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Chapter1
Introduction

In this thesis, we describe themechanical properties of chromatin, the ubiquitous DNA
protein complex that organizes our genome, at the single-molecule level. �is chapter
brie�y introduces the structural properties of DNA, nucleosomes and chromatin. We
introduce the theory to describe the elastic and topological characteristics of DNA and
discuss the singlemolecule technique, magnetic tweezers, which is used in this thesis to
study the structural changes of DNA and chromatin under tension and torsion. Finally,
we provide a brief overview of the contents of this thesis.
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Chapter 1 - Introduction

Almost 60 years have passed since the discovery of the right-handed helical structure
of DNA [1]. �e unique structure of DNA enables genetic and epi-genetic information
to be stored and regulated in prokaryotes and eukaryotes. Prokaryotes are single-celled
organism that lack a cell nucleus, and their DNA, though compacted by supercoiling
and a host of DNA organizing proteins, �oats freely in the cytoplasm. Eukaryotic cells,
in contrast, have intracellular organelles that organize the cellular contents into com-
partments. In human cells, for instance, our genes consist of 3 billion base pairs (bp)
of DNA that are packed in the nucleus. DNA is under constant mechanical stress and
exists in various structures. �is organization of DNA is highly dynamic with vari-
ous enzymes stretching and twisting the helix. �is dynamical structure plays a role in
regulating transcription, replication andmitosis. Understanding the role of DNA com-
paction in gene regulation represents one of the most challenging questions in current
life sciences. To address this question, we need better physical descriptions of DNA
and its higher order organization, chromatin.

1.1 DNA, nucleosomes and chromatin

DNA in cells typically consists of two complementary polynucleotide chains that
are interwound, forming a doublestranded helix, though other shapes, such as G-
quadruplexes and Holliday junctions may also occur. Among several known confor-
mations, B-DNA prevails under physiological conditions (Fig. 1.1A). B-DNA is a right
handed helix with a pitch of 10.5 bp per helical turn (3.4 nm) and a diameter of 2.0
nm. �e human genome DNA consisting of 3 billion bp is therefore about 1 meter long
when stretched out. Without physical constraints, it may fold into a swollen coil oc-
cupying volume of 107 µm3 [2]. In the nucleus of a typical human cell however, it is
condensed into a volume of about 500 µm3. �is formidable magnitude of conden-
sation into the nucleus is achieved by several steps of compaction involving a choice
of structural proteins. �e complex of DNA and those structural proteins is known as
chromatin.

�e basic repeating unit of chromatin is the nucleosome, consisting of 147 bp of
DNAwrapped 1.7 times around a wedge-shaped histone octamer. �e octamer is com-
posed of a (H3-H4)2 tetramer and two H2A-H2B dimers (Fig. 1.1B) [6]. In vitro stud-
ies revealed that the nucleosome is highly dynamic and undergoes spontaneous, re-
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1.1 DNA, nucleosomes and chromatin

Figure 1.1: Overview of several levels of DNAorganizationwith typical dimensions. (A)
�e crystal structure of B-DNA (3BSE) [3] shows a right-handed chirality with about
10 bp per helical turn. (B) �e nucleosome crystal structure (1KX4) [4] shows 147 bp
of DNAwrapped around a histone octamer with a le�-handed chirality. (C) Schematic
drawing of a folded chromatin �ber with one-start solenoidmodel proposed in [5]. �e
nucleosome arrays are connected by 30-60 bp of linker DNA.

versible unwrapping of part of the DNA from the histone core [7]. Although there are
no sequence-speci�c interactions between histones and DNA bases, certain DNA se-
quences have a strong preference to form a nucleosome. �e chromatin �bers studied
in this thesis are reconstituted with tandem arrays of the Widom 601 sequence [8, 9].
�is DNA sequence was selected from a random DNA pool to bind with high a�nity
to the histone octamer. Even though 601 sequence is widely used in vitro research, only
recently was the mechanism of its strong a�nity explained by a statistical mechanics
model [10].

Nucleosomes are connected by shortDNAsegments (linkerDNA) into nucleosome
arrays, which fold into chromatin �bers by interactions with neighboring nucleosomes.
Although the structure of chromatin �bers has been heavily debated for 30 years, in
vitro it is commonly found that these �bers form condensed 30 nm �bers under physi-
ological conditions (Fig. 1.1C). Several parameters determine the conformation and the
degree of compaction of the 30 nm �ber, such as the linker DNA length, salt concentra-
tion and histone post transcriptional modi�cations. �e linker DNA varies in nature
between 10 and 90 bp [11]. Two groups of competing models, the “one start” solenoid
model and the “two start” zigzag model have been proposed to explain the chromatin
structure [12]. In the solenoidmodel, consecutive nucleosomes interact with each other
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Chapter 1 - Introduction

and follow a helical trajectory. �is model is supported by the ElectronMicroscopy ex-
periments on reconstituted chromatin �bers with 30-60 bp of linker DNA [13]. In the
zigzagmodel, two rows of nucleosomes twist into a double helix, so that alternate nucle-
osomes become interacting partners. �is model is supported by the crystal structure
of a tetranucleosome array with 20 bp of linker DNA [14].

1.2 DNA supercoiling

Overwinding (positive) or underwinding (negative) the DNA double helix results in
DNA supercoiling, which is an expression of the torsional strain on the helix. DNA
supercoiling plays an important role in DNA compaction such as the formation of nu-
cleosomes and the higher order chromatin structures. �e DNA wraps around the
histone core in a le�-handed helix, therefore it is negatively supercoiled. Additionally,
DNA supercoiling acts as an important feature during replication and transcription.
During transcription, the double helix is underwound, gets melted and forms a tran-
scription bubble [15]. DNA is also thought to experience the torsional stress created by
RNA polymerase II [16], when RNA polymerase II is bound to the nuclear matrix and
processes through a torsionally constrained DNA domain. However, how chromatin
�bers respond to the torsional stress is not well understood. To further answer this
question, we need physical and mathematical descriptions of DNA supercoiling.

�e term topology is used in mathematical studies of shapes, to quantify the struc-
tural properties that are conserved under continuous deformations, including stretch-
ing and bending. It is commonly used to describe the conformation change of super-
coiled DNA. A torsionally constrained DNA segment with no free rotation of its ends,
is called a topological domain. An example of a topological domain is circular DNA.

In our studies, we create a topological domain from a linear DNA fragment, using
multiple anchor points to stick the DNA to a glass slide and a bead. A topological
domain is characterized by its linking number (Lk). �e linking number is de�ned
as the number of times that the two DNA strands are interwound, independent of the
exact conformation. �e linking number of a relaxed B-DNA molecule with N bp is

Lk0 = N/10.5 . (1.1)
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1.2 DNA supercoiling

Figure 1.2: �e topological properties of DNA. (A) DNA can exist as a relaxedmolecule
(center) having a right-handed chirality without any supercoiling as schematically de-
picted in the center. Overwinding (right) DNA can over-twist the DNA or form a plec-
tonemic structure. Underwinding DNA may undertwist DNA, induce DNA denatu-
ration to form DNA melting bubble or form a plectonemic structure. (B) A graphical
illustration of the “twin supercoil domain” based on [17]. R is RNA polymerase II. If R
is moving from le� to right, the DNA in font of the polymerase (downstream) becomes
overwound, or positively supercoiled; the DNA behind the polymerase (upstream) be-
comes underwound, or negatively supercoiled.

5



Chapter 1 - Introduction

Two parameters that describe changes in DNA conformation are twist (Tw) and
writhe (Wr). Twist refers to the helical winding of the DNA strands around each other
in a helical conformation, whereas writhe is a measure of the looping of the double
helix, quanti�ed by the number of times it crosses itself. Without supercoiling, Lk0
equals Tw0. Over or under-winding the DNAmolecule will change Lk. �is change in
the linking number can be distributed into the two ways (shown in Fig. 1.2A),

∆Lk = Lk − Lk0 = Tw − Tw0 +Wr = ∆Tw +Wr (1.2)

�e response to positive and negative supercoiling is not symmetric. Because of
the chirality of DNA, it may be denatured by negative supercoiling to form a melted
bubble, which has no intrinsic twist.

In eukaryotic cells, many activities that requireDNA to be unwound (and rewound)
involve the process of supercoiling. During transcription, for example, a RNA poly-
merase II can generate about seven DNA supercoils per second in a topological do-
main [18]. A popular model to describe the mechanism of RNA polymerase II is the
“twin supercoiled domain” model [19, 20] (Fig. 1.2B). In this model, the RNA poly-
merase II moves along the DNA helix, and generates positive supercoiling ahead and
negative supercoiling behind. However, the natural substrate for RNA polymerase II is
a chromatin �ber consisting of several tens of nucleosomes (a typical length of a gene)
rather than naked DNA. �e e�ects of supercoiling therefore need to be considered
in the context of chromatin, but unfortunately, we know very little about its mechan-
ical properties. �e idea that the supercoiling may be transmitted along chromatin
was raised twenty-�ve years ago but how the chromatin �ber responds to supercoiling
has nonetheless remained unclear [21, 22]. One hypothesis based on the “twin super-
coiled domain” model is that positive supercoiling ahead of the RNA polymerase II
will destabilize nucleosomes and negative supercoiling behind will promote reassem-
bly of nucleosomes [23, 24]. Manipulating chromatin by single-molecule techniques
can provide insight into this fundamental question.

1.3 Magnetic tweezers

In this thesis, we usedmagnetic tweezers as a tool to manipulate single DNAmolecules
or chromatin �bers and study their response to torsional stress. Magnetic and optical
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1.3 Magnetic tweezers

tweezers have been developed in the past twenty years. Force spectroscopy studies on
DNA or DNA-protein complexes have given lots of structural insights on the single
molecule level. In 1996, Strick et al. measured the response of a single supercoiledDNA
to a stretching force [25]. A single DNA molecule was anchored on a glass cover slip,
and at the other end to a superparamagnetic bead (Fig. 1.3A). A magnet, placed above
the �ow cell, exerted a force on the bead and hence on theDNAmolecule. �emagnetic
force exerted on the bead depends on the gradient of the magnetic �eld [26, 27]:

F = 1
2
∇(
ÐÐÐ→
m(B) ⋅ Ð→B ) (1.3)

Figure 1.3: Magnetic tweezers set up and the mechanical properties of DNA. (A) A
schematic drawing of the setup with an image of the bead. (B) A force-extension curve
of a bare DNAmolecule with 5.2 kbp. A �t by worm like chain model gives the contour
length of 1750 nm, persistence length of 50 nm. (C) �e real time measurements of
DNA extension versus excess linking number.

where
Ð→
B is the external magnetic �eld and

ÐÐÐ→
m(B) is the magnetic moment induced in

the paramagnetic bead. �e micrometer-sized bead can be tracked by ordinary light
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Chapter 1 - Introduction

microscopy. �e position of the bead in three dimensions is determined by image anal-
ysis: the position in the x and y directions is obtained from the center of the di�raction
rings with nanometer precision. �e position in the z direction can also be extracted
from the di�raction pattern by comparison with reference images, whichmeasured the
di�raction pattern of the bead at known distances from the focal plane.

