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Abstract

Doxorubicin, an intercalating chemotherapy medication, exerts its effects
by interacting with DNA and chromatin structure. Understanding the im-
pact of doxorubicin on the mechanical properties of DNA and chromatin
is essential for optimizing its therapeutic efficacy and minimizing side ef-
fects. However, the exact mechanisms through which doxorubicin induces
these changes remain poorly understood. Here we show that doxorubicin
significantly increases the contour length of DNA and induces a shift in the
linking number towards negative values, as it causes DNA to untwist. Gel
electrophoresis results further demonstrate histone dissociation in chro-
matin samples treated with doxorubicin, highlighting its disruptive effect
on chromatin structure. Our findings underscore the critical importance of
understanding drug-DNA interactions at the molecular level. By studying
how doxorubicin modifies DNA and chromatin structure, we contribute
to advancing scientific understanding and pave the way for the develop-
ment of improved chemotherapeutic agents tailored to more effectively
target cancer cells.
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Chapter 1
Introduction

Doxorubicin is one of the most effective chemotherapy drugs available
today [1]. However, despite its widespread use, the exact mechanisms
by which doxorubicin targets cancer cells and its selective toxicity remain
a topic of debate within the scientific community. Studies have shown
that doxorubicin intercalates into DNA, causing changes in the chromatin
structure and preventing the replication of rapidly dividing cells [2]. Fur-
thermore, DNA intercalating drugs are known to increase the distance be-
tween DNA base pairs and reduce the helical twist by an angle specific to
the intercalating molecule [3].

Magnetic tweezer experiments have been used to study intercalating
drug activities at a molecular level, demonstrating that the topology of
the DNA plays a critical role in regulating the initiation of transcription, a
process essential for the regulation of cell division [4]. As a result, a thor-
ough understanding of the DNA structure and how doxorubicin modifies
its mechanical properties is fundamental to advancing cancer treatment.

DNA is a negatively charged molecule consisting of two polynucleotide
chains held together by hydrogen bonds between complementary nucleotides
[5]. Each strand of the DNA helix twists in a right-handed spiral, with
ten nucleotides composing one complete turn. These nucleotides are co-
valently linked together to form a stable backbone structure. In eukary-
otes, DNA is wrapped around positively charged histone proteins, and
the compact structure of 145 base pairs (bp) of DNA wrapped around an
octamer of histones is called a nucleosome [6]. Nucleosomes, in turn, stack
onto each other to form tightly packed structures called chromatin.
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2 Introduction

The arrangement of DNA around histone proteins forming the chro-
matin, not only compacts the DNA allowing it to fit into the microscopic
space of the nucleus, but also plays an important role in regulating gene
expression [7]. The dynamic structure of chromatin allows for the con-
trolled access to genetic information, which is essential for various pro-
cesses such as DNA transcription, replication and repair.

Cancer cells differ from normal healthy cells by replicating at a signif-
icantly faster rate. The uncontrolled growth and accelerated rate of cell
division implies a disruption of the chromatin structure at a larger scale,
as chromatin is in a more open and accessible state to facilitate DNA repli-
cation [8]. During DNA replication, chromatin unwinds, and nucleosomes
are partially disassembled, creating opportunities for doxorubicin to inter-
calate into the exposed DNA. We hypothesise that the chemotherapy drug
doxorubicin works by exploiting this vulnerability, intercalating into the
accessible DNA and disrupting cancer cells’ cellular processes. Doxoru-
bicin may be more effective against rapidly replicating cancer cells due to
the increased presence of bare DNA, or it may cause nucleosome dissoci-
ation itself, further enhancing its therapeutic efficacy.

Throughout this research project, I conducted pulling and twisting ex-
periments with bare DNA in the absence and presence of clinically rele-
vant 5 µM doxorubicin using magnetic tweezers to observe doxorubicin’s
interactions [9] [10]. Pulling experiments were then repeated with chro-
matin to compare results as well as gel electrophoresis experiments. My
result supports the hypothesis that doxorubicin intercalation causes chro-
matin to become less stable, leading to histone dissociation and the cre-
ation of bare DNA.

By investigating these aspects, my thesis aims to contribute to a deeper
understanding of doxorubicin’s mechanisms, ultimately aiding in the de-
velopment of better cancer treatments.

2
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Chapter 2
Theoretical Context

By analysing the structural and mechanical changes of DNA and chro-
matin before and after the addition of doxorubicin, valuable information
can be obtained such as the number of doxorubicin molecules intercalated
and how it affects the mechanical properties of DNA. Understanding how
the extension of DNA and chromatin changes with applied force is crucial
when using single-molecule force spectroscopy techniques to quantify the
effects of doxorubicin.

2.1 Magnetic tweezers

Magnetic tweezers were used to manipulate a magnetic bead attached to
DNA or chromatin. The setup involved DNA or chromatin labeled with
digoxigenin on one end, which was tethered to an anti-digoxigenin coated
surface. The opposite end of the DNA or chromatin was labeled with bi-
otin, allowing it to bind to streptavidin on a magnetic bead. A force is then
exerted on the molecule by using a magnet which exerts a magnetic field
on the bead. The magnet position can be changed by using a motor so as
to twist or pull on the tethered bead. As the magnet position goes down,
the force exerted on the bead is increased, causing the bead (attached to
the DNA/chromatin) to increase in height as it is pulled up.

The force increases exponentially as the magnet approaches the bead,
according to the equation

F = Fmax · (0.7e−
h

L1 + 0.3e−
h

L2 ) + F0 (2.1)

Where h is the bead height, L1 and L2 are two decay lengths that describe

Version of June 25, 2024– Created June 25, 2024 - 10:33

3



4 Theoretical Context

the magnetic field, 1.4 mm and 1.8 mm respectively, F0 is 0.01 pN, and Fmax
is 85 pN when 2.8 µm beads are used, as is the case in this thesis [11].

The exponential relationship shows the sensitivity of the magnetic tweez-
ers used as small changes in the magnet position result in significant changes
in the applied force allowing for manipulation of DNA and chromatin al-
lowing for measurements done in the nm range.

2.2 Worm-like chain model

The elastic behavior of DNA in response to a pulling force can be described
using the worm-like chain (WLC) model. This model considers DNA to
be a flexible rod characterized by the contour length L, and a measure
of its stiffness [12]. Each base pair adds 0.34 nm to the contour length
[13]. The length scale that defines the stiffness is called the persistence
length A, which describes the distance over which the chain maintains its
directional orientation. Beyond this distance, thermal fluctuations cause
the chain direction to become random. Given a unit tangent vector t̂, a
correlation function for the orientation of the polymer can be defined as

⟨t̂(0) t̂(L)⟩ = ⟨cos(θ)⟩ = e
−l
A (2.2)

where θ is the angle between the polymer and t̂, and l is the distance be-
tween 2 segments along the contour of the chain [14]. Thus, the correla-
tion between the orientations of two polymer segments decreases expo-
nentially with the distance between the segments.

