liquid-liquid phase separation [37, 194, 202]. It will be 

interesting to look into how H3K36me affects liquid-liquid phase separation in the future.  

H1 and H5 are well-known linker histones that cause chromatin structure more compact. 

Previous studies have applied single molecule force spectroscopy on H1 to chromatin fibers [99, 

203, 204]. Different subtypes of H1 link to cell differentiation and cell cycle [205-207]. We can 

further look into the influence of different subtypes of H1 on our tri-nucleosome array by 

dissecting nucleosome conformational changes. Besides, PTMs also interact with nucleosome 

“readers” by providing binding platforms to further regulate transcription. H3K36me3 

nucleosome interacts with proteins containing PWWP domain, e.g. LEDGF, HDGF, NDF1, 

HPR3, and so on to regulate transcription [195-197, 208]. In the future, we can investigate how 

those associated proteins change nucleosome structural dynamics while binding to the PTMs by 

using our magnetic tweezers assay.  
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5. Supporting Information 

 

5.1.1 Force calibration for magnetic tweezers 

Magnetic tweezers make it possible to investigate the behavior of structural transitions and 

the dynamics of individual biological molecules in solution in real time. In recent years, 

magnetic tweezers have been applied widely to the study of different biopolymers with 

insight into kinetics and the underlying mechanochemistry [105, 209, 210]. Magnetic 

tweezers can apply both stretching forces and torques to biological molecules by 

manipulating the movement of magnets [189-191]. To perform MT precisely and accurately, 

calibration is required to determine the applied force. Force calibration relies on video 

tracking to measure the position of a bead [139, 143, 211]. By comparing the measured 

Brownian motion of the bead, we can obtain the related applied force. However, due to 

temperature fluctuations, electronic noise, mechanical drift, and so on, drift is often a 

problem and causes the sensitivity and resolution of MT to be limited [109, 212]. Here, I 

performed experiments to calibrate the forces in magnetic tweezers and also analyzed the 

drift to estimate the spatiotemporal resolution under the influence of instrumental drift.  

 

5.1.2 Spatiotemporal resolution by Allan deviation computing 

Instrument drift is a general problem in high-resolution single-molecule measurements. To 

compensate for instrument drift, generally, I track at least two different beads, one that is 

tethered to the molecule of interest and one that is stuck to the surface as a reference bead. By 

subtracting the reference bead position, I can correct for drift and other noise sources. 

However, some drift components and other noise sources, in particular tracking noise, are not 

removed by reference subtraction. I use Allan deviation to quantify the tracking resolution of 

our setup. Allan deviation (AD) is a statistical analysis tool to identify the various noise types 

in a signal and provide the spatiotemporal resolution [212]. AD is defined as square root of 

one-half the average difference in position between adjacent intervals of length  over all 

intervals of length  [109, 135]. We can quantify the magnitude of noise components by 

tracking reference beads that are attached to the surface without undergoing Brownian 
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motion. I incubated 3 m or 1 m polystyrene beads on the surface of flow cell and track 

their positions (Supplementary Figure 5.1a). I subtract the position signals of two randomly 

selected stuck beads and calculate the AD for different intervals of length, , from 0.02 s to 

1000 s (see Material and Method, Supplementary Figure 5.1a,b). Both reference subtracted 

traces of 3 m and 1 m show that the z-position gradually increases overtime 

(Supplementary Figure 5.1b) after reference subtraction. 

 

 

Supplementary Figure 5.1: Allan deviation to analyze the spatiotemporal resolution of 

different size beads. (a) Schematic of the experiment (b) Time traces of the Z-position of 1 

m and 3 m surface-attached bead after reference subtracted. (c) Zoom of (b) to illustrate 

the calculation of Allan deviation (material and method) (d) Allan deviation of the Z axis vs. 

time of the measurement  (s). 