�e force can be calculated from the amplitude of the Brownian �uctuations. �e
Brownianmotion of the bead is restricted by theDNA tether and varieswith the applied
force. �e force follows from equipartition theorem [25]:

F = kBT
< △x2 > < z > . (1.4)

kBT is the product of the Boltzmann constant, kB , and the temperature, T . At room
temperature, kBT = 4.1 pNnm. < △x2 > is the variance of the bead excursions in the
x-direction and < z > is the extension of the DNA tether. �e forces range from sub-
piconewton to tens of piconewtons. �e spatial resolution is several nanometers and
temporal resolution is in the order of tens of milliseconds [28].

One should notice that due to the limited frame rate of the camera, < △x2 > can be
underestimated at large forces or with short tethers. �erefore, rather than using Equa-
tion 1.4 directly, the �uctuations in position are transferred into the frequency domain,
and the power spectrum of the motion is further analyzed. More details about force
calibration can be found in [29, 30]. Here we calibrated the force as a function of the
magnet position, and use this relation to calculate the force during an experiment [31].
A major advantage of this method is that one does not need long (> minutes) calibra-
tion times, and long exposures to large forces, which is detrimental to our chromatin
�bers.

During a magnetic tweezers experiment, the height of the bead that we measured
is relative to the focal plane of the microscope. We subtract the relative position of the
bead at a certain forcewith the position of the bead at the lowest force (< 0.03 pN) to ob-
tain the extension of the tether. However, this extension is sometimes shorter thanwhat
we expected, because the tether may not always be attached to the bottom of the bead.
When it is attached at the side of the bead, this leads an apparent extension shorter
than the exact value [32, 33]. We correct this by adding an o�set correction accord-
ing to the expected contour length of the tether, using the well-documented worm-like
chain properties of DNA (Fig. 1.3B, and described in the next section).

8



1.4 Mechanical properties of DNA and nucleosomes

An advantage of the magnetic tweezers with respect to ( traditional ) optical tweez-
ers is its ability to control the excess linking number of a single tether. Rotating the pair
of magnets rotates the bead, and induces either over or under-winding of the DNA.
�e extension of the tether response to supercoiling can be detected in real time (Fig.
1.3C).

1.4 Mechanical properties of DNA and nucleosomes

Knowing the elastic properties of double stranded DNA is the �rst step to understand
the mechanical properties of a chromatin �ber. �e elasticity of double stranded DNA
has been investigated extensively using magnetic and optical tweezers [34, 35]. A DNA
molecule in solution bends locally as a result of thermal �uctuations. Such �uctuations
shorten the end-to-end distance of the molecule and is called entropic elasticity. A
model named the Worm like chain (WLC) is commonly used to describe this entropic
elasticity. �e WLC model envisions an isotropic rod that is continuously �exible, as
opposed to other polymermodels, like the freely jointed chain, which has discrete rigid
sections that are linked by �exible hinges. �e correlation of the rod’s local direction
reduces with distance s along the curve following an exponential decay e−∣s∣/A. �e
decay length, A, is called the persistence length of the rod and de�nes its �exibility.
�e persistence length of double-stranded DNA is around 50 nm under physiological
conditions [26].

An analytical solution of the force-extension relation for WLC is not known, but
an interpolation formula to the numerical solution, given by Marko and Siggia [36] is
commonly used:

F = kBT
A

⎛
⎝

1
4(1 − z

L0 )
2 −
1
4
+ z
L0

⎞
⎠

(1.5)

where z is the end-to-end distance of the tether and L0 is the contour length. For B-
DNA the contour length is the number of base pairs times 0.34 nm. A typical force-
extension curve of DNA with 5200 bp is shown in Fig. 1.3B.

�e mechanical properties of nucleosomes and chromatin have been studied for
��een years, but there is far less consensus about their interpretation [37]. Brower-
Toland et al. [38] �rst showed that the nucleosome unwraps in two steps. Two 25 nm
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Chapter 1 - Introduction

steps occur at forces around 5 pN and 15 pN. �ese stepsizes have been suggested to
correspond to the outer turn and inner turn unwrapping of DNA. A DNA spool model
proposed by Kulic and Schiessel [39] was able to explain nucleosome unwrapping un-
der tension. Recently, a study of nucleosome unwrapping under torsion was presented
[40]. Interestingly, torque has only a moderate in�uence on nucleosome unwrapping:
positive torque slightly increases the unwrapping force for the outer turn, but decreases
the unwrapping force for the inner turn. �e structure and the mechanical properties
of a chromatin �ber in which nucleosomes interact are still poorly understood, and this
will be the main subject of this thesis.

1.5 Statistical mechanics

In this thesis we use statisticalmechanics to describe themechanical properties of DNA
and chromatin. We de�ne di�erent states of DNA and the chromatin �ber that each
have a distinct force and linking number dependent extension and free energy. Sta-
tistical mechanics is used to describe the properties of this system in thermodynamic
equilibrium.

We consider a system at a constant temperature T , with a �xed number of con-
stituent particles. Each state that the system can occupy, is de�ned by a speci�c set of
conformations of the system and is marked as i , (i = 1, 2, 3...)with the total energy E i

in each state. �e partition function is de�ned as

Z = ∑
i
exp(− E i

kBT
) (1.6)

�e probability Pi that the system occupies state i is

Pi =
1
Z
exp(− E i

kBT
) (1.7)

In single-molecule studies, it is more convenient for us to calculate the probability
Pi of the molecule occurring as a partially folded state when the temperature (T) and
the force (F) are speci�ed for a system at 1 atm [41].

Pi(T , F) =
1
Z
exp(−∆G i(T , z i) − Fz i

kBT
) (1.8)

�e ∆G i(T , z i) are the free energies at constant T and average extensionz i of state
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1.6 Outline of this thesis

i. �e partition function ensures that the probabilities sum up to one, i.e. ∑ Pi = 1. Us-
ing the partition function, we can calculate the statistical average value of any physical
quantity in the system, for instance, for a quantity marked as x, the mean value of x is

< x >= ∑
i
x iPi (1.9)

1.6 Outline of this thesis

�is thesis reports experimental work on the mechanical properties of the chromatin
�ber under tension and torsion. It also contains the theoretical modeling to quantita-
tively understand the data and enables us to interpret the data in terms of the structural
changes of the chromatin �ber at the single molecule level.

Chapter 2 reports the coexistence of twisted, plectonemic and melted states of DNA
in a small topological domain. Magnetic tweezers measurements indicate the coexis-
tence of these three states at sub-picoNewton force and linking number densities about
−0.06. A broadening of the transitions between the three states is found when the
size of a topological domain is limited to several kilobasepairs. We present a statisti-
cal mechanics model for such DNA domains by calculating the full partition function.
Real-time analysis of shortDNA tethers at constant force and torque shows discrete lev-
els of extension, representing discontinuous changes in the size of the melting bubble,
which should re�ect the underlying DNA sequence. Our results provide a comprehen-
sive picture of the structure of underwound DNA at low force and torque and could
have important consequences for various biological processes, in particular those that
depend on local DNA melting, such as the initiation of replication and transcription.

Chapter 3 describes force spectroscopy of torsionally unconstrained chromatin �bers
reconstituted with 601 sequence repeats. We show that the experimental data has varia-
tions between di�erent �bers that can be attributed to the heterogeneity in the compo-
sition of individual �bers. Comparison to force-extension curves of single nucleosome
and chromatin �bers of 20 bp and 50 bp linker DNA reveals distinct physical proper-
ties of chromatin (un)folding. We propose that the unfolding of a chromatin �ber goes
through four di�erent nucleosome conformations and introduce a statistical mechan-
ics model that quantitatively describes the extension of individual �bers in response to
forces up to 30 pN. �is quantitative analysis allows for a structural interpretation of
all physical processes that de�ne chromatin folding.
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Chapter 4 reports the elasticity of torsionally constrained chromatin �bers. By ap-
plying tension and torsion with magnetic tweezers, we �nd that the �ber has a strong
asymmetric response to supercoiling. Negative supercoiling stabilizes the �ber against
unfolding. Positive supercoiling on the other hand can be absorbed by the �ber. When
the force exceeds ~2.0 pN, the �ber unfolds and unwraps one turn of DNA.�e amount
of unfolding depends on the extend of supercoiling. �e anisotropic response re�ects
the chirality of a le�-handed helix. A statistical mechanics model is presented, which
captures the full complexity of chromatin folding and unfolding at di�erent degree of
supercoiling. �ese results reveal for the �rst time the topology of a folded chromatin
�ber and present a new description of DNA and chromatin under torsional stress.
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Chapter 2
Coexistence of Twisted,
Plectonemic, and Melted DNA in
Small Topological Domains1

DNAresponds to small changes in force and torque by over- or under-twisting, forming
plectonemes, and/or melting bubbles. �ough transitions between either twisted and
plectonemic conformations or twisted and melted conformations have been described
as �rst order phase transitions, we report here a broadening of these transitions when
the size of a topological domain spans several kilobase pairs. Magnetic tweezers mea-
surements indicate the coexistence of three conformations at sub-pN force and linking
number densities around -0.06. We present a statistical physics model for DNA do-
mains of several kilobase pairs by calculating the full partition function that describes
this 3-state coexistence. Real-time analysis of short DNA tethers at constant force and
torque shows discrete levels of extension, representing discontinuous changes in the
size of the melting bubble, which should re�ect the underlying DNA sequence. Our
results provide a comprehensive picture of the structure of under-wound DNA at low
force and torque and could have important consequences for various biological pro-
cesses, in particular those that depend on local DNA melting, such as the initiation of
replication and transcription.

1�e contents of this chapter are based on : H. Meng, J. Bosman, T. van der Heijden and J. van Noort,
“Coexistence of Twisted, Plectonemic, andMelted DNA in Small Topological Domains.” Biophysical Journal.
106:1174-1181 (2014).