The higher the value for A the less flexible the polymer is. For double-
stranded DNA, A is 40−55 nm [15]. Using the WLC model, the response
of DNA to applied forces (f) can be described as

z = L(1 − 1
2

√
kB T
F A

+
F
S
), (2.3)

where z is the extension of DNA, and kB, T and S are the Boltzmann con-
stant, temperature and stretch modulus respectively.

Figure 2.1 shows a force-extension curve obtained from magnetic tweezer
pulling measurements on 7.9 kbp DNA. The data points are fit with the
WLC model, which accurately captures the behavior of the DNA molecule

4
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2.3 DNA linking number 5

under tension, showing the expected persistence length of 45 nm and con-
tour length of 2.71 µm. As can be seen from the figure, the extension of
DNA in response to force does not increase linearly due to the WLC be-
havior. Instead, DNA initially extends easily with small applied forces, but
as the force increases and the DNA approaches its contour length, much
greater forces are required for further extension.

Figure 2.1: Force extension graphs for DNA. Circles denote the experimental
data obtained from magnetic tweezer measurements while the solid black line
shows the WLC fit having contour length 2.71 µm and a persistence length of
45 nm taken from [13]

2.3 DNA linking number

The theory of DNA supercoiling describes the behaviour of torsionally
constrained DNA by keeping track of changes in the linking number Lk.
The linking number is the number of times a molecule twists around its
own helical axis [16] [17]. This two-fold rotation axis of DNA is shown in
Figure 2.2 (a). DNA supercoiling plays a crucial role in the compact pack-
aging of genetic material within cells. Supercoiling of DNA condenses
the DNA structure into chromatin, thereby facilitating its packaging. In
eukaryotic cells, this process is achieved by wrapping DNA by negative
supercoiling around histone proteins which reduces the linking number
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6 Theoretical Context

relative to free DNA (Figure 2.2 (b)).

Figure 2.2: DNA and nucleosome structures (a) Schematic of the DNA structure
taken from [18] showing the twisting of DNA around its helical axis. In eukary-
otes the DNA is found wrapped around histone proteins as shown in (b) taken
from [19]. The schematic shows negative supercoiling of DNA which decreases
the linking number relative to free DNA.

When the DNA is not subjected to any torque the linking number is
referred to as Lko which depends on the number of base pairs according
to

Lko =
nbp

γ
. (2.4)

γ defines the number of base pairs per helical turn of a DNA molecule
[20]. For relaxed, B-form DNA, this value, as extracted from crystal struc-
tures, is typically taken to be 10.5 base pairs per helical turn [21]. When the
DNA structure is distorted, this value can change as the linking number is
altered.

To manipulate the linking number of DNA using the magnetic tweez-
ers, DNA labelled with multiple biotin and digoxigenin attached to a mag-
netic bead is rotated to introduce supercoiling into the DNA. Its linking
number is hence changed by adding positive or negative turns. Figure 2.3
shows the extension vs. linking number for 7.9 kbp DNA at constant forces
taken from [13]. At forces of 0.5 pN and below, the graphs are symmetric,
indicating that the direction of magnet rotation does not significantly im-
pact plectoneme formation. However, as the force increases, asymmetry

6
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2.3 DNA linking number 7

is introduced because the chirality of DNA starts to have an effect. For
positive rotations of the magnet, supercoils form, and the DNA strand ex-
tension decreases. In the case of negative twist, DNA melting of the two
strands occurs, causing some twist in the double helix to be lost. This leads
to a "flat ladder" configuration where the two strands come apart, result-
ing in a gain in extension. Consequently, an equilibrium is established
where some base pairs may melt, extending in length but containing no
twist, as the DNA is undertwisted.

Figure 2.3: Extension vs change in linking number for DNA. Circles denote
the experimental data obtained from magnetic tweezer measurements at forces
of 0.25 pN, 0.5 pN and 2 pN on a 7.9 kbp DNA taken from [13]

Intercalating drugs insert themselves between two DNA base pairs, in-
creasing the contour length, and affecting the persistence length and the
linking number [22]. The DNA base pairs, which form the helical stair-
case, are hydrophobic and stack tightly, leaving no water in between [23].
To accommodate the hydrophobic doxorubicin molecules, the overall he-
lix structure must untwist slightly to make space.

In this research project, doxorubucin‘s effect on Lk was quantified by
studying the change in linking number (∆Lko). The number of doxoru-
bicin molecules intercalated in the DNA strand (nDOX) is directly related to
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8 Theoretical Context

the change in linking number as each doxorubicin molecule adds ∆LkDOX:

∆Lko = nDOX · ∆LkDOX. (2.5)

When doxorubicin intercalates and reduces the linking number, it can
affect chromatin unfolding by altering the torsional stress within the DNA,
potentially making nucleosome unwrapping more favorable. As a result,
understanding how chromatin unfolds is important for understanding the
effects of intercalating drugs like doxorubicin.

2.4 Unfolding steps of chromatin

Chromatin consists of nucleosomes, which include about 145-147 base
pairs (bp) of DNA wrapped around a histone octamer. The distance be-
tween the centers of adjacent nucleosomes is referred to as the nucleosome
repeat length (NRL), and is hence 145-147 bp plus the length of the linker
DNA [24].

Typically when a chromatin fiber is subjected to a pulling force, it un-
folds in four distinct steps, as illustrated in Figure 2.4 (a). Initially, at forces
below 4 pN, the nucleosomes in chromatin are predominantly stacked on
top of each other, and are hence in the conformation marked as structure I.
In this state, the chromatin is stretched without breaking DNA-histone or
nucleosome-nucleosome interactions. As the force increases, a transition
to structure II occurs, resulting in the partial unwrapping of nucleosomes.
Around 4-5 pN, a significant gain in length is observed due to the unstack-
ing of nucleosomes. At forces up to 10 pN, the nucleosomes continue to
unwrap, transitioning to structure III, characterized by a singly wrapped
nucleosome. Complete unwrapping happens at forces above 40 pN, lead-
ing to structure IV, where the fully unwrapped chromatin behaves accord-
ing to the worm-like chain (WLC) model of bare DNA.

The transitions from structure I to II and from structure II to III are
gradual and occur in equilibrium, meaning that chromatin constantly folds
and unfolds. This results in a fluctuating extension rather than discrete
steps. However, between forces of 10-40 pN, discrete steps of approxi-
mately 25 nm are observed in the force-extension curve. These steps rep-
resent the sequential unwrapping of DNA from the histone octamers in
the nucleosomes and can be observed when performing single molecule

8
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2.4 Unfolding steps of chromatin 9

force measurements on chromatin as can be seen in the force-extension
curves of a chromatin fiber shown in Figure 2.4 (b). The observed dis-
crete steps in the force-extension curve directly indicate the step-by-step
release of DNA from histones as the tension increases were each complete
unwrapping step releases approximately 77 bp.

Figure 2.4 (c) shows force extension curves at low force for three chro-
matin fibers having different nucleosome repeat length (NRL). Regardless
of the NRL, a plateau is observed at a low force showing a gain in length
as the nucleosomes unstack and begin to unwrap.