 

It becomes apparent that the measurement accuracy is affected both by drift and by the bead 

sizes. The fluctuations of the 1 m bead traces are larger than for 3 m bead. By plotting AD 

vs.   I find that 3 µm beads achieve AD ~0.6 nm at the lowest . As  increasing to 10 s, the 

AD decreases to the lowest value: ~0.03 nm, and then increases again (Supplementary Figure 

5.1d). This increase at long times is due to slow instrument drift. The results for 1 m beads 
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show similar trends, however with a resolution of ~2 nm at the lowest  and the best 

resolution of ~0.07 nm again at  = ~10 s. Our MT set-up can achieve the best resolution of 

0.03 nm at 10 sec (Supplementary Figure 5.1d). The data clearly indicate that larger beads 

provide a higher spatiotemporal resolution indicated by the lower AD for a given averaging 

time, in agreement with previous work [135, 136] and consistent with Mie theory, where the 

scattered light intensity is proportional to the bead area (Iscatt ) and the Allan deviation is 

proportional 1/  giving reduction of AD . Consistent with this prediction, the 

AD is ~3-fold lower for the larger bead in the range ~ 0.1 – 10 s, where tracking errors 

dominate. For   10 s, the AD increases again (Supplementary Figure 5.1d), which is to be 

expected due to drift at long times that is only imperfectly removed by subtracting a reference 

bead signal. 

5.1.3 Force calibration results  

To get the force value corresponding to different magnet position, I attached ~21 kbp DNA 

on M270 and then immobilized the DNA-bead complex to the flow cell (Materials and 

Methods, (Supplementary Figure 5.2a). Then I record the traces in x-y-z while moving the 

magnets to different positions from Zmag = 0.1 mm to 10 mm, defined as the distance 

between the magnets and the top surface of the flow cell. The two magnets generate a 

horizontal magnetic field along x-axis above the flow cell. Therefore, I analyze the 

fluctuation of x-axis: , with the correction of finite acquisition frequency of the camera 

and mechanical drift correction by Allan variance. The results show that magnetic force 

decreases exponentially as Zmag increases (Supplementary Figure 5.2b). The force range 

achieved using M270 beads is up to ~70 pN. I analyze the relative error, i.e. the standard 

deviation of the forces from the experimental data of different beads divided by the mean 

force (std(F)/F), and find that the relative error is approximated to 10% (Supplementary 

Figure 5.2c),  consistent with the previously reported bead-to-bead variation of 5-10% [139]. 

The force extension curves obtained from M270 beads are well described by the extensible 

worm-like chain model (WLC) [114], with contour length: ~7 m and persistence length 45 

nm (Supplementary Figure 5.2d).  
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Supplementary Figure 5.2: Force calibration by utilizing ~21 kbp DNA (a) Schematic of 

the Magnetic Tweezers set-up with two magnets (5 x 5 x 5 mm3; Supermagnete) with a 1 mm 

gap in vertical configuration [139] are placed in a vertical configuration on a motorized arm. 

(b) Force calibration for M270 magnetic beads (N = 10) as a function of the distance of the 

magnets to the flow cell. To get the function of the distance of magnets to the flow cell, we 

apply spline interpolation to our data. (c) The std(F)/F vs. force, shows that the force 

calibration has roughly 10% relative error, which is within the range of error that is 

commonly accepted in force measurements [139, 190, 211, 213]. Std(F)/F, dividing standard 

deviation of force by force from panel (b), is defined as relative error. (d) Force extension 

curve obtained from M270 beads with extensible WLC model fitting [114]. M270 beads can 

exert forces up to ~70 pN in our setup. 
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Supplementary Figure 5.3: Megaprimer generation by PCR in the presence of labeled 

nucleotides. Taq polymerase (“Taq”; NE Biolabs) and KOD Hot Start polymerase (“KOD”; 

Novagen, Darmstadt, Germany) were used for PCR amplification. Lane L: DNA ladder (1 kb 

PLUS, NE Biolabs) annotated on the left. DBCO-dU, DBCO-(PEG)4-dUTP; Bio-dU, Biotin-

16-dUTP; Taq, Taq polymerase; KOD, KOD Hot Start polymerase. The numbers indicate the 

percentages of labeled nucleotides in the PCR reactions. 
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Supplementary Figure 5.4: DNA amplification with megaprimers to produce labeled 

DNA constructs for single-molecule measurements. (a) Gel analysis of the products of 

PCR reactions using KOD polymerase to assemble labeled DNA constructs with a linear 

template with 3 repeats of the Widom 601 sequence and megaprimers generated by Taq 

polymerase in the previous step. The arrows indicate the expected size of the amplification 

product. PCR conditions are given in the legend. (b) Products of PCR amplification using 