17



Chapter 2 - �ree states of DNA

2.1 Introduction

In vivo, DNA is maintained in a negatively supercoiled state in small topological do-
mains of several kilobase pairs (kbps) [1, 2]. �is supercoiling forms the driving force
for DNA compaction into chromosomes and has been implicated in regulating all pro-
cesses involving DNA [3]. Access to DNA by polymerases, for example, requires melt-
ing of a small amount of DNA and may be a rate limiting step in the initiation of tran-
scription and replication [4]. �e processive motion of these polymerases in topologi-
cally �xed domains can lead to accumulation of force and torque which has been sug-
gested to play an important role in DNA homeostasis [5–8]. It is therefore important
to understand how force and torque a�ect the conformation of DNA.

Using force spectroscopy techniques such as magnetic and optical tweezers, it is
possible to control both the force and the torque on single DNAmolecules [9–11]. Sem-
inal work by Strick and coworkers showed that under- and over-twisting of DNA leads
to plectonemic structures, i.e. supercoils, at stretching forces below 0.5 pN [12]. Above
1.0 pN and negative torque, small dAdT rich regions of double-stranded(ds)DNAmelt
and form single-stranded (ss)DNA bubbles [13, 14]. At higher force (F > 2.5 pN) and
larger negative torque (Γ < −11 pN nm), a le�-handed structure L-DNA [15] forms.
Large positive torque and force, on the other hand, induce a highly over-twisted state
called P-DNA [16]. �us, a rich variation of conformations accommodates physical
stress and torque in DNA.

Statistical mechanics has been successfully employed to describe these remarkable
features of DNA [17, 18]. In these reports, the DNA tether is assumed to be long enough
to neglect thermal �uctuations between di�erent conformations. For a DNA tether
with a �nite number of base pairs (i.e. several kbps) held at low forces (F < 1.2 pN) and
moderate linking number densities (∣σ ∣ < 0.06), representing physiologically relevant
conditions [19], coexistence of three states has been suggested [20]. However, detailed
analysis of the extension of short DNA molecules in this low force and torque range is
lacking.

In the current article, we provide an extended experimental data set and introduce
a numerical 3-state model that shows the coexistence of three states in the same topo-
logical domain. We performed magnetic tweezers experiments on DNA molecules of
several kbps and measured twist-extension curves in real time. �is resolved simulta-
neously the rather large �uctuations in extension due to the presence of di�erent states,
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2.2 Materials and methods

and revealed a discontinuous change in the size of themelting bubbles that we attribute
to di�erences in DNA sequence. �ough we do not explicitly take the DNA sequence
into account in our statistical physics model, there are indications that suggest that the
phase-diagram can be a�ected by it. Together, these �ndings provide a quantitative
understanding of DNA melting in small topological domains at forces and degrees of
supercoiling that are representative for the conditions that occur in the living cell.

2.2 Materials and methods

2.2.1 Magnetic tweezers

�e home-built magnetic tweezers has been described by Kruithof et al [21]. During
an experiment, a DNAmolecule was constrained between the end of a superparamag-
netic bead with diameter of 1 µm and the surface of a microscope coverslip. Twist was
induced by rotating the magnetic �eld at 1 turn/s. �e extension of DNAwasmeasured
in real time at a frame rate of 60 Hz with a CCD camera (Pulnix TM-6710CL).

2.2.2 DNA constructs

Two DNA constructs were studied based on Plasmid pGem-3Z (3kb) and Puc18 with
25 repeats of the 601 sequence (8.5kb) (A gi� from D. Rhodes, Singapore). Both plas-
mids were digested with BsaI and BseYI yielding linear fragments of 2410 and 6960
bp respectively with corresponding sticky ends on either side. Digoxigenin and biotin-
labeled handles were produced with PCR using biotin-dUTP and digoxigen-dUTP on
the pGem-3Z template using the following primers: 5’ GATAAATCTGGAGCCGGT
GA 3’ and 5’ CTC CAA GCT GGG CTG TGT 3’. A�er PCR ampli�cation, these frag-
ments were digested with BsaI and BseYI and ligated to the previously digested DNA
backbone.

2.2.3 Sample preparation

A clean cover slip was coated with 1% polystyrene-tuolene solution. �e coverslip
was then mounted on a poly-di-methysiloxane (PDMS, Dow Corning) �ow cell con-
taining a 10 × 40 × 0.4 mm �ow channel. �e �ow cell was incubated with 1 µg/ml
anti-digoxigenin for 2 hours and 2% BSA (w/v) solution overnight. 20 ng/ml DNA in
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10mMHepes pH7.6, 100mMKAc and10mMNaN3 was �ushed into the �ow cell and
incubated for 10minutes, followed by �ushing in 1µm diameter streptavidin-coated su-
perparamagnetic microspheres (MyOne, Invitrogen) in the same bu�er a�er 10 min-
utes.

2.3 Results

We consider a DNA molecule consisting of N base pairs. When DNA is torsionally
unconstrained, the linking number Lk0 equals 1 helical turn per 10.4 bp [22]. In the case
of a torsionally constrained molecule, torque builds up as one end of the molecule is
twisted ∆Lk turns. �is change in twist can be expressed in the linking number density,
σ ≡ ∆Lk/Lk0. Here, we will examine the situation where three states, i.e. twisted
(t), plectonemic (p), and melted (m) DNA occur simultaneously in the same molecule
(Fig. 2.1). In this model, the base pairs in the molecule are divided amongst these three
states:

N = nt + np + nm , (2.1)

where n i (i = t, p,m) is the number of base pairs in each state. �e excess linking
number is conserved and distributed amongst these three states:

∆Lk = ∆Lkt + ∆Lkp + ∆Lkm . (2.2)

�e linking number density in the entire domain can thus be written as:

σtot =
nt

N
σt +

np

N
σp +

nm

N
σm , (2.3)

in which σi (i = t, p,m) is de�ned as the linking number density in each state (σi =
∆Lk i
n i/10.4

). �e total free energyG equals the sumof the free energy in each state following:

G = ntGt + npGp + nmGm , (2.4)

in whichG i represents the free energy per base pair in state i. In general,G i can depend
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on both the force and linking number density [15, 17]:

G i(F , σi) = −g i(F) +
c i(F)
2

(σi − σ0, i)2 + ε i , (2.5)

where g i(F) is the stretching free energy and c i(F) is the force dependent twist modu-
lus. For the twisted andmelted state, the stretching free energy is described by a worm-
like chain [17], whereas stretching of plectonemic DNA is force independent because
it has zero extension. σ0, i is the degree of twist in each state in absence of torque. ε i is
the melting energy for base pair separation, which is zero for twisted and plectonemic
DNA. �ough the melting energy is sequence dependent, we will assume an average
value of 1.6 kBT [23] per base pair. All parameters in Equation 2.5 are summarized in
Table S1.

Previous work by Marko [17] reported an analytical solution for the distribution of
states based on equating the torque in each state. In analogy with other phase tran-
sitions, only a single point in the phase diagram was reported to represent a 3 phase
coexistence. However, thermal �uctuations are not negligible in �nite systems, such
as a single topological domain of several kbps, allowing for a population of additional
states that would remain unobserved in the thermodynamic limit. An analytical solu-
tion for such a three-state system has not been reported. Because of the �nite number
of states we can numerically calculate the full partition function, using Equations 2.1,
2.3 and 2.4. �e probability to be in a conformation de�ned by nt , np , σ t and σp equals:

P(F ,σtot) = Z−1exp(−G(F ,σtot ,σt ,σp ,n t ,np)

kBT ), (2.6)

with the partition function:

Z =
∞

∑
σp=−∞

∞

∑
σt=−∞

N
∑

np=N−ns

N
∑
ns=0

exp(−G(F ,σtot ,σt ,σp ,n t ,np)

kBT ). (2.7)

Using Equation 2.4 the extension z of a DNAmolecule with contour length L in a state
comprising nt stretched base pairs and nm melted base pairs can be written as :

z(F , σtot)
L = 1

N
(−∂G

∂F
) = nt

N (−∂Gt

∂F
) + nm

N
(−∂Gm

∂F
). (2.8)

Combining Equations 2.6 and 2.8 yields for the expected extension:
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< z(F , σtot)
L >= Z−1

∞

∑
σp=−∞

∞

∑
σt=−∞

N
∑

np=N−ns

N
∑
ns=0

z(F , σtot)
L exp(−G(F ,σtot ,σt ,σp ,n t ,np)

kBT ). (2.9)

�emean value and variance of all other parameters that describe the conformation of
the molecule are calculated likewise.

Figure 2.1: Schematic illustration of the conformational changes of a DNA molecule
in a magnetic tweezers set up (not to scale). A DNA molecule is tethered between a
superparamagnetic bead and a glass surface. Force and torque on the DNA molecule
is applied by an external pair of magnets (not shown) to the bead. Here, we consider
the coexistence of three states: twisted, plectonemic, and melted DNA.

2.3.1 3-state coexistence

We used magnetic tweezers to control the force and twist exerted on a single DNA
molecule (Fig. 2.1). Brie�y, the experimental setup consists of a DNA molecule that
is anchored between a glass surface and a superparamagnetic bead. �e position and
the rotation of a pair of external magnets determines the force and twist applied to the
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Figure 2.2: Experimental data of the relative extension of a 7.0 kbps DNA molecule as
a function of the total linking number density at various forces (circles). �e relative
extension as calculated by Equation 2.9 is shown by lines. Calculations are based on
the parameters summarized in Table S1. Black solid lines represent a constant melting
energy of 1.6 kBT/bp. For the gray dashed line a force dependent melting energy was
used, see Fig. S3B, resulting in a better match with the experimental data at 0.6 pN .

bead. �e height of the bead, corresponding to the extension of the DNA molecule,
is measured in real time using video microscopy and image processing [21]. Unlike
previous reports [14, 24, 25], we do not average the extension over a given time interval,
so changes in extension are directly revealed. �e bandwidth to detect these changes is
limited by the viscous drag of the bead, the sti�ness of the DNA tether, and the frame
rate of the camera (see Supporting Material and Fig. S7). Typically, for the conditions
of the measurements reported here, �uctuations in extension can be detected at 20-60
Hz. Because each state has a di�erent extension (see Equation 2.8), the distribution of
states can only be determined indirectly from the total extension of the molecule.