Figure 2.4: Single molecule force spectroscopy experiment results showing
force extension curves of Chromatin taken from [25] (a) schematic showing chro-
matin unfolding steps; I represents unstacking of the nucelosomes, II partial un-
wrapping, III unwrapping to a tetrasome, IV histone dissociation and transition
to bare DNA. (b) Force extension graph for chromatin, a statistical mechanics
model was fitted to the raw data showing 18 nucleosomes, ∆G1 = 23± 1kB T and
∆G2 = 8 ± 1kB T. (c) Force extension curves for pulling forces up to 8 pN on
3 chromatin fibres having nucleosome repeat length (NRL) 192, 197 and 195. A
plateau is seen for all 3 chromatin fibres between 3−5 pN
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Chapter 3
Materials and Methods

3.1 DNA preparation

All DNA twisting and pulling experiments were conducted using DNA
made from the plasmids containing repetitions of the 601 DNA fragment,
a 147 base pair (bp) double-stranded DNA fragment with high affinity for
histone octamers. The use of this sequence was important as it ensured
uniformity in the base-pair sequence of all DNA strands and facilitated
precise chromatin reconstitution by having predefined nucleosome posi-
tions.

3.1.1 DNA multi-labeling

A plasmid containing 15x 601 core sequences flanked by 50 base pairs of
identical linker DNA was chosen. Multi-biotin handles and multi-DIG
handles were prepared using polymerase chain reaction (PCR), and the
PCR product was purified using the Wizard gel and PCR purification kit.
The plasmid DNA was digested in a single tube using the BsaI restric-
tion enzyme to generate cohesive ends compatible with hairpin oligonu-
cleotides. Hairpins were designed with one strand biotinylated and the
other labeled with digoxigenin, featuring a BsaI-compatible overhang for
subsequent ligation to nucleosome DNA. The hairpins were annealed by
heating to 95◦C for 2 minutes, followed by cycling from 94◦C, decreasing
1.6◦C per cycle with a 0.1◦C ramp-down, for a total of 46 cycles. Subse-
quently, the hairpins were ligated using T4 DNA ligase, and T5 Exonucle-
ase treatment was used to remove unligated hairpins. The DNA contour
length relevant for our experiments, the number of base pairs between the
biotin and digoxigenin labels, was 4531 bp.
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12 Materials and Methods

3.1.2 DNA mono-labelling

Another DNA sample using a plasmid contatining 16 repeats of the 601
fragment was then prepared and mono-labeled with biotin and digoxi-
genin. Due to the mono-labeling, this DNA could only be used for pulling
experiments and was later used for chromatin reconstitution. The plasmid
containing 16x 601 core sequences was flanked by 50 base pairs of identi-
cal linker DNA was chosen. The plasmid DNA was digested using the
BsaI restriction enzyme to generate cohesive ends compatible with hair-
pin oligonucleotides. These hairpins were designed similarly, with one
strand biotinylated and the other labeled with digoxigenin. To prepare
the hairpins, denaturation was achieved by heating to 95◦C for 2 minutes,
followed by annealing through cycling from 94◦C, decreasing 1.6◦C per
cycle with a 0.1◦C ramp-down, for a total of 46 cycles. The hairpins were
then ligated using T4 DNA ligase, and T5 Exonuclease treatment was used
to remove unligated hairpins. The final contour length of this DNA was
3152 bp.

3.2 Chromatin reconstitution

Chromatin was reconstituted from DNA and histones using the process
of salt dialysis. Salt dialysis involves mixing bare DNA, prepared as ex-
plained in Section 3.1.2, with histone octamers in a buffer with a high salt
concentration. The salt concentration was then gradually reduced to facil-
itate nucleosome formation. Four DNA:histone titrations were performed
(1:0.9, 1:1.4, 1:1.9, and 1:2.4) to determine the optimal ratio for chromatin
reconstitution.

3.2.1 Preparation of buffers

A solution of 50x TE buffer (pH 7.5) was prepared by combining 0.5 M
Tris(hydroxymethyl)aminomethane (Tris) hydrochloride (Invitrogen, 15504-
020) and 50 mM ethylenediaminetetraacetic acid (EDTA, Sigma-Aldrich,
60-00-4 EDS). This buffer was then diluted to 1x TE using Milli-Q water,
stored at 4◦C, and allowed to cool before use. Next, a high salt buffer was
prepared, consisting of 2 M sodium chloride (NaCl, Honeywell, 59888)
and 1x TE. Three separate 10,000 MWCO dialysis membranes (Thermo
Scientific, 69572) were placed upright on a floater and inserted into the
high salt buffer to soak for at least 15 minutes.

12
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3.2 Chromatin reconstitution 13

3.2.2 DNA-histone titrations

Four titrations with different DNA-to-histone ratios were prepared in sep-
arate protein low-binding tubes. Each titration contained a high salt buffer
made by combining 2 M NaCl and 1x TE, DNA mono-labeled with digox-
igenin and biotin prepared as described in section 3.1.2, and histone oc-
tamer (EpiCypher). The final concentration of DNA was 0.02 µg/µL for
each of the four titrations, and the amount of histone used was determined
to achieve molar ratios of 1:0.9, 1:1.4, 1:1.9, and 1:2.4 (DNA:histone), re-
spectively. Additionally, a final concentration of 0.0038 µg/µL of competi-
tor DNA having length 147 bp was added to each tube to act as a buffer,
preventing excess histones from remaining in solution after reconstitution.
The final volume of each titration was adjusted to 50 µL using the high salt
buffer.

These titrations were then carefully transferred into the pre-soaked
dialysis membranes.

3.2.3 Salt dialysis

The assembly containing the three dialysis membranes with DNA-histone
titrations on a floater in a beaker containing high salt buffer was taken
to a cold room and connected to a pump, as shown in Figure 3.1. A low
salt buffer of 1x TE at 4◦C was also attached to the pump according to the
schematic in Figure 3.1.

A stirrer was added to the beaker containing the membranes to en-
sure continuous mixing and the flow rate was set to 0.9 mL/min ensuring
that the salt concentration was reduced at a slow and controlled rate for
proper assembly of chromatin. The volume in the beaker was maintained
by pumping an equal volume of low salt buffer into the beaker as high
salt buffer was pumped out. Initially, as the salt concentration begins to
reduce, the (H3-H4)2 tetrasomes begin to assemble first on the 601 regions
of the DNA. This is followed by the binding of the H2A and H2B histone
dimers at a lower salt concentration [26].

This setup was maintained overnight in the cold room, and the pump
was stopped after 90% of low salt buffer had been pumped through and
the solutions from the dialysis membranes were collected into individual
low-binding tubes. The final volume collected from each dialysis mem-
brane was observed to be 65 µL, larger than the initial 50 µL. The reconsti-
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14 Materials and Methods

Figure 3.1: Schematic showing salt dialysis assembly. The DNA - histone titra-
tions are placed on a floater in high salt buffer. Low salt was pumped in and
solution from the beaker containing the titrations was flowed out at a constant
flow rate of 0.9 mL/min into a waste jar. (Figure taken from [26])

tuted chromatin was stored at 4◦C.