KOD polymerase and different ratios of biotin and DBCO labeled megaprimers generated 

using either Taq and KOD polymerase (rightmost lane). 50KOD; 50% biotin-dU or DBCO-

dU labeled prepared using KOD polymerase in the previous step.  (c) 5 repeats of PCR 

experiments using KOD polymerase and Lane 1, 28% Biotin-dU/28% DBCO-dU; 2, 28% 

Biotin-dU/44% DBCO-dU; 3, 44% Biotin-dU/16% DBCO-dU; 4, 44% Biotin-dU/28% 

DBCO-dU; 5, 44% Biotin-dU/44% DBCO-dU megaprimers generated using Taq polymerase 

in the previous step. (d) 5 repeats of PCR experiments using KOD polymerase generated 

forward and reverse megaprimers. Panels c and d demonstrate the good reproducibility of the 

megaprimer PCR reactions. (e) Quantification of the target band intensity (labeled as P) and 

free megaprimer (labeled as F) to the integrated total intensity of all bands in the lane of the 

gels in panels c and d. Numbers refer to the same conditions as in panel c. Values and error 

bars are the mean and standard deviation from the 5 repeats. I achieve >50% target band 

intensity for all tested conditions. Image quantification was carried out in Image Lab (BIO-

RAD). I selected the relevant lanes and detected band intensities of each lane. Background 

intensities were subtracted by specifying the size of a rolling disk (disk size) that determines 

how closely the background level follows the intensity profile. 
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Supplementary Figure 5.5: Analysis of megaprimers PCR products obtained in high 

concentration PCR reactions. Gel analysis of the products of a modified PCR protocol that 

uses a smaller final reaction volume and correspondingly higher concentrations of 

megaprimers and template DNA compared to the protocols described in the main text, to 

facilitate downstream processing and to test whether this results in a higher yield. 

Megaprimer conditions are indicated in the panels. “Band intensity” is the intensity of the 

product band relative to the intensity in the entire lane. 

I performed the high concentration/low volume PCR reactions by using 200 ng forward, 200 

ng reverse megaprimer, 50 ng linear template, and 10% DMSO in 20 L 1 x KOD Hot start 

polymerase Master mix (compared to 100 µl final volume for the reactions described in the 

main text). I used the following PCR cycling parameters: Initial denaturation at 95 ºC for 2 

min; 35 cycles of denaturation at 95 ºC for 20 s, annealing at 60 ºC for 10 s, and elongation at 

70 ºC for 65 s. The final cycle was followed by extension at 72ºC for 1 min. I carried out 3 

repeats of each PCR reaction with a given set of megaprimer conditions and quantified the 

relative band intensity of the main product band compared to the integral of all band 

intensities in one lane. The results suggest that the high concentration/low volume reactions 

achieve a good yield of the correctly labeled product (visible as the main bands in the gels), 

but also tend to produce a significant number of longer products (visible as a smear above the 

main band). Previous work has suggested that megaprimer concentrations higher than 0.01 

M inhibit the PCR reaction[214]. In contrast, others have argued that megaprimer 

concentration between 0.02 and 0.04 M could be advantageous compared to 0.01 M [215, 

216]. I use 0.008 M megaprimers in the protocol described in the main text and 0.04 M 

megaprimer for high concentration / low volume reactions. The results suggest that both 

protocols are suitable for amplifying the final products, but that the lower 

concentration/larger volume reactions typically have better purity compared to high 

concentration/small volume reactions, which might be due to the increased tendency for 

megaprimer mispriming and nonspecific amplification at high concentration [215, 216]. One 

advantage of the higher concentration/lower volume reaction is that the subsequent PCR 

clean up step requires less material and fewer centrifugation steps due to the lower volume. 
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Supplementary Figure 5.6: DNA construct with 1x Widom 601 generated with 

megaprimer PCR reactions. (a) Schematic of the reaction. The overall approach is the same 

as in the main text (Figure 2.1a), but the DNA construct has only one Widom 601 sequence. 