We carried out twisting experiments on 7.0 kbps and 2.4 kbps DNA molecules at
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forces up to 1.0 pN and linking number densities up to ∣σtot ∣ < 0.07 (Figs. 2.2 and
S1A for 7.0 and 2.4 kbps respectively). Over- and under-twisting the DNAmolecule at
0.3pN resulted in a symmetric decrease in end-to-end distance (Fig. 2.2, red circles). At
this force, DNA buckles at both negative and positive torque. �e resulting supercoils
reduce the end-to-end distance of the DNA molecule. Increasing the force to 1.0 pN
results in an asymmetric extension-twist curve (Fig. 2.2, blue circles). �e extension
remains constant for under-twisting due to DNAmelting [13, 16, 17, 26]. Over-twisting
the DNA creates plectonemes at all forces. �e extension at these two conditions can
be fully captured by considering the equilibrium between two states: a twisted-melted
state or a twisted-plectonemic state [17].

�e twist-extension curves at 0.6 pN and 0.7 pN fall in between these two regimes
(Fig. 2.2, orange and green circles). We therefore consider the coexistence of twisted,
plectonemic, and melted DNA to describe these data. �e black lines superimposed
on the experimental data in Fig. 2.2 are the calculations using Equation 2.8. �e used
parameters for the mechanical properties of DNA are summarized in Table S1, using
the same values as reported before [17] except for the twistmodulus ofmeltedDNA.We
could only obtain a good agreement between experimental and simulated data using a
twist modulus of melted DNA of 28 nm instead of 1 nm [27]. �us it appears that small
bubbles of melted DNA are more di�cult to twist than previously reported.

Note that the model appears to underestimate extension of the DNA at very small
extensions. �is is caused by excluded volume forces that originate from the impossi-
bility for the DNA and the bead to penetrate the glass surface [21]. We did not correct
for this, leading to an underestimation of the e�ective force for short �exible tethers.
Barring these deviations at very small extensions, we conclude that under conditions
that resemble physiological salt concentrations, the 3-state model quantitatively cap-
tures experimental twist-extension curves of small topological domains at moderate
forces and linking number densities.

2.3.2 Phase diagram

To summarize the distribution of base pairs in the 3-state model, we computed a phase
diagram of the 7.0 kbps DNA as a function of the linking number density and force
(Fig. 2.3). �e fractions of base pairs in each state are color coded, resulting in separate
regions of twisted (blue) and plectonemic (green) DNA. Several regions show a mixed
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Figure 2.3: �e force-linking number density phase diagram of a 7.0 kbps DNA
molecule. Gradual transitions occur between twisted (t), plectonememic (p), and
melted (m) DNA.�e fraction of base pairs in t, p, andmwere used for the blue, green,
and red hues. �e fraction of melted bps was multiplied by 10 in all regions to optimize
the contrast. �e white region represents the 3-state coexistence phase.

distribution of two states: twisted and plectonemic DNA (cyan), twisted and melted
DNA (pink), and plectonemic and melted DNA (yellow). �ese features, representing
two-state conformations, follow previously reported phase diagrams [9, 15, 17].

�e phase diagram also shows a phase, rather than a single triple point [28], where
the three states coexist (white). �is phase is a direct consequence of the small size of the
topological domain, which invalidates the thermodynamic limit assumption and ex-
poses states that are usually obscured in large systems. �e phase diagram for 2.4 kbps
and 24.0 kbps DNA (Fig. S2) reproduces the same trend, but the 3-state coexistence
regime shrinks when the tether length increases. For 24.0 kbps DNA we observe only
a narrow line at F = 0.69 pN . Because of the large di�erence in linking number be-

25



Chapter 2 - �ree states of DNA

tween melted DNA and dsDNA, a small melting bubble is more e�cient in relieving
torsional stress than twisted or pelectonemicDNA. In larger tethers such a small bubble
represents a smaller fraction of the total DNA size, reducing the size of the coexistence
phase.

To better understand the 3-state coexistence, we looked into more details that can
be calculated with the statistical mechanics model. Fig. 2.4A shows the number of
base pairs in the three states for 7.0 kbps DNA at F = 0.7 pN . �e majority of the
DNA is in the twisted state for ∣σtot ∣ < 0.04. For ∣σtot ∣ > 0.01 plectonemic DNA starts
to form, whereas at σtot < −0.02 melted DNA is formed. A small fraction of the DNA
contributes to this melting bubble, though it grows to 250 bps for σtot = −0.07.

�ough only a small fraction of the DNA molecule melts, these base pairs con-
tribute to a large part of the total twist that is present in the DNA tether. Fig. 2.4B
shows the distribution of excess linking number among the three states. At small link-
ing number densities all the twist is absorbed in twisted DNA. When σtot in the DNA
molecule exceeds 0.02, the molecule buckles, and the additional twist is stored in plec-
tonemes. For negative torque, however, at σtot < −0.04 most of the twist is stored
in melted DNA. �e large di�erence in helicity and free energy between dsDNA and
melted DNA makes melted DNA a good bu�er for torsional stress.

We extended our analysis to the quanti�cation of torque within a 7.0 kbps DNA
molecule for di�erent forces and linking number densities (Supporting Material,
Figs. 2.4C and S4). Fig. 2.4C shows that the torque increases linearly with twist when
DNAexists in a single state. For example, the plectonemic state dominates at F = 0.1pN
and σtot > −0.05 (with a small interruption at σtot = 0). Under these conditions the
slope represents the twist sti�ness of plectonemic DNA. At larger forces and small twist
densities, DNA is predominantly twisted, yielding a larger slope because of the larger
twist persistence length of twisted DNA. When multiple states coexist, an increase of
torsional stress is accommodated by a redistribution of the states rather than increasing
the twist in either of the states. �us for mixed conformations the torque stays constant
but the distribution of bps between states is shi�ed (Fig. 2.4A). Remarkably, the neg-
ative torque reaches a minimum value of −11 pN nm for all forces probed. �is torque
corresponds to a free energy of 2.6 kBT , which is just su�cient to melt and twist an ad-
ditional basepair. �us the maximum torque for negatively twisted DNA is limited. As
a consequence, the linking number density in the plectonemic state, which comprises

26



2.3 Results

Figure 2.4: Calculations of the 3-state coexistence in a 7.0kbpsDNAmolecule at 0.7pN
and di�erent linking number densities. (A)�e distribution of base pairs in each state.
(B) �e distribution of linking numbers in each state. �e sum of linking numbers
converges to the total linking number ∆Lk, shown in gray. (C) �e torque present in
the DNAmolecule calculated between 0.1 pN to 2.5 pN . (D)�e distribution of melted
base pairs. Error bars represent the standard deviation.
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most of the DNA, is constrained, i.e. < σp >= −0.065, in excellent agreement with the
natural linking number density observed in vivo [19, 29].

�e model presented here di�ers from previous work in two aspects [17]. First, we
consider all distributions of states, rather than only the lowest energy state. In small
tethers there are a large number of states with a comparable free energy contributing
to the average extension of the molecule. Fig. 2.4D shows the expected value and stan-
dard deviation of nm as a function of the applied linking number density calculated.
It is clear from these calculations that the bubble size is not well de�ned, with vari-
ations ranging up to 50 bps, emphasizing the extent of the statistical �uctuations in
a small DNA tether. Second, the torque is not �xed within the molecule, as shown in
Fig. S4, themean values of the torque in each phase follow themean torque of the entire
molecule, but signi�cant variations in torque occur when phases coexist. Imposing a
constant torque throughout the entiremolecule still results in the coexistence of 3 states
(Fig. S5). Fluctuations in torque between the di�erent parts of the molecule therefore
only contribute a small part of the states that de�ne the average extension.

2.3.3 Fluctuations in extension

�e relatively broad distribution of base pairs in each of the three states results in in-
creased �uctuations in the extension of the molecule, due to the large di�erences in
extension between the three states. Indeed, closer inspection of the extension-twist
curves as shown in Fig. 2.2 reveals increased �uctuations in the extension in the 3-state
coexistence region. In these experiments, the data were not time-averaged, revealing
independent extension measurements while twisting the DNA molecule. �e magni-
tude of these �uctuations can be calculated using Equations 2.6 and 2.8. Fig. 2.5A shows
twist-extension measurements of a 2.4 kbps and a 7.0 kbps DNAmolecule along with
the calculated median and variation in extension at F = 0.7 pN . �e latter was calcu-
lated as the range that includes 68% of the extension distribution. Due to the variations
among the three states, the extension is not Gaussian distributed for under-twisting
as opposed to over-twisting (Figs. 2.5B and S6B), but displays an asymmetric distri-
bution. �e �uctuations caused by transitions between di�erent states dominate over
thermal �uctuations in extension that are always present in �exible polymers, as dis-
cussed in Supporting Material. Overall, we obtain a fair agreement between the calcu-
latedmagnitude of the �uctuations in extension and experimental data. �is shows that
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the increased �uctuations in extension at under-twisting conditions can be attributed
to transitions between di�erent conformation of the molecule.

Fluctuations in extension at constant force and linking number measured in real
time (Fig. 2.6) uniquely reveal the kinetics of the transitions between di�erent states
in the molecule. Such kinetics cannot be obtained from the statistical mechanics
model presented here, which only describes the equilibrium situation. Remarkably,
we observed distinct transitions between discrete levels (~110 nm) of extension of the
molecule in the 3-coexistence state regime. Since the twisted and melted DNA have
a comparable extension in this force regime, the discrete extension levels can only be
explained by changes in the size of the plectoneme. Our model suggests the extension
levels correspond to changes of about 400 bps of plectonemic DNA transferring back
and forth into 380bps twisted and 20bpsmeltedDNA.�e transitions occur at intervals
of several seconds. We attribute the discrete levels in extension to barriers originating
from di�erences in the sequence of the DNA. Small stretches of GC base pairs, having
one more hydrogen bond than AT base pairs, present a kinetic barrier for extension of
the melting bubble. Such inhomogeneities will severely change the distribution and ki-
netics of the molecule’s extension. For bubbles spanning several tens of bps, this results
in a limited number of favored states, depending on the local DNA sequence.

We noted that the shape of the twist-extension curves is salt-dependent (Fig. S1).
Increasing the ionic strength from 100 mM to 300 mM KAc shi�s the twist-extension
curves to smaller extensions for under-twisting. �is is consistent with the well-known
increase of the melting energy for DNA at higher salt concentrations [23], as also ob-
served for force-induced melting without twist [30]. Increasing the melting energy
from 1.6 kBT to 2.0 kBT per base pair recovered a good agreement between experi-
mental and calculated data.