3.2.4 Gel electrophoresis

Gel electrophoresis was then conducted to assess the efficiency and sta-
bility of chromatin reconstitution. A 1.2% agarose gel was prepared in
0.2X Tris-Boric acid (TB) buffer. To make 0.2X TB buffer, Tris and boric
acid were dissolved in deionized water making a stock solution of 5X TB
which was then diluted with deionized water to achieve the desired con-
centration. The agarose gel was cast in a mold containing a comb which
forms the shape of the wells and once solidified it was transferred in an
electrophoresis chamber.

To prepare the samples for gel electrophoresis, solutions with the fol-
lowing final concentrations were made separately: 0.48X DNA ladder (Thermo
Scientific, SMO331), 0.189 µg/µL mono-labeled DNA, and 12 ng/µL re-
constituted chromatin samples with DNA-to-histone molar ratios of 1:0.9,
1:1.4, 1:1.9, and 1:2.4. Equal amounts of 3% glycerol and 0.24X Safe Red
dye were added to each solution. Nuclease free water was added as needed
to ensure a final volume of 12.5 µL per solution. Glycerol was added to in-
crease the density of the samples, ensuring they remained in place during
the run and did not diffuse into the surrounding TB buffer. Meanwhile,

14
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3.3 Magnetic tweezer experiments 15

Safe Red dye was added to visualize the bands.

The prepared solutions were then loaded into separate wells in the
agarose gel. The gel was run in 0.2X TB buffer at a voltage of 150 V until
the dye front had migrated an appropriate distance.

After ensuring that the chromatin was successfully reconstituted, an-
other agarose gel was prepared to investigate the impact of doxorubicin
on chromatin. A concentration of 5 µM doxorubicin was added to each of
the reconstituted chromatin samples, as well as to bare DNA, all having
final concentrations of 11 ng/µL. The samples were allowed to incubate
for 10 minutes. Following the incubation, solutions of 0.48X DNA ladder,
11 ng/µL bare DNA, and 11 ng/µL chromatin made from DNA molar ra-
tio 1:1.9 were prepared. Equal amounts of 3% glycerol and 0.24X Safe Red
dye were added to each of the 8 solutions. Nuclease free water was added
as necessary to ensure a final volume of 14.5 µL per tube.

The prepared contents were then loaded into separate wells of the agarose
gel. The gel was run in 0.2X TB buffer at a voltage of 150 V until the dye
front had migrated an appropriate distance.

3.3 Magnetic tweezer experiments

3.3.1 Preparation of buffers

To prepare the sodium borate (SB) buffer, we mixed the following com-
ponents to achieve their final concentrations: 10 mM Tris- HCl(pH 7.5),
150 mM NaCl, 1 mM EDTA (pH 8), 1 mM Dithiothreitol (DTT), 3% glyc-
erol, and 100 µg/mL Bovine Serum Albumin (BSA). For the chromatin
buffer, we combined 10 mM HEPES (pH 7.6), 100 mM NaCl, 2 mM MgCl2,
0.1% Tween-20, and 2 µg/mL Bovine Serum Albumin (BSA). SB buffer was
used for flow cells containing DNA, while chromatin buffer was used for
flow cells containing chromatin. PPB buffer was made by mixing 0.02%
pluronic F127 into 100 ml 1x PBS buffer. The solution was stored at 4◦C.

Blotting grade buffer (BGB) was prepared by adding 60 mg/mL of blot-
ting grade blocker (Bio-Rad, non-fat dry milk) to 40 mL of SB buffer. The
mixture was rotated at 4◦C overnight. Following rotation, the mixture was
ultracentrifuged at 35,000 rpm for 30 minutes. The supernatant was then
filtered using a 0.2 µm filter. The protein concentration of the filtered su-
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16 Materials and Methods

pernatant was measured using the Invitrogen protein kit (Q33211) on a
Qubit fluorometer. Finally, the BGB buffer was diluted with SB buffer to a
final concentration of 4 mg/mL.

3.3.2 Bead preparation

Covalently coupled streptavidin beads (Dynabeads M-280, Thermo Fisher)
were kept at 4◦C in a solution of phosphate-buffered saline (PBS) with
0.02% NaN3 (pH 7.4). The superparamagnetic and hydrophobic Dyn-
abeads M-280 have a diameter of 2.8 µm. Before use, they were washed
three times with PBS. During the washing process, the beads were sep-
arated from the liquid using a magnetic stand, the supernatant was dis-
carded, and they were resuspended in fresh PBS each time. Following the
last wash, the beads were resuspended in a solution of PBS and 2 mg/mL
recombinant bovine serum albumin (BSA) and then passivated for 10 min-
utes on a rotator to block any open binding sites. After the passivation, the
solution was discarded, and the beads were resuspended in SB or chro-
matin buffer to achieve a final concentration of 0.01 µg/µL.

3.3.3 Flow cell preparation

The flow cells were made using a 0.1% nitrocellulose-covered glass slide
and coverslip with three channels in between (Figure 3.2). All equip-
ment used to make the flow cells, including the metal stamp and preci-
sion pointer tweezers used to form the parafilm channels, were washed
with 70% ethanol and milli Q water before use ensuring sterility as well
as to minimise any background noise. After using the metal stamp to cut
the channels out of the parafilm, the parafilm was placed between a glass
slide and a coverslip. The assembly was then heated to melt the parafilm,
forming three leakproof channels. For each sample preparation, the same
condition was repeated three times to ensure the replication of results.

After flow cells were assembled, a final concentration of 2 µg/mL anti-
digoxigenin (Anti- Dig) antibody in sodium borate (SB) buffer was in-
serted in each channel and allowed to incubate for 10 minutes. This was
followed by the addition of 4 mg/mL blotting grade (BGB) buffer and a
minimum incubation time of 3 hours at room temperature. During this
waiting period, it was ensured that the sample did not dry up by adding
PBS droplets on the flow cell inlets and outlets.

16

Version of June 25, 2024– Created June 25, 2024 - 10:33



3.3 Magnetic tweezer experiments 17

Figure 3.2: Flow cell assembly (a) Schematic showing the different components
making up the flow cell. The parafilm with 3 channel cut outs was placed between
a coverslip and glass slide. The setup was then heated to melt the parafilm and
make 3 leakproof channels. (b) Image of the flow cells used with the glass slide
having dimensions 24 x 60 mm and the coverslip 24 x 40 mm.

After the incubation period, the channels were washed once with SB or
chromatin buffer, then DNA or chromatin was added. A final concentra-
tion of 0.002 ng/µL was used for bare DNA experiments while for chro-
matin experiments the final concentration was that of 0.005 ng/µL. Ten
minutes after, the channels were washed once more with SB or chromatin
buffer and the 0.1 µg/µL passivated Dynabeads M-280 were added to each
channel followed by an incubation time of 10 minutes. The final step of the
flow cell preparation involved washing the channels with 0.1 mg/ml BSA
in PPB buffer.

3.3.4 Measurement procedure

The magnetic tweezer setup used to carry out pulling as well as twist-
ing measurements on both chromatin and DNA, has been described by
Kruithof et al. [11]. After mounting the flow cells on the magnetic tweez-
ers they were allowed to acclimatize for a few minutes to reduce thermal
drift. Graphs (a) and (b) in figure 3.3 show the magnet position during
pulling or magnet rotation during twisting measurements on bare DNA
respectively. Graph (a) shows that for each pulling measurement, the mag-
net moved towards the flow cell. Conversion from shift to force exerted
was done using equation 2.1. As the magnet shift decreased, the force in-
creased from 0 to 60 pN in 10 seconds, followed by a waiting time of 1 s.