~300 bp of both forwards and reverse megaprimer are labeled with, in this case, 25% Biotin-

16-dUTP and 7.5% DBCO-(PEG)4-dUTP. I performed PCR reactions with 200 ng forward 

megaprimers, 200 ng reverse megaprimers, and 50 ng linear template in 20 mL 1x Phusion 

Hot Start polymerase master mix. I used the following PCR cycling parameters: initial 

denaturation at 98 ºC for 2 min; 35 cycles of denaturation at 98 ºC for 30 s, annealing at 67 

ºC for 30 s, and elongation at 72 ºC for 90 s. The final cycle was followed by extension at 

72ºC for 10 min. PCR products were purified by using the QIAquick PCR Purification Kit 

(Qiagen, Hilden, Germany) after each step of PCR amplification. (b) Gel analysis of the 

resulting megaprimers and final products. 25BF, 25% Biotin-16-dUTP labeled forward 

megaprimer; 7.5DR, DBCO-(PEG)4-dUTP labeled reverse megaprimer; P, the final 1 x 

Widom 601 DNA products made from labeled megaprimer; Funlabeled, forward megaprimer 

without labels; Runlabeled, reverse megaprimer without labels; C, the positive control of 1 x 

Widom 601 DNA without labeled nucleotides. (c) Gel analysis of six repeats of the 

megaprimer PCR described above. The reaction achieves good yield and reproducibility. (d) 

Force extension curve of the 1x Widom 601 DNA construct in magnetic tweezers. The black 

line is a co-plot of the inextensible WLC model. (e) Coilability test of the 1x Widom 601 

DNA construct in magnetic tweezers. The DNA is twisted first at a force of 5 pN to –12 

turns; the fact that the extension does not change upon underwinding indicates correct 

tethering by a single double-stranded DNA. The DNA is then twisted at 0.5 pN to +12 turns; 

the fact that the extension decreases upon overwinding indicates that the DNA tether is 

torsionally constrained.  
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Supplementary Figure 5.7: Megaprimers PCR-based DNA assembly of a 6.6 kbp DNA 

construct and force spectroscopy experiments in magnetic tweezers. (a) Schematic of the 

ligation-free megaprimers PCR-based DNA assembly method to synthesize a torsionally 

constrained 6.6 kbp DNA construct. The overall procedure is the same as what is described in 

the main text and Figure 2.1a, however, this reaction uses a DNA without nucleosome 

positioning sequences and different primer sequences. Two sets of 24-bp (or 26-bp) ssDNA 

primers and linearized templates are used in PCR reactions to produce two multiply-labeled 

404 bp (or 418 bp) DNAs that become the megaprimers. The two megaprimers are labeled 

with biotin and DBCO, respectively. A M13mp18-template (NEB; linearized by BspH1 

enzyme (NEB)) is used for subsequent PCR to get the final 6555 bp construct. No DMSO 

was added. (b) Visualization of the PCR result by gel electrophoresis. The left- and right-

most lanes (labeled 1 and 7) contain a DNA size ladder (“L”,1 kb PLUS ladder, NEB). The 

megaprimers (lanes 2,3,4,5) were generated in PCR reactions using different amounts of 

biotin-dUTPs and DBCO-dUTPs, respectively, and appear at higher bp-values than their 

actual base pair numbers which is due to the biotin and DBCO labelling, which gives them a 

higher molecular weight. The final DNA construct (lane 6) is indicated by a red arrow. (c) 

Extension-rotation curve at a constant force of 0.25 pN indicates that the DNA construct is 

torsionally constrained. Extension data were recorded at 1000 Hz to enable analysis of the 

variance, in addition to the mean extension [145] (d) Variance of the extension fluctuations of 

the same bead shown in panel c. The 6.6 kbp DNA construct exhibits the typical response of 

double-stranded DNA, with decreasing extension and increasing extension fluctuations upon 

over- and underwinding [145].
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Supplementary Figure 5.8: AFM image shows the heterogeneity of nucleosome population. 