�ough in principle it should be straightforward to extend the current 3-statemodel
with a sequence dependent melting energy, such calculations will require large com-
putational e�ects, even for small molecules. It is important to note that this sequence
heterogeneity can have a signi�cant e�ect on the phase diagram. We expect that small
melting bubbles will preferably be formed in AT rich regions, but as the force increases
such AT-rich regions will expand into GC-rich parts at their boundaries. We modeled
this increased contribution of GC base pairs by increasing the melting energy in a lin-
ear fashion from 1.5 to 2.1 kBT for forces between 0.6 and 1.2 pN . For F = 0.6 pN , the

29



Chapter 2 - �ree states of DNA

Figure 2.5: (A) Experimental data of the relative extension versus linking number den-
sity (red circles) at 0.7 pN for 2.4 kbps (le�) and 7.0 kbps DNA (right). �e calculated
median extension value is shown as a solid black line. Dashed lines represent 68% range
in extension. (B) Calculated extension distribution distribution for 2.4 kbps (le�) and
7.0 kbps DNA (right) at σtot = −0.04 (red) andσtot = +0.04 (black). Note the broad
and asymmetric extension distribution compared to the Gaussian pro�le for negative
and positive twist respectively.
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Figure 2.6: Constant force measurements at a linking number density σtot = −0.03.
�ree di�erent forces are shown, from top to bottom: 0.84 pN , 0.74 pN , and 0.65 pN .
�e data in red shows the 20 pointsmedian �ltered data, emphasizing the discrete tran-
sitions in extension. Histograms of the extension are shown on the right side of the time
traces (black and red bars). �e calculated extension distribution is superimposed on
the histogram (solid black lines). �e discrete levels are attributed to approximately
400bps of plectonemicDNA transferring back and forth into 380bps twisted and 20bps
melted DNA.
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adjusted twist extension curves show a small increase in extension at negative twist
(Fig. 2.2, gray dashed line), yielding a better agreement with the experimental data
(Fig. S1A, dashed lines 2.4 kbps DNA).�e resulting phase diagram is globally similar
to that presented in Fig. 2.3, but displays a larger area in which the three states coexist
(Fig. S3). �us, though the sequence dependence of melting bubbles is not included
explicitly in our model, the data give clear indications that there is a signi�cant e�ect of
sequence heterogeneity, resulting in both discrete, 20bp steps in the size of themelting
bubble and in a larger area in which the three states coexist.

2.4 Discussion and conclusions

We described the coexistence of twisted, plectonemic, and melted DNA in small topo-
logical domains. Using a numerical 3-state model, we computed a force-twist phase di-
agram that reproduces earlier descriptions of supercoiled DNA. However, we observe
gradual transitions and a region of three-state coexistence rather than a sharp �rst-
order phase transition and a single triple point. DNA melting induced by large forces
is well studied in recent works [31–34], including the e�ect of torque [9, 15]. Here we
studied these e�ects at low forces and moderate linking number densities. �is situa-
tion is particularly relevant in vivo, where topological domains are likely to be several
kbps, forces are not likely to exceed several pNs, and linking number densities are gen-
erally close to -0.06. Moreover, we computed that melting bubbles of several tens of
bps appear in such a domain. �e continuous presence and the large dynamics of such
bubbles may have important consequences for processes involving ssDNA.

Sheinin et al. [15] showed that long stretches of melted DNA are organized in a L-
DNA structure with < σm >= −1.8, corresponding with a helical repeat of ∼ 13 bp/turn,
and a twist modulus of 20 nm. �ey also observed that the torque in under-twisted
DNA is limited to −11 pN nm under extreme twist densities of σtot down to -2.0 and
F > 5 pN . We show here that also under less extreme conditions this torque limit
applies. Strick et al. reported that melted DNA remains in a disordered conformation
resembling two strands of ssDNA with < σm >= −1 [13, 14]. �e twist modulus of a
DNA bubble was considered very small, about 1 nm. We obtained the best agreement
between experimental and simulated data for < σm >= −1.05 and a twist modulus of
28nm. �ismay indicate that smallmelting bubbles aremore di�cult to twist than long
ssDNA molecules and may point to alternative interactions between the melted bases
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that are not present in larger stretches of melted DNA. Further studies are required to
reveal possible structure in small melting bubbles.

It is clear that the �nite size of the melting bubble and the large impact of sequence
inhomogeneities have a signi�cant e�ect on the twist-extension curves of DNA. From
our studies we cannot resolve the position of the bubble. A melting bubble could for
example be positioned at the tip of the plectoneme, rather than in the twisted section of
theDNA. Such amelting bubble in the plectonemic regionwould not lead to an increase
of the extension, relative to plectonemic DNA, but would reduce the torsional stress.
DNA sequence may also result in highly curved DNA stretches that could localize the
plectoneme at speci�c locations. �e good agreement of the experimental data with a
simple 3-state statistical physics model that does not include sequence e�ects suggests
that such dependencies only play a minor role.

One of the most remarkable �ndings is that distinct steps in extension of the DNA
molecule are clearly visible under small force and negative torque. Such steps can
easily be confused with protein-induced changes in extension when studying protein-
DNA interactions. Because long DNA substrates, such as lambda-DNAwith a contour
length of 48 kbps, are generally replaced by shorter DNA molecules in more recent
studies, the presence of bubble-plectoneme transitions may be relevant for many force-
spectroscopy studies.

�e lifetime of the distinct levels of DNA extension (Fig. 2.6) that we attribute to
DNAmelting are much longer than the lifetime of melting bubbles obtained from Flu-
oresence Correlation Spectroscopy (FCS) measurements, i.e. ∼ 50 µs [35]. �is may
be due to the force that is applied in the magnetic tweezers, which is absent in FCS.
Moreover, the melting bubbles described here may be larger than those captured in the
FCS experiments. We cannot exclude the presence of very short-lived states, because
of the limited response time of the bead-tether mechanics.

�e simulations are amendable for further re�nements. In addition to introducing
a sequence dependent melting energy, which may resolve the discrete levels of exten-
sion, one can include an entropic penalty for the formation of a melting bubble [26].
Similarly, a penalty may be included for the formation of a DNA buckle [36–38]. With-
out such penalties we do not discriminate between single or multiple domains within
one DNA molecule. More advanced modeling of overtwisted DNA, which includes
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electrostatic interactions between DNA segments, suggests that the formation of mul-
tiple plectonemes or melting bubbles in the same topological domain may have a sig-
ni�cant e�ect on twist-extension curves [18]. However, experiments show that small
molecules at moderate force and torque only feature single domains of bubbles and
plectonemes [39, 40]. �ough this indicates that the free energy for formation of a new
domain exceeds that of the free energy increase per base pair, it may be relatively small
compared to the total free energy of the entire domain. �erefore Equation 2.4 will be
adequate for describing the di�erent conformations of a small DNA tether.

In summary, our work resolved and quantitatively described the coexistence of
three di�erent states in DNA. �is new insight may have implications for the interac-
tion mechanism of proteins that interact with DNA in torsionally constraint domains,
such as topoisomerases, transcription factors, histones and DNA based molecular mo-
tors such as DNA and RNA polymerases and chromatin remodellers.
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2.6 Supporting material

2.6.1 Parameters used in the 3-state model

�e free energy per base pair in each state follows a parabolic function in σ [15, 17]:

G i(F , σi) = −g i(F) +
c i(F)
2

(σi − σ0, i)2 + ε i ,

where i denotes the twisted (t), plectonemic (p), or melted (m) state. �e values of the
individual parameters are shown in Table S1:

Table S1: �e force and torque dependent descriptions for the free energy per base pair
of the 3 state model

A i and C i are the persistence length and twist modulus. ω0 = 2π/3.6 nm =
1.75 nm−1, is the inverted pitch of the double helix. All parameters used are the same as
[15, 17], except for the twist modulus of melted DNA.

2.6.2 Torque calculation

�e torque was calculated separately for each state. �e torque is de�ned as

Γi =
1

ω0
∂G i

∂σi
= kBTω0 ⋅ C i(σi − σ0, i). (2.10)

�e mean torque is calculated as:

< Γ >=
∑

i=t , p , m
n iΓi

N
. (2.11)
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2.6.3 Fluctuations in extension

In Fig. S6A, we plot the calculated standard deviations (SD) in the extension of a
7.0 kbps DNA molecule from experimental and modeled data (colored and dashed
lines, respectively) as a function of the force applied at di�erent linking number densi-
ties. Transitions between states are not the only cause of �uctuations in the experimen-
tal twist-extension curves. �ermal �uctuations due to the low sti�ness of the tether
also contribute. Such thermal noise was not included in Fig. 2.5 A. �e magnitude of
these �uctuations can be calculated using the equipartition theorem:

SDthermal =
√
kBT/kz , (2.12)

where kz equals ∂F
∂z . In the case of a worm-like chain[41]:

kz = kBT
AL

(1 + 1
2(1 − z

L )3
). (2.13)

In Fig. S6A the SD in the extension caused by thermal �uctuations is shown as gray
dashed lines. �e SD by our 3-state model is obtained by

SDstat i st i cal =
√

< ( z
L
)2 > − < z

L
>2 . (2.14)

�e black dashed line in Fig. S6A shows the SD at σtot = −0.045. For F > 1.2 pN , where
only two states coexist, the experimental data largely follow the thermal �uctuations
of the molecule. Between 0.6 and 1.0 pN , we observe increased �uctuations due to
the coexistence of the three states. We observe the same trends in the experimental
and calculated data, though the amplitude of the �uctuations in the experimental data
sometimes exceeds the predicted amplitude.

Some reduction of the �uctuations in extension can be attributed to the slow re-
sponse time of the bead or to the limited frame rate of the camera. �e temporal reso-
lution in the extension is calculated from the corner frequency fc[42].

fc =
kz

12π2ηR
. (2.15)

�e results calculated for a 7.0 kbps DNA molecule are shown in Fig. S7 (black
line) using a viscosity η = 1.0 × 10−3 Pa s, and a radius of the magnetic bead R =
0.5µm.Imperfect alignment of themagnetic �eldwith the optical axis of themicroscope
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results in small oscillations in extension when the external magnets of the tweezers are
rotated[43]. �is artifact can be omitted by following the extension of the tether at a
�xed linking number.