Version of June 25, 2024– Created June 25, 2024 - 10:33

17



18 Materials and Methods

The magnet was then pulled away, the shift increased and the force was
decreased back to 0 pN with a ramp time of a further 10 s. This was re-
peated twice with a start and end delay of 1 s.

In the case of chromatin pulling, the magnet followed a similar trajec-
tory to that of pulling on bare DNA (Graph (a) in figure 3.3). However,
lower forces were used to ensure that histones do not dissociate from the
chromatin. A series of pulling experiments were done with the force in-
creasing from 0.1 pN to 8 pN. At the end of the experiments, the beads
were subjected to pulling forces ranging from 0.1 pN to 60 pN to infer the
number of nucleosomes and tetrasomes present from the resulting force-
extension curves.

In the case of twisting, the magnetic tweezer settings were changed to
rotation with a starting position of 0 turns following the trajectory shown
in figure (c). After an 8-second delay, the magnet rotated at a rate of 1.7
rotations/ second for 30 seconds, counter rotated at the same rate for the
60 seconds following, and then returned to the starting position. Twisting
measurements were done at a force of 0.3 pN, 0.7 pN, 0.9 pN and 1.1 pN.

Figure 3.3: Trajectory of magnetic tweezer motor when (a) pulling and (b) twist-
ing bare DNA.

Doxorubucin was then injected into the flow cells at a final concentra-

18
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3.4 Data Analysis 19

tion of 5 µM followed by an incubation time of 10 minutes. Pulling and
twisting measurements at different forces were then repeated.

3.4 Data Analysis

3.4.1 Drift correction

First, any drift present in the measurements was corrected. This was done
by fitting an exponential decay model to selected data points. For pulling
experiments, data points were selected when the force was low, with the
bead pushing on the surface. To achieve this, the top 10% of the shift data
was chosen for drift correction. For twisting experiments, the top 10% of
the rotation data was selected to ensure that only the maximum positive
rotations were considered. When rotating DNA, it was also important to
select data when the beads were at their lowest, corresponding to a high
number of plectonemes. At a force of 1 pN or higher, only positive plec-
tonemes form, so selecting the top 10% of the rotation data accounted for
this.

After selecting the data, initial values were supplied for the exponential
decay fit, which included parameters for the time constant of the exponen-
tial decay (assumed to be infinite for fitting a straight line with a slope),
the offset (the level the drift would stabilize at as time approaches infin-
ity), and the amplitude (the value at t = 0) which was taken as the median
of the selected data.

3.4.2 Correcting for bead tethering offset

In an ideal case scenario, the DNA is attached to the superparamagnetic
bead at the south pole. However, in the case that the DNA is not attached
at the south pole, part of the DNA height (denoted as zbead in Figure 3.4
(b)) is hidden and needs to be accounted for. This was done by examining
the trajectory in the xy-plane of the bead. When zbead = 0, the measured
height hm is equal to zmax (Figure 3.4 (b)). However for zbead > 0, the xy
fluctuations of the bead lie within a circular annulus as shown in Figure
3.4 (c). A nonlinear least squares method in Python was then implemented
to fit a circle to the data points obtained, determining the estimated center
and radius of the circle that best fits the data points.
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Using simple trigonometry, the radius of the trajectory followed by the
bead (Xbead) in the xy-plane can be related to h2 since

a =
√

R2
bead − X2

bead (3.1)

whereby zbead = Rbead − a. Taking this into account, the corrected exten-
sion of the DNA is defined as

zmax = zbead + hm (3.2)

Figure 3.4: Fixing the offset due to DNA tether to the bead (a) Diagram adapted
from [13] showing the bead attached to DNA held in place due to the magnetic
field exerted by two magnets in the magnetic tweezer setup. (b) Diagram show-
ing components needed to be measured to determine the offset (zbead) (c) Graph
showing x and y position of bead for one DNA strand. Data points are shown in
green, red circle shows least squares fitting done on the data obtained to deter-
mine the radius of the trajectory followed by the bead (Xbead).

20
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3.4 Data Analysis 21

3.4.3 Worm-like chain fit

The effect of pulling on DNA with and without doxorubucin was then
analysed. This was done by fitting a Worm-Like Chain (WLC) model to the
force extension data obtained after correcting for the drift and bead offset.
The contour length before and after 5µM doxorubucin was analysed to
infer the extension of DNA and the number of intercalated doxorubicin
molecules.

3.4.4 Extracting the change in linking number

To analyse the relationship between the extension of bare DNA and the
change in linking number (∆Lk), a Python code was made which loops
through each rotation file for a given force (the force was taken to be F=
0.3 pN) and reads out the relevant data including the position in the z di-
rection for multiple beads attached to DNA. After correcting for the drift,
plots of extension (in µ) on the y-axis against the change in linking number
on the x-axis were then made.

A moving mean was then calculated, and the top 5% of the y-values
of the moving mean were determined. Averaging these values out results
in the y-coordinate of the peak of the curves, ie. the measured maximum
extension of each bead (hm in Figure 3.4), which was corrected for the at-
tachment of the DNA relative to the bead zbead according to equation 3.2.
The corresponding x-value ie. the change in linking number of rotation-
ally unstressed DNA (∆Lko) was also determined and was similarly stored
in an array. Data from multiple files was then combined and analysed and
histograms of ∆Lko at F = 0.3 pN before and after doxorubicin were ob-
tained.

3.4.5 Fitting model for chromatin fiber analysis

The reconstituted chromatin fibres were analysed using a statistical me-
chanics model formulated by Meng et al. (2015) which allowed us to deter-
mine values for the number of nucleosome and tetrasomes in our sample
from their force-extension curves [27].
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Chapter 4
Results

4.1 The mechanical properties of DNA change
upon addition of doxorubicin

Figure 4.1 shows a force-extension curve for the same DNA molecule with-
out doxorubicin (marked in blue) and with doxorubicin (marked in red).
The measurement with doxorubicin was taken following a 10 minute in-
cubation period.

A WLC model was fit to the bare DNA strand with fixed contour length
of 4531 bp. This yielded a persistence length of 62.03 ± 2.40 nm which is
slightly higher than the literature values for the persistence length of bare
DNA, reported to be between 45 and 55 nm [28] [15]. Additionally, zbead
was fitted, which yielded 0.8µm, indicating that the DNA was attached
about half way the bottom hemisphere of the bead.

At higher forces, the extension approaches the contour length accord-
ing to the WLC model, and for forces between 55 and 60 pN, the measured
extension for the DNA shown in Figure 4.1 is 1.53 ± 0.01 µm in the ab-
sence of doxorubicin. This increases to 2.38 ± 0.04 µm after the addition
of 5 µM doxorubicin, giving an extension of 850 nm. Given that each dox-
orubicin molecule causes an extension of 0.34 nm (due to intercalation),
it implies that approximately 2500 doxorubicin molecules are intercalated
into a DNA strand of 4.5 kbp.