(a-c) AFM images of unmodified, H3K36me3, and H4K5/8/12/16ac nucleosomes reconstituted 

on 2823 bp DNA for the MT experiments. (d-f) Histogram of the number of variant nucleosomes 

assembled on the DNA constructs obtained from AFM images (N, DNA molecules; error bars are 

from counting statistics). Red points are the best fit of a binomial distribution with fitted 

assembly probability P = 0.55, 0.68, and 0.88 for unmodified, H3K36me3, and H4K5/8/12/16ac 

nucleosome reconstitution. 
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Supplementary Figure 5.9: Extension time traces in magnetic tweezers. Examples of 

extension time traces under applied force from 0.5 to 30 pN for different variant nucleosomes 

(Unmodified, blue lines; H3K36me3, orange lines; H4K5/8/12/16ac, red lines). 
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Supplementary Figure 5.10: Repeated force-extension cycles for different nucleosome 

variants. Examples of force-extension curves for unmodified (top row), H3K36me3 (middle 

row), and H4K5/8/12/16ac (bottom row) nucleosome constructs. Curves show the first stretch 

cycle from low to high forces (0.5 – 30 pN; “up”) and either the first release cycle (i.e. returning 

from high force down to low force; “down”) or, for the H4K5/8/12/16ac condition, the second 

stretch cycle (“up 2nd”).  
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Supplementary Figure 5.11: Quantification of nucleosome assembly on DNA from AFM 

images. (a-c) Histogram of the number of nucleosomes assembled on DNA strands for (a) 

unmodified (N = 2529), (b) H3K36me3 (N=3470), and (c) H4K5/8/12/16Ac (N = 3722) obtained 

from AFM images. The numbers in the legend indicate the number of DNA strands analyzed for 

each type of nucleosome. Red points are the best fit of a binomial distribution with fitted 

assembly probability for unmodified (P = 0.418 ± 0.010), H3K36me3 (P = 0.344 ± 0.008), 

H4K5/8/12/16ac (P = 0.415 ± 0.008). Error bars here indicates the counting error, errors of the 

fitted P values are the standard error of a binomial distribution. (d) Examples of AFM images of 

bare DNA, and unmodified type mono-, di-, tri-, and tetra- nucleosomes. The scale bar applies to 

all AFM images in panel d. 
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Supplementary Figure 5.12: Determination of geometric parameters from AFM images of 

tri-nucleosomes. Data analysis was performed in SPIP (Image Metrology). (a) AFM image of a 

selected tri-nucleosome sample. (b) A height threshold (Z range) is adjusted to detect the 

nucleosomes as areas of the topographic scan where this height limit is exceeded. (c) Using the 

particle detection feature the nucleosomes are then identified as three separate particles within 

the scan and their center positions are displayed in a table. The center positions are used to 

calculate the radius of gyration (Rg). (d) The nucleosomes are labeled N1, N2, and N3 following 

the DNA strand from short to long arm. For analysis we determine the N1N3-distance (blue) and 

the angle between the outer nucleosome centers and the center of the middle nucleosome (green).  
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Supplementary Figure 5.13: DNA exit angles for mononucleosomes. (a) Example AFM 

image of mononucleosomes selected from the AFM images of our tri-nucleosomes constructs. 

The traced DNA exit angles is indicated in the image. (b) Distribution of exit angles for 

unmodified nucleosomes (N = 133). (c) Distribution of exit angles for H3K36me3 nucleosomes 

(N = 160). (d) Distribution of exit angles for H4K5/8/12/16ac nucleosomes  (N = 120). (e) Mean 

exit angles for the three different mononucleosome populations. Error bars indicate the standard 

error of the mean. The stars indicate significance based on two-tail two-sample t-tests: ~ not 

significant, *p < 0.05, **p<0.01, ***p<0.001. 
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Supplementary Figure 5.14: Influence of Mg2+ on tri-nuclesome conformations probed by 

AFM imaging. Probability distributions as kernel density estimates for radii of gyration, N1N3-

distances, and inner angles for two different salt conditions for unmodified and H4K5/8/12/16ac 

nucleosomes obtained from AFM imaging. (a-c) Unmodified (d-f) H4K5/8/12/16ac. (a-f) show 

the kernel density estimates of the unmodified nucleosome with different types of salt co-plotted 

for each parameter. (g-l) show analysis of distributions from panels (a-f). ~ not significant,  *p < 

0.05, **p<0.01, based on two-tail two-sample proportion-test (g-i) and two-tail two-sample t-

tests (j-l). 
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