2.6.4 Supporting �gures

Figure S1

�e relative extension as a function of the linking number density of a 2.4 kbps DNA
molecule in (A) 100 mMKAc at various forces (colored circles). �e relative extension
as calculated by the numerical model is shown as black solid lines. �e dashed lines are
the theoretical results for a melting energy that increases linearly with force between
εm = 1.5 kBT at 0.6 pN to εm = 2.1 kBT at 1.2 pN. Such a force dependentmelting energy
results in a better overlap with the experimental data. (B) Same experiments at 300mM
KAc (colored circles). �e relative extension as calculated by the numerical model is
shown as black solid lines using a melting energy of 2.0 kBT/bp.
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Figure S2

Force-linking number density phase diagrams. (A) A 2.4 kbps DNA molecule shows
transitions between extended twist-extended (t), plectonemic (p), andmelted (m)DNA
results, (B) A 24.0 kbps DNA molecule shows the same trend as 2.4 kbps DNA but a
highly reduced 3-state coexistence region.
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Figure S3

(A) �e force linking number density phase diagram of a 7.0 kbps DNA with a force
dependent free melting energy. (B) �e melting energy as a function of the applied
stretching force as used for computing the density phase diagram in (A).
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Figure S4

�e torque distribution in each state of a 7.0 kbps DNA molecule at 0.7 pN . (A) �e
black line is the average torque in the molecule, whereas the red dots with their respec-
tive error bars represent the torque and its standard deviation in each of the occupied
states. When the corresponding state is not occupied, the red dots are not shown. (B)
Zoom in for a negative linking number density showing signi�cant variations in the
torque while the 3-state coexistence region is occupied.
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Figure S5

Torque-�xed calculation results of a 7.0kbpsDNAmolecule. (A)�e relative extension
as calculated by the numericalmodelwith a constant torque throughout themolecule as
black solid lines, compared with experimental data. (B) Force-linking number density
phase diagram.
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Figure S6

(A) Experimental data of the standard deviation of the extension of a 7.0 kbps DNA
molecule at di�erent linking number densities with respect to the force applied. Data
show increased �uctuations in extension at 0.7pN . Fluctuations in the extension calcu-
lated based on thermal �uctuations only (gray dashed line) cannot capture this e�ect.
SD calculated with the 3-state model (black dashed line) at σtot = −0.045 shows how-
ever a similar trend. (B) Constant force measurement of a 7.0 kbps DNA molecule at
σtot = +0.03. �e red data is the 20 points median �ltered data which do not reveal
discrete steps as observed for negative linking number densities (Fig. 2.6). Histograms
of the extension are shown on the right side of time traces (black and red bars). �e
raw data histogram is well �t by a Gaussian (red solid lines).
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Figure S7

�e temporal resolution of the experimental setup at di�erent stretching forces. �e
black solid line represents the response time of a 7.0 kbps DNAmolecule as calculated
by Equation 2.15. �e red solid line represents the frame rate of the CCD camera used.
�e shadowed region denotes the dynamics which cannot be resolved in this experi-
ment.
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Chapter 3
Chromatin Fiber Structure
Revealed through Quantitative
Analysis of Single-Molecule Force
Spectroscopy1

Single-molecule techniques allow for picoNewton manipulation and nanometer accu-
racy measurements of single chromatin �bers. However, the complexity of the data,
the heterogeneity of the composition of individual �bers, and the relatively large �uc-
tuations in extension of the �bers complicate a structural interpretation of such force-
extension curves. Here we introduce a statistical mechanics model that quantitatively
describes the extension of individual �bers in response to force. Four conformations
can be distinguished when pulling a chromatin �ber apart. A novel, transient confor-
mation is introduced that coexists with single wrapped nucleosomes between 3 and
7 pN. Comparison of force-extension curves between single nucleosomes and chro-
matin �bers shows that embedding nucleosomes in a �ber stabilizes the nucleosome by
10 kBT . Chromatin �bers with 20 and 50 bp linker DNA follow a di�erent unfolding
pathway. �ese results have implications for accessibility of DNA in fully-folded and
partially unwrapped chromatin �bers and are vital for understanding force unfolding
experiments on nucleosome arrays.

1�e contents of this chapter are based on : H. Meng, K. Andresen and J. van Noort, “Chromatin Fiber
Structure Revealed through Quantitative Analysis of Single-Molecule Force Spectroscopy”, manuscript sub-
mitted.
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Chapter 3 - Force spectroscopy of the chromatin �ber

3.1 Introduction

�e condensation of meters of DNA into the nucleus of a eukaryotic cell requires dense
packing of the DNA into a structure called chromatin. �is organization of eukaryotic
DNA has attracted increasing interest because it is now evident that epigenetic changes
to chromatin provide the cell with a means to �ne-tune the regulation of its genes [1].
�e physical mechanisms that are responsible for such epigenetic regulation clearly de-
pend on the detailed structural arrangements of the molecules involved, but resolving
the structure of chromatin at this scale has proven to be an enormous challenge.

�e�rst level ofDNAcompaction, the nucleosome, is formed bywrapping 147 bp of
DNA around a positively-charged histone protein core [2, 3]. It is now well-established
that the nucleosome is a rather dynamic entity, allowing for spontaneous and force
induced DNA unwrapping [4, 5], exchange of H2A-H2B histones [6] and thermal [7]
and enzymatic repositioning [8, 9]. Several post-translational modi�cations have been
shown to modulate the dynamics of these processes [10, 11]. Overall, single nucleo-
somes have been well-characterized yielding a dynamic structure in which DNA can
transiently unwrap from the histone core.

�e next level of organization is much more elusive. Despite great insights into the
structure of nucleosome arrays from crystallography [12], electron microscopy (EM)
[13, 14], and sedimentation analysis [15, 16], our understanding of the folding of an ar-
ray of nucleosomes into a condensed �ber is limited. Part of the di�culty in studying
the structure of chromatin �bers is the heterogeneity of the �ber’s composition. �e use
of tandem arrays of the synthetic Widom 601 DNA nucleosome positioning sequence
[17] for making well-de�ned nucleosomal arrays has greatly aided the study of chro-
matin folding [13], but still there is no consensus on the structure of chromatin. In fact,
these regular arrays may not be representative for the situation in vivo [18], where nu-
cleosomes are distributed along the DNA with irregular spacings. It also appears that
higher order folding of chromatin �bers is critically dependent on bu�er conditions as
well as on the length of the linker DNA in between nucleosomes [19, 20]. Rather than
looking for regular higher order structures, it may therefore be more illuminating to
characterize the interactions between nucleosomes that de�ne the folding of nucleoso-
mal arrays into condensed chromatin �bers.

Single-molecule force spectroscopy is a powerful tool for probing molecular in-
teractions. Pulling experiments on single nucleosomes reconstituted on a long DNA
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fragment containing a single 601 element revealed a detailed picture of force induced
DNA unwrapping [5]. Two transitions have been revealed, one at ∼3 pN, correspond-
ing to the unwrapping of about one turn of DNA, followed by a higher force (∼8-9 pN)
transition, representing the unwrapping of the remaining DNA. Such three-state be-
havior has since been con�rmed by others [21–23]. �e low force unfolding transition
is reversible. Constant force measurements allowed for quanti�cation of the free en-
ergy and rate constants of wrapping and unwrapping. �e second transition is only
reversible when the force is reduced to several pN.�eoretical modeling has indicated
that the bending of linker DNA plays an important role in de�ning the structures of
these meta-stable conformations [24]. �e stability of a nucleosome under tension is
therefore related to the DNA handles that are used to pull on it.

Nucleosome arrays have also been subject to manipulation with optical and mag-
netic tweezers. Early work on nucleosome arrays largely focused on the high-force
unwrapping transition[4, 25]. �e equivalent of approximately 72 bp is released in a
step-wise irreversible fashion at 10-20 pN. At such forces the increased distance be-
tween the nucleosomes, due to stretching and unwrapping, is large enough to exclude
interactions between nucleosomes. Only a few studies have focused on the low-force
regime [26, 27], where a level of condensation is found that is comparable to the exten-
sion of folded chromatin �bers, as observed by EM [13]. Force-extension curves in this
low force regime feature a transition to a large extension at ∼3 pN as well. It is there-
fore non-trivial to distinguish DNA unwrapping, as observed in mono-nucleosomes,
from the possible disruption of direct nucleosome-nucleosome interactions in folded
chromatin �bers.

�ese single-molecule force spectroscopy data as well as other structural studies
have led to a wealth of theoretical descriptions of the structure and mechanical prop-
erties of chromatin �bers, including full atom simulations [28], course-grained models
[15, 29–31], and more analytical approaches [32–34]. While these works have set phys-
ical boundaries for the parameters that describe chromatin folding, most models are
not detailed enough or use too many parameters to directly retrieve physical parame-
ters from the experimental force spectroscopy data.

Here we aim to disentangle unfolding transitions in chromatin �bers, using new ex-
perimental data as well as a novel quantitative model for all aspects of a force-induced
unwrapping of a chromatin �ber. With this statistical mechanics model, we quanti-
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tatively compare pulling traces of mononucleosomes with those of fully-folded �bers.
Despite using arrays of Widom 601 positioning elements and careful titration of the
reconstitution dialysis [13], we �nd it necessary to include some heterogeneity of the
chromatin �bers in terms of nucleosome composition. When these heterogeneities are
accounted for, we are able to determine consistent values for DNA unwrapping free en-
ergies and extensions of each nucleosome conformation. A novel intermediate confor-
mation is exposed, existing between 2.5 and 7 pN. Moreover, the qualitative di�erence
in rupture behavior between chromatin �bers with 197 bp nucleosome repeat lengths
(NRL) and 167 bp NRL indicates a di�erent folding topology. Finally, by comparing
the thermodynamical parameters of a mononucleosome with those of nucleosomes in
a folded chromatin �ber, we unequivocally resolve the magnitude of stabilization of
nucleosomes embedded in a folded �ber.

3.2 Results

3.2.1 Nucleosomes unfold di�erently in chromatin �bers as com-
pared to mononucleosomes

To capture all aspects of chromatin folding, we measure and analyze here the force-
extension relation of single chromatin �bers from small, sub-pN forces up to several
tens of pN. Fig. 3.1A shows a force-extension curve of a chromatin �ber reconstituted
with a tandem array of 15 repeats of a 197 bp Widom 601 nucleosome positioning se-
quence. A slow increase in extension is observed between 0.5 and 3 pN, followed by
an extension of several hundred nanometers as force increases and, starting at about
9 pN, multiple stepwise unfolding events. �ese features have been described before as
stretching of the chromatin �ber [27], rupture of roughly one turn of DNA from each
of the nucleosomes [4], and at last the rupture of the second wrap of DNA from the
histone core.
Whereas the stepwise unwrapping events at high force can unequivocally be at-

tributed to the rupture of individual nucleosomes, the low force events are more di�-
cult to interpret. In fact, it has been suggested that this characteristic force-extension
relation at forces below 10 pN can be understood without nucleosome-nucleosome in-
teractions and represents the gradual unwrapping of the outer turn of DNA from the
nucleosomes [31]. Indeed, the force extension trace of a single nucleosome under iden-
tical conditions, shown in Fig. 3.1B, has remarkably similar characteristics, featuring
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Figure 3.1: Comparison between force extension curves of (A) a chromatin �ber and
(B) a mononucleosome. Red circles represent the pulling trace, grey circles represent
the release trace. All force extensionmeasurements are reversible, but a signi�cant hys-
teresis is observed when the the force exceeds 6 pN. Light grey dashed lines represent
WLC descriptions of the bare DNA and the state in which all nucleosomes are in the
extended conformation (see Fig. 3.2). A third dashed line in B represents aWLCwith a
contour length 147 bp shorter than the bare DNA. Black lines are �ts to Eq. 3.8 yielding
for a) n f iber = 13, nun f ol d ed = 4, k = 0.28 pN/nm, zex t = 4.6 nm, G1 = 20.6 kBT and
G2 = 5.5 kBT . For b): zex t = 6.5 nm, G1 = 8.8 kBT and G2 = 3.5 kBT .

three stages of unwrapping in the same force regimes, as reported before [5, 34, 35]. Be-
cause there are no neighboring nucleosomes in this case, all events should be attributed
to the rupture of histone-DNA contacts. However, closer inspection shows that the �rst
force plateau is slightly lower for themono-nucleosome, 2.5 pN, than for the chromatin
�ber, 3.5 pN, suggesting additional nucleosome-nucleosome interactions that stabilize
the nucleosome in a folded �ber.