After doxorubicin addition, the contour length (L) increases due to the
doxorubicin molecules intercalating between base pairs. This may also
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Figure 4.1: 5 µM doxorubucin increased the contour length of DNA DNA before
doxorubucin addition (blue data points) had a contour length of 4531 bp, which
increases to 7673 ± 27 bp after doxorubucin addition (red data points) according
to the WLC model fit (black dashed lines).

24
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4.2 Doxorubicin‘s effect on extension and linking number 25

cause a change in A. The value for zbead, however, remains unchanged
with doxorubicin addition. Consequently, for the curve with doxorubicin
we fitted L and A, while fixing zbead to the previously obtained value.
The WLC fit yielded L = 7673 ± 27 bp and A = 44.10 ± 1.22 nm. The
results show that doxorubicin intercalation, causes an increase in the con-
tour length of DNA. Meanwhile, the persistence length decreased from
the fitted value in the absence of doxorubicin and could indicate that the
DNA became more flexible after doxorubicin.

4.2 Doxorubicin‘s effect on extension and link-
ing number

When DNA is rotated, plectonemes form, causing the end-to-end distance
of the DNA to decrease, resulting in smaller extensions as the number of
rotations increases. As DNA is twisted, the linking number of the DNA
strand also changes. This behavior is illustrated in Figures 4.2 (a) and 4.2
(b), which show graphs of DNA extension in the z direction against the
change in DNA linking number (∆Lk).

Without doxorubicin (Figure 4.2 (a)), the graphs are symmetric at forces
of 0.7 pN and below, indicating that the direction of magnet rotation does
not significantly impact plectoneme formation. However, as the force in-
creases, asymmetry is introduced. The extension versus ∆Lk at different
forces show maximum extension when ∆Lk is 0. This is expected since,
at 0 rotations, there are no supercoils in the DNA strand, resulting in the
DNA being at its longest. As the force increases, the overall extension of
the DNA also increases due to the stretching of the DNA following the
WLC model, leading to greater length at 0 twists.

Figure 4.2 (b) shows curves of extension versus change in linking num-
ber for different forces on the same DNA strand depicted in Figure 4.2
(a), upon addition of doxorubicin. From the graph, it is evident that two
changes occur: first, the curves shift to the left, and second, the overall
extension of the DNA strand increases. For a force of 0.3 pN, the exten-
sion increases from 0.98 µm (before doxorubicin) to 1.11 µm (after dox-
orubicin), while the peak shifts from 0.22 turns in rotation (before doxoru-
bicin) to -39.95 turns (after doxorubicin). This shift towards negative twist
agrees with literature and shows that doxorubicin caused DNA to untwist.
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Figure 4.2: Doxorubucin addition causes an increase in DNA extension and a
change in linking number Curves (a) and (b) show a strand of DNA undergo-
ing rotations at different forces before and after adding 5 µM doxorubicin respec-
tively. The data points are colored blue for a force F = 0.3 pN, green for F = 0.7 pN,
red for F = 0.3 pN, and purple for F = 1.1 pN. Higher extensions are observed af-
ter adding doxorubicin across all forces. A shift towards negative linking number
values are also observed indicating untwisting of DNA due to doxorubicin inter-
calation. (c) Histograms of maximum extension (zmax) without doxorubicin (top)
and with doxorubicin (bottom) for F = 0.3pN showing an increase in extension of
220nm. (d) Histograms of change in linking number of non-stressed DNA (∆Lko)
without doxorubicin (top) and with doxorubicin (bottom) for F = 0.3pN showing
shift towards negative values of ∆Lko in the latter case. The same data set was
used to obtain histograms (c) and (d) with a sample size of 57 DNA strands with-
out doxorubicin and 77 DNA strands with doxorubicin.

26
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4.2 Doxorubicin‘s effect on extension and linking number 27

For a force of 0.3 pN, the maximum extension (Zmax) was determined
for 57 DNA strands before the addition of doxorubicin and 77 DNA strands
after the addition of doxorubicin. Histograms showing the overall distri-
bution were then plotted in Figure 4.2(c). The maximum extensions were
corrected for the attachment of the DNA relative to the bead according to
equation 3.2.

The maximum extension varied between 0.55 µm to 1.94 µm before
adding doxorubicin, and from 0.47 µm to 2.21 µm after adding doxoru-
bicin. Additionally, there is an overall shift towards higher extensions after
the addition of doxorubicin. Before doxorubicin addition, the distribution
had a median extension of 1.31 µm and a mean of 1.27 ± 0.29 µm. After
doxorubicin addition, the median extension increases to 1.52 µm and the
mean to 1.46 ± 0.35 µm.

For the same data set a histogram of the change in linking number for
non-stressed DNA (∆Lko) was plotted (Figure 4.2(d)). This value is di-
rectly proportional to the number of doxorubicin molecules intercalated
in the DNA strand (equation 2.5). A shift to negative values of ∆Lko after
doxorubucin addition is seen. Before adding doxorubicin, ∆Lko ranged
around a median value of -0.02, while mean ∆Lko was -0.58 ± 1.12, show-
ing that there is little change in the linking number of DNA strands in the
absence of doxorubicin. After adding doxorubicin, this range shifts sig-
nificantly, with the distribution having a median of -43.33 and a mean of
-33.55 ± 19.41. Following doxorubicin addition, the distribution becomes
wider as the variability in data increased.

The shift towards negative values of ∆Lko in the presence of 5 µM dox-
orubicin can be explained by the intercalation of the molecule between
DNA base pairs, which causes the DNA strand to untwist and reduces the
linking number of the DNA. From a sample size of 77, the majority (74%)
of the DNA strands show a value of ∆Lko of -28 or less. Interestingly, a
fraction of the curve (14%) show little to no shift.

One possible explanation for this could be heterogeneity in our sam-
ple, where some DNA strands acquire more doxorubicin intercalations
than others. Another more likely possible explanation could be that DNA
strands showing little to no changes in twist are situated at the edge of
the flow cell, where the magnetic field is less strong, allowing these DNA
strands to relax and return to their optimal linking number. From the 77,
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two clear outliers have a positive ∆Lko of around 25 turns which is unex-
pected given the known intercalative action of doxorubicin.

4.3 Doxorubicin causes nucleosome dissociation

Chromatin was reconstituted from bare DNA as explained in Section 3.2.
This reconstituted chromatin was then assessed using agarose gel elec-
trophoresis, and the results are shown in Figure 4.3.

The bare DNA sample, which contains only DNA without histones, mi-
grated as a single band at a position corresponding to its contour length of
3 kbp (Figure 4.3). Additionally, a much fainter band was observed higher
up in the gel, likely representing uncut plasmid DNA that remained undi-
gested. The chromatin reconstitutions exhibited slower migration than the
bare DNA sample. As the histone concentration increased, the migration
decreased until saturation was reached. Beyond this point, excessively
high histone concentrations resulted in suboptimal reconstitutions, affect-
ing the migration pattern.

Chromatin with a DNA:histone molar ratio of 1:0.9 showed a broad-
ened band, suggesting an insufficient number of histones to fully fold the
DNA. In contrast, chromatin with DNA:histone molar ratios of 1:1.4 and
1:1.9 exhibited the sharpest bands, showing optimal chromatin formation.
At a DNA:histone ratio of 1:2.4 a relatively small and faint band appears,
with some material remaining in the well, suggesting oversaturation with
histones. Thus the optimal DNA: histone molar ratio in this experiment
was 1:1.9, and this ratio was used in the subsequent magnetic tweezer ex-
periments.

To investigate the effect of doxorubicin on our reconstituted chromatin
samples, we conducted a second gel electrophoresis experiment. In this
experiment, we compared the four chromatin reconstitutions with and
without 5 µM doxorubicin (Figure 4.4).

The bare DNA showed a sharp band both before and after doxorubucin
addition. In contrast, the chromatin samples exhibited a transition from
sharp bands to more diffuse and fuzzy bands after incubation with 5 µM
doxorubucin. Additionally, a thin band of bare DNA became more promi-
nent in the chromatin samples post-doxorubicin addition.

28
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Figure 4.3: Agarose gel electrophoresis results showing chromatin reconstitu-
tions using different DNA:histone ratios. Chromatin was reconstituted with 4
different DNA:histone molar ratios (1:0.9, 1:1.4, 1:1.9 and 1:2.4) by using salt dial-
ysis. Ladder and bare DNA were placed in well 1 and well 2 respectively for com-
parison. Chromatin reconstitutions show slower migration the higher the histone
content. Chrom1 had the least histone content and displays a fuzzy band indicat-
ing an insufficient number of histones to fully fold the DNA. While Chrom4 had
the highest histone content and shows signs of saturation.
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The larger, more spread-out bands observed in the chromatin samples
after doxorubicin addition could imply that histones were expelled from
the chromatin. This is consistent with the hypothesis that doxorubicin in-
duces chromatin destabilization, causing histone dissociation and the cre-
ation of more bare DNA.

Figure 4.4: Agarose gel electrophoresis showing chromatin dissociation after
addition of 5 µM doxorubicin. The wells show DNA ladder, bare DNA, DNA
and the four reconstituted chromatins having DNA:histone molar ratios or 1:0.9,
1:1.4, 1:1.9 and 1:2.4 (marked as Chrom1, Chrom2, Chrom3 and Chrom4 respec-
tively) with 5 µM doxorubicin. The last well contains only chromatin having
DNA:histone molar ratio 1:1.9 for comparison. The bare DNA and chromatin
samples were premixed with Doxorubicin in tubes and allowed to incubate for
10 minutes. All samples were then stained with Safe Red dye, added to the wells
and run through the agarose gel at 150 V. Image contrast was heightened for vi-
sual interpretation of results
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4.4 Force-extension analysis of chromatin

Figure 4.5 (a) shows the behavior of a chromatin fiber pulled up to a force
of 8 pN (blue data points). This fiber was then released, pulled and re-
leased again at the same force and for the same duration (grey data points).
A plateau is observed at a force of approximately 3 pN, indicating a gain in
extension as nucleosomes are unwrapped. Figure 4.5 (b) presents a force-
extension curve for a chromatin fiber pulled up to a force of 60 pN. The
blue data points represent two subsequent pulling events, while the grey
data points show their release. In both low-force and high-force pulling
experiments, the curves indicate the destructiveness of the pulling pro-
cess, as the chromatin structure does not reassemble itself, resulting in
hysteresis behavior.

The effect of pulling on chromatin at forces above 10 pN is irreversible,
and the chromatin fiber (Figure 4.5 (b)) behaves like a worm-like chain
(WLC) when pulled a second time showing the total dissociation of all nu-
cleotides present and the transition to bare DNA. For forces below 10 pN
(Figure 4.5(a)), the process should be reversible; however, although there
is some overlap between the second pulling curve and the first, hysteresis
is observed at low force.

Fits for both curves were made using a statistical mechanics model de-
veloped by Meng et al. [27]. This model allowed us to determine the
number of nucleosomes in our chromatin fibers as well as the energies in-
volved. In both chromatin fibers shown, the number of nucleosomes is
6, while the number of tetrasomes, ie singly wrapped nucleosomes, is 2.
Given that the chromatin used contains 16 repetitions of 601 fragments,
the expected number of nucleosomes is 16. This discrepancy suggests that
partial nucleosome dissociation happened to the chromatin between re-
constitution and its measurement in the magnetic tweezers.

It is likely that during tether assembly, the flow rate, was too high,
causing the fibers to partially disassemble between reconstitution and the
pulling experiment. The process of flushing fluid through the channels in
the flow cell is critical, as the drag on the bead creates a force on the tether,
which can disrupt the chromatin structure.

For a series of 5 chromatin fibres, the fit yielded values for the energies
involved. The stacking energy (∆ G1) ranged from 15 kT to 47 kT, and the
unwrapping energy (∆ G2) describing the energy transition from structure
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II to structure III (2.4) had values from 5 kT to 26 kT.

Figure 4.5: Force extension graphs for chromatin (a) Pulling of chromatin up to a
force of 8 pN shows a plateau at around 3 pN indicating nucleosome unwrapping.
Blue data points represent a single pulling event, while grey data points show a
subsequent release, followed by another pulling event and release. (b) Pulling
up to 60 pN for complete dissociation of all histones in the chromatin fibre. Both
(a) and (b) demonstrate hysteresis behavior, where subsequent pulling does not
follow the same force-extension curve as the initial pulling. Model fitting to the
data indicates that the chromatin fiber contains 6 nucleosomes and 2 tetrasomes.
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Chapter 5
Discussion

The mechanical properties of DNA undergo significant changes upon the
addition of 5 µM doxorubicin. Fitting the worm-like chain (WLC) to force-
extension curves showed that doxorubicin intercalation increased the con-
tour length of DNA from 4531 bp to 7673 ± 27 bp. The extension at forces
between 55 and 60 pN increased by 850 nm after doxorubicin addition,
implying the intercalation of approximately 2500 doxorubicin molecules.
In rotational experiments, doxorubicin caused a negative shift in the DNA
extension versus linking number curves and the change in linking number
(∆Lk) after doxorubicin was measured to be -33.55 ± 19.41, indicating un-
twisting. Additionally, our agarose gel electrophoresis results show that
doxorubicin disrupts chromatin structure and causes histone dissociation.

For a contour length of 4531 bp and the persistence length of 50 nm
for bare DNA, the worm-like chain (WLC) model predicts an extension of
1.12 µm at a force of 0.3 pN, which is within the range of our extension
obtained of 1.27 ± 0.29 µm. Assuming the measured 2500 doxorubicin
molecules intercalated and using the literature value that each doxoru-
bicin molecule causes an extension of 0.34 nm, the new contour length af-
ter adding doxorubicin can be determined and used to plot a WLC curve
and determine the expected extension at F = 0.3 pN [29]. For this new L,
an extension of 1.77 µm should be observed, which is also within range of
the extension obtained of 1.46 ± 0.35 µm during this research project.