Another di�erence between mononucleosomes and chromatin �bers is that the
latter show a rather large variation in the force-extension at low force. Despite care-
ful titration of the histone-DNA stoichiometry and selection of the best batch using
native gel electrophoresis [13], we generally observe signi�cant variations in the low
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force regime. Previously, we circumvented this problem by selecting only the most
condensed chromatin �bers [27], assuming that those would be fully reconstituted with
nucleosomes. However, chromatin �bers can be unstable under the highly diluted con-
ditions that are typically used for single-molecule force spectroscopy. Claudet et al.
pointed out that H2A-H2B dimers can readily dissociate, leaving (H3-H4)2 tetramers
on theDNA [36]. Despite the dissociation of dimers, the characteristic stepwise rupture
events at 7-20 pN remain, showing that their occurrence can not be used as an indica-
tion for the presence of a full nucleosome, but rather re�ect the number of tetramers in
a particular nucleosomal array. �e ability to resolve this heterogeneity between chro-
matin �bers is one of the unique features of single molecule techniques, though the
occurrence of such variations in composition complicates a quantitative interpretation
of force-extension relations of chromatin �bers in terms of structure and interaction
energies.

In the next section we will set up a statistical mechanics framework that includes
such heterogeneity. �e thermodynamics is based on a free energy landscape for �ber
unfolding that exhibits several metastable conformations, characterized by the rough-
ness of the free energy landscape, as shown in Fig. 3.2. �e structures of the individual
nucleosome conformations are schematically depicted above the free energy diagram.
Importantly, a�er the �rst transition each nucleosome follows the same unfolding path-
way, independent of the number of nucleosomes in the �ber. �is makes it possible to
directly compare the unfolding of individual nucleosomes. By careful quanti�cation of
the free energy and extension of each of these conformations, we aim to separate pos-
sible nucleosome-nucleosome interactions from DNA unwrapping from the histone
cores, as measured in single nucleosomes.

3.2.2 A multistate, statistical mechanics model

Wedescribe a chromatin �ber as ntot nucleosomes, which can be in any one of four con-
formations, see Fig. 3.2. Here we propose the nucleosome in a folded �ber has di�erent
mechanical properties compared with mono-nucleosome. Next to a nucleosome em-
bedded in a �ber, a partially unfolded nucleosome comprising one turn of DNA and a
fully unwrapped nucleosome inwhich all histones are still bound to the stretchedDNA,
we introduce a new metastable conformation in between the last two conformations,
based on quanti�cation of our experimental data (see next section).
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Figure 3.2: Schematic representation of the transitions between all metastable confor-
mations of the nucleosomes. As force increases a single nucleosome unwraps part of its
DNA. A single full turn of DNA remains wrapped around the histone core. �e next, so
far unresolved, conformation is slightly extended, whichmay be due to further unwrap-
ping of the DNA, conformational changes within the nucleosome and/or deformation
of the linker DNA. We propose the extended conformation may involve dissociation
of H2A/H2B dimers from histone core (see Discussion). In the last conformation all
histone proteins remain attached to the DNA, but the DNA can stretch fully. When a
nucleosome is embedded in a chromatin �ber and interactions between nucleosomes
fold the �ber into a dense structure, the extension per nuclesome is further reduced, as
depicted in the bottom le�. A�er the �rst transition, involving a change in free energy
of ∆G1, which may be di�erent for a mono nucleosome and a nucleosome embedded
in a �ber, all transitions will follow the same free energy landscape, as schematically
plotted in the inset.

In our experiments, the DNA substrate includes about 1 kb of DNA handles that
facilitate manipulation of the �ber. �ese DNA handles do not contain strong nucleo-
some positioning sequences and would, ideally, not contain any nucleosomes. �e to-
tal extension of the tether, ztot , increases with force, f , as both the chromatin �ber and
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the DNA handles stretch elastically. On top of this elastic stretching, the nucleosomes
will change conformation as force increases the fraction of nucleosomes in unwrapped,
more extended conformations.

�e extension of a DNA molecule follows an extensible Worm Like Chain (WLC)
model. �e free energy of the molecule depends on force [37]:

GDNA( f , L) = −L
⎡⎢⎢⎢⎢⎣
f −

√
f kBT
A

+ f 2

2S

⎤⎥⎥⎥⎥⎦
+ f zDNA (3.1)

with contour length L, persistence length A, stretching modulus S and thermal en-
ergy kBT , yielding an extension:
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d(GDNA − f zDNA)

d f
= L

⎡⎢⎢⎢⎢⎣
1 − 1
2

¿
ÁÁÀ kBT

f A
+ f
S

⎤⎥⎥⎥⎥⎦
. (3.2)

When nucleosomes are reconstituted on the DNA, the contour length of the free
DNA is reduced by the amount of DNA that is wrapped around the histone cores. In
the case of a single nucleosome the contour length is reduced by 147 bp. �e extension
of a one-turn wrapped nucleosome, including its linker DNA, follows Eq. 3.2, where
L equals the NRL minus 89 bp, the amount of DNA in a single full wrap around the
histone core. �e free energy of this conformation is comprised of a part for stretching
the free DNA, following Eq. 3.1, and a term for rupturing the wrapped DNA, ∆Gnuc

1 .
As shown below, the experimental data suggest an intermediate conformation between
the one-turn wrapped and the fully unwrapped nucleosome. We assign an additional
extension zex t and free energy ∆G2 to this conformation. �e most extended confor-
mation, the fully unwrapped nucleosome, can be described by a WLC with a contour
length that equals theNRL and an additional free energy ∆G3 that is required to rupture
the remaining DNA from the histone core.

In absence of interactions between nucleosomes the above four conformations
would su�ce to quantitatively describe the entire force-extension behaviour of a chro-
matin �ber. When nucleosomes interact however, the linker DNA is also constrained,
further reducing the extension per nucleosome. Within the force range in which the
folded chromatin �ber is stable, we observe a linear increase in extension with force,
pointing to a harmonic potential [27]:
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G f iber( f ) =
f 2

2k
(3.3)

and a Hookean extension

z f iber( f ) = −
d(G f iber − f z f iber)

d f
= f /k + z0 , (3.4)

with a sti�ness of k. An extra extension z0 was added to include the �nite size of the
folded �ber. �is additional extension corresponds to the nucleosome line density that
can be obtained from EMmicrographs [13, 38]. Note that this representation does not
imply a structural model of the �ber, but it does suggest that the �ber is short and sti�
enough that entropic contributions donot signi�cantly reduce its extension, as opposed
to a �exible polymer like DNA.

�e thermodynamic properties of each of the conformations i , as schematically
depicted in Fig. 3.2, are summarized in Table 3.1, in which all physical dependencies
between the di�erent conformations are explicitly captured in a minimal number of
parameters.

�e extension and free energy of the entire tether, containing ntot nucleosomes, can
now simply be calculated by summing the contributions of each of the nucleosomes and
the DNA handles:

ztot( f ) = ∑
i
n iz i( f ) + zDNA( f ) (3.5)

Gtot( f ) = ∑
i
n iG i( f ) +GDNA( f ) (3.6)

When the DNA contains multiple nucleosomes, the chromatin �ber can be in a
large, but �nite number of states that are de�ned by the distribution of nucleosome
conformations along the tether, state = {n f iber , ns ing l e wrap , nex tended , nunwrapped}.
�is number can be reduced signi�cantly by grouping states that have an equal number
of nucleosomes in each of the conformations, but are arranged in a di�erent order.
�ese states cannot be distinguished based on extension only and are taken care of by
including a degeneracy factor, which is calculated fromabinomial distribution between
the pairs of conformations i and j in each state:
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D(state) =∏
i< j

⎛
⎝

n i + n j

n i

⎞
⎠

(3.7)

�emean equilibrium extension of the �ber as a function of force can now be com-
puted using standard statistical mechanics, summing over all states:

< ztot( f ) >=
∑states ztot( f )D(state) e−((G tot−F z tot)/kBT)

∑states D(state) e−((G tot−F z tot)/kBT)
(3.8)

3.2.3 DNA unwrapping at high forces involves less than one full
wrap

�e discrete steps in extension at forces above 6 pN represent the sequential unwrap-
ping of the last DNA from each nucleosome and have been studied abundantly with
optical tweezers [4, 22]. Here we describe these transitions as measured with Magnetic
Tweezers (MT). MT act as a force clamp rather than a position clamp, resulting in a
staircase-like force extension curve in stead of the typical sawtooth pattern obtained
with optical tweezers. Fig. 3.3A shows a zoom in on these high force transitions. �e
corresponding step size distribution is shown in Fig. 3.3B. A step size of 22±3 nm was
found, in range with previous optical tweezers studies on various DNA substrates and
under di�erent bu�er conditions.

It should be noted though that the reported step sizes vary signi�cantly: 22 nm
[5], 24 nm [36], 25 nm [22], 27 nm [4] and 30 nm [39]. �is high force transition is
generally interpreted as a conformational change from a nucleosome with one turn of
wrappedDNA to the fully unwrapped nucleosome. Such a transition would involve the
release of about 89 bp of DNA, corresponding to approximately 30 nm. We attribute
the di�erence to a so far unresolvedmetastable conformation prior to full unwrapping,
as schematically depicted in Fig. 3.2. �e extra extension of this conformation results
in a large o�set whenmultiple transitions occur in the same tether. For comparison, we
plotted the extension of each of the intermediate states that contain a mixture of this
extended conformation and fully unwrapped nucleosomes in grey dashed lines. We
obtained the best match between multiple independent experimental datasets and this
intermediate state for zex t = 4.6 nm. Indeed, only when this extended conformation
of the nucleosomes is included, do the force extension curves calculated with Eq. 3.8
overlap with the experimental data and can each data point unequivocally be assigned
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to a speci�c state, as shown by the black line in Fig. 3.3A. �is analysis shows that the
last transition involves less than a full wrap of DNA.