The fitted persistence length of 62.03 ± 2.40 nm for bare DNA with-
out doxorubicin decreased to 44.10 ± 1.22 nm after doxorubicin addition.
An optical tweezers study conducted by Silva et al. (2016) report a non-
monotonic behaviour of the persistence length of DNA depending on the
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drug concentration as well as the range in forces used [30]. Typically inter-
calating drugs are observed to cause an increase in the persistence length
as the stacking of the hydrophobic molecules stabilise the DNA, and in-
creases its stiffnes. However the range in pulling forces used still plays
a significant role and could have led to a partial melting of the signifi-
cantly altered double-helix structure of DNA after doxorubicin addition.
As shown through the shift towards negative linking numbers from -0.58
± 1.12 to -33.55 ± 19.41 following addition of 5 µM doxorubicin, DNA
untwists significantly after the drug‘s intercalation. This could distort the
hydrogen bonds surrounding the binding site and cause the observed de-
crease in persistence length [31].

Additionally, our measurement of the average change in linking num-
ber of unstressed DNA (∆Lko) to a value of -33.55 ± 19.41 using magnetic
tweezers is within the range of the -41 value reported by Salerno et al.
(2020) [32]. Assuming 2500 doxorubicin molecules and using our median
∆Lko value of -43.33, we calculate an untwisting angle of approximately -
6◦ per intercalated doxorubicin molecule. This value is notably lower than
the range of values reported in the literature, which vary from -11◦ to -27◦

per molecule [33] [32]. However, the discrepancy between our results and
the published values could be due to the uncertainty in the exact number
of doxorubicin molecules intercalated into the DNA which could indeed
be lower than the assumed value of 2500.

In the case of chromatin fibres, native gel electrophoresis results show
that doxorubicin causes histone expulsion and the dissociation of chro-
matin fibres. This finding is consistent with previous studies that also
demonstrate doxorubicin inducing histone eviction [34] [35]. The action
of doxorubicin as an intercalating agent into DNA and displacing histones
may be relevant for its effectiveness as an anti-cancer drug. By unwinding
DNA and disrupting chromatin structure, doxorubicin effectively hinders
DNA replication and transcription, leading to apoptosis in rapidly divid-
ing cancer cells.

Furthermore, a significant decrease in intensity was observed in all gel
electrophoresis bands containing doxorubicin. The reduced band inten-
sity seems to suggest that the Safe Red dye, which was used to stain the
DNA and chromatin samples, competes with doxorubicin. While doxoru-
bicin is an intercalating agent that inserts itself between DNA base pairs,
Safe Red binds to DNA through minor groove binding. Doxorubicin’s in-
tercalation could affect the DNA structure, such that the minor groove is
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affected hence reducing the binding efficiency of Safe Red.

5.1 Limitations and possible improvements

One main issue encountered during the experiments was the sticking of
superparamagnetic beads to the surface, resulting in a smaller dataset.
This problem could potentially be adressed by changing the method of as-
sembling the flow cells. For instance, using polyacrylamide gel to anchor
the DNA to the glass slide might prevent bead adhesion and improve data
collection.

Due to time constraints, measurements for pulling DNA before and af-
ter doxorubicin addition were not performed on the same DNA strands.
Instead, different regions of interest were used, leading to inconsistent
determination of the zbead across pulling measurements. This introduced
variability in the data that could have been minimized by using the same
DNA strands throughout the experiments. Future work should involve
performing pulling experiments on a larger number of data points before
and after doxorubicin addition. This would provide a better supported
conclusion on the exact changes in contour length and persistence length.

While correcting for the offset due to bead attachment zbead, it was
noted that all values of zbead were smaller than 0.9 µm, resulting in no
significant change in the extensions before and after accounting for this
offset. This was due to the contour length of the DNA being comparable
to the radius of the bead, causing larger zbead values to lead to bead adhe-
sion to the bottom of the flow cell. One improvement could hence be to
utilise smaller beads or alternatively longer DNA strands.

Lastly, throughout this research project, chromatin pulling measure-
ments before and after doxorubicin addition were not performed. Con-
ducting these measurements in future studies would be beneficial as they
would allow for the direct observation of the exact effect of doxorubicin
on chromatin structure, including the number of nucleosome dissociations
that occur. This could provide valuable insights into the mechanisms by
which doxorubicin exerts its effects on chromatin.
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Chapter 6
Conclusion

The mechanical properties of DNA were investigated under the influence
of clinically relevant concentrations of the chemotherapy drug doxoru-
bicin. Our study showed that doxorubicin increases the contour length of
DNA and induces a shift in the linking number towards negative values,
consistent with prior research highlighting its action in untwisting DNA.
This change in DNA’s mechanical behavior destabilizes nucleosomes, as
evidenced by histone dissociation observed in all chromatin samples treated
with doxorubicin during gel electrophoresis.

Our findings underscore the importance of understanding the precise
mechanisms through which doxorubicin disrupts chromatin structure. Fu-
ture investigations should focus on quantifying the relationship between
changes in DNA twist and extension and the dissociation of nucleosomes
within chromatin fibers. Expanding upon this study could involve ex-
ploring the molecular mechanisms of doxorubicin and its variants, aiming
to enhance the therapeutic index, minimize damage to healthy cells, and
maximize the impact on cancerous ones.

In conclusion, this research highlights the necessity of studying drug-
DNA interactions at the molecular level. By elucidating how doxorubicin
modifies DNA and chromatin structure, we contribute to advancing sci-
entific understanding and pave the way for the development of improved
chemotherapeutic agents tailored to more effectively target cancer cells.
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Chapter 7
Supplemental Data

Supplementary Figure 7.1: ∆Lko distributed around 0 for DNA strands in the
absence of Doxorubucin Histogram shows of the distribution in ∆Lko for a sam-
ple of 57 DNA strands without doxorubicin at a force F = 0.3 pN. Bin width =
0.578 and mean ∆Lko = -0.58 ± 1.12
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46 Supplemental Data

Supplementary Figure 7.2: Negative shift in ∆Lko observed for DNA strands in
the absence of Doxorubucin Histogram shows of the distribution in ∆Lko for a
sample of 77 DNA strands with 5 µM doxorubicin at a force F = 0.3 pN. Bin width
= 7.56 and mean ∆Lko = -33.55 ± 19.41
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Supplementary Figure 7.3: Agarose gel electrophoresis showing low intensity
bands as Safe Red dye competes with doxorubicin The wells show DNA lad-
der, bare DNA, DNA and the four reconstituted chromatins having DNA:histone
molar ratios or 1:0.9, 1:1.4, 1:1.9 and 1:2.4 (marked as Chrom1, Chrom2, Chrom3
and Chrom4 respectively) with 5 µM doxorubicin. The last well contains only
chromatin having DNA:histone molar ratio 1:1.9 for comparison. The bare DNA
and chromatin samples were premixed with doxorubicin in tubes and allowed
to incubate for 10 minutes. All samples were then stained with Safe Red dye,
added to the wells and run through the agarose gel at 150 V. Doxorubicin seems
to compete with Safe Red as all bands containing doxorubicin show a significant
decrease in intensity
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