Because the transitions are not in equilibrium, it is not possible to extract the free
energy ∆G3 that is associatedwith this transition. �ese high-force unfolding events are
generally reversible however, when the force is decreased [22]. �is indicates that the
histones do not dissociate from the DNA, though extended exposure to higher forces
slowly reduces the number of observed transitions. Interestingly, the variation in step
sizes is larger than the accuracy of the measurement (7 nm vs 2 nm) showing that not
all nucleosomes behave exactly the same. In Fig. 3.3A we observe for example a gradual
extension beyond what can be explained by a WLC between 10 and 12 pN. �is shi�
is made up for by a slightly smaller transition at 15 pN, a�er which the data accurately
follow the theoretical curves again.

In the example trace shown in Fig. 3.3A there are 17 clearly distinguishable steps,
even though the chromatin �ber was reconstituted on 15 repeats of the 601 nucleo-
some positioning sequence. We frequently observed a mismatch between the number
of high force rupture events and the number of 601 repeats, demonstrating that the
number of reconstituted nucleosomes is not strictly de�ned by the number of nucleo-
some positioning elements. �e variation between individual �bers is small within a
single reconstitution, and appears to depend on the precise histone/DNA ratio during
reconstitution. Quantitative analysis of the high force transitions allows for counting
of the number of nucleosomes that can wrap at least one turn of DNA in each �ber
and indicates that these transitions involve a conformation that is more extended than
a nucleosome containing a single wrap.
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Figure 3.3: Detailed analysis of the unfolding of a single chromatin �ber. (A) A zoom
in on the high force region shows discrete steps in extension. Dashed grey lines rep-
resent the extensions of all states that are composed of extended and fully unwrapped
nucleosomes. �e best match was obtained for zex t = 4.6 nm. �e black line shows the
best match between individual data points and the various states of unwrapping a�er
10 bp median �ltering. (B) Step size distribution of the data shown in (A) obtained
from a 10 bp window t-test analysis. (C) Unfolding of a 15*197 NRL chromatin �ber at
low force. Below 7 pN the extension starts to deviate from a string of extended nucle-
osomes (grey dashed lines). A single transition (black dashed line) does not capture
the force extension data. �e black line shows a �t to eq. 8, while constraining Lwrap =
89 bp and zex t = 4.6 nm, yielding ∆G f iber

1 = 21.2±0.1 kBT , ∆G2= 4.3±0.1 kBT . (D) �e
corresponding probability for a nucleosome to be in a �ber (black), a single wrap (red)
or in the extended conformation (blue).
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3.2.4 Fiber unfolding at low forces shows a novel unfolding inter-
mediate state

�e force plateau at 3.5 pN represents the transitions from a folded �ber to a string of
nucleosomes in the extended conformation, prior to the last unwrapping transition.
A zoom in on this region for a �ber reconstituted on a 15*197 NRL DNA template is
shown in Fig. 3.3C. �e experimental data only converge to the force-extension curve
corresponding to the state with all nucleosomes in the extended conformation at 7 pN.
�us the unfolding of the �ber occurs in a rather large force region. Following our
previous work, we �tted the extension of the folded chromatin �ber with a Hookean
spring. �e broad transition between the folded �ber and a string of extended nucleo-
somes, cannot be captured in a single transition, as shown by the black dashed line. We
obtained a good �t by including two transitions, with the constraints Lwrap = 89 bp and
zex t= 4.6 nm (as discussed above), yielding ∆G f iber

1 = 21.2±0.1 kBT , ∆G2= 4.3±0.1 kBT .
�e necessity to include two transitions for an accurate description of the unfolding of
a single chromatin �ber is a second indication that there is an additional metastable
conformation of the nucleosome held under force.

Fitting the force extension curve of a mononucleosome in this force regime,
Fig. 3.1B, results in an improved �t when the extended state is included, yielding
zex t=5.3±0.5 nm, ∆G2= 5.0±0.5 kBT and ∆Gnuc

1 = 8.3±0.2 kBT . �e free energy for
the �rst transition is very similar to previous reports (9.0 kBT by Mihardja et al. [5])
and can unequivocally be attributed to the unwrapping of DNA from the histone core.
It therefore provides a good reference for comparison with chromatin �bers in which
nucleosome-nucleosome interactions may further stabilize DNA in the nucleosome.
�e �tted free energy of the �rst transition in unfolding the �ber is more than double
of the value obtained for a single nucleosome, clearly demonstrating the extra stabiliza-
tion of a nucleosome by neighboring nucleosomes.

Using the parameters obtained above, we plot in Fig.3.3D the probability of a nu-
cleosome to be in each of the conformations that describe the �ber unfolding pathway.
It is evident that multiple conformations coexist in a force region between 2 and 7 pN.
�is wide force range is due to the sequential order of events, that only allow the second
transition to occur when the �rst unfolding event has taken place. �e smaller change
in extension in this second step makes this transition less sensitive to force than the
�rst unfolding transition.
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Figure 3.4: Di�erent �bers show a large variation in condensation. (A) 10 chromatin
�bers reconstituted on a 15*197 NRL DNA template. �e high force transitions align
well with states that describe the last unfolding transition, plotted in grey dashed lines.
All curves have a force plateau at 3 pN, but the size of the force plateau and the ex-
tension at lower forces varies signi�cantly. Black lines represent �ts to Eq. 3.8. (B)
Distribution of �t parameters obtained from (A). �e stepsizes in the top histogram
were determined independently using a t-test step �nding algorithm. Except for the
number of nucleosomes in the �ber, all parameters show a narrow distribution.

One of the most striking features of these �ts is that the unfolding of the chromatin
�ber can be fully captured in four conformations, including the novel extended con-
formation. We did not observe evidence for an intermediate conformation of a fully
wrapped nucleosome without nucleosome-nucleosome interactions, o�en referred to
as a beads-on-a-string structure. If such an intermediate would be present, we would
expect a further broadening of the force plateau on the small extension side. �e ab-
sence of such broadening may have important structural implications.
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3.2.5 Variations between individual chromatin �bers result from
di�erent compositions

Whereas all chromatin �bers feature similar unfolding characteristics, we observed a
rather large variation in the force extension behavior between �bers. Fig. 3.4 shows the
force extension curves of 10 di�erent �bers. Because the last unfolding transition is not
in thermodynamic equilibrium, the rupture forces for this transition are distributed
stochastically. Nevertheless, all curves align well with the set of unfolding states that
contain extended and fully unwrapped nucleosome, indicated with the grey dashed
lines. �e �rst two transitions at forces below 7 pNon the other hand are fully reversible
resulting in overlapping pull and release curves (data not shown). Nevertheless, we
observe large variations in extension between �bers in this low force range. We attribute
these di�erences to the variations in the composition of the �ber.

Over-saturation of the DNA substrate with nucleosomes, incomplete reconstitu-
tion, and/or partial dissociation of nucleosomes a�er reconstitution may result in in-
homogeneity of the �ber composition within a batch. Repetitive pulling cycles exceed-
ing 5 pN for example, show a gradual decrease of the condensation in the low force
regime (data not shown), which would be consistent with dissociation of several H2A-
H2B dimers. Such a loss of H2A-H2B dimers would not only prohibit the formation
of a fully wrapped nucleosome, it would also prevent nucleosome-nucleosome interac-
tions that are thought to bemediated by interactions between the H4 tail and the acidic
patch on the H2A-H2B dimer of a neighbouring nucleosome [20]. As a consequence,
the number of rupture events at low force would be smaller than the number of rupture
events detected at high force.

To deal with this heterogeneity, we �tted the number of nucleosomes in the �ber,
n f iber , independently of the number of nucleosomes that undergo the last transition by
introducing an additional parameter nun f ol d ed . �e latter complexes do not fold into
a �ber or in a single wrap conformation, and only undergo the last unwrapping event.
Importantly, we could not resolve separate populations in the last transition, suggesting
that such unfolded nucleosomes indeed share the same unwrapping pathway. With
this addition all experimental curves gave good �ts to the model and yielded a narrow
distribution of �t parameters, as shown in Fig. 3.4B and Table 3.2. �e �tted number of
nucleosomes in the �ber gave amuch better correlationwith the number of nucleosome
positioning elements in the DNA substrate, but we still do not observe a perfect match.
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A quantitative interpretation of the force extension data therefore requires analysis of
the composition of each �ber individually, as all parameters that de�ne �ber folding
scale with the number of nuclesomes in the �ber.

3.2.6 167 NRL �bers are folded in a di�erent manner than 197 NRL
�bers

�e force extension data of 197 NRL �bers closely follow the model based on indepen-
dent transitions for all rupture events, including the �rst transition, see Fig. 3.5A. �is
may be surprising in view of the large interaction energy and the high level of conden-
sation up to 3 pN. Such independent rupturing can only be achievedwhen nucleosome-
nucleosome interactions form exclusively between neighbors, as schematically drawn
in the inset of Fig. 3.5A. If non-neighbouring nucleosomes would play a signi�cant role
in stabilizing chromatin folding, the nucleosomes at the ends would be more fragile
than those embedded in the �ber. In fact, this scenario was already discussed by Cocco
et al. [40], who argued that in that case, the degeneracy would be li�ed for the transi-
tion. Indeed, removing the degeneracy in Eq. 3.7 for the �rst transition does not give
a good �t to the experimental curve, indicating that the data can best be interpreted in
terms of interactions between neighbouring nucleosomes only.

For chromatin arrays that have 20 bp of linker DNA the crystal structure of tetranu-
cleosomes clearly shows stacking of non-neighbouring nucleosomes [12]. Cross-
linking experiments further support a zig-zag folding in which odd and even nucle-
osomes interact into two parallel columns of nucleosomes [41]. Such a structure would
not only yield a 2 times smaller extension per nucleosome and a signi�cantly higher
sti�ness, as we reported before [27], it would also invalidate the independence of rup-
ture events. Unlike the 197 NRL �bers, the force-extension curve of a 30*167 NRL chro-
matin �ber cannot be �tted with the degenerate unfolding model, see Fig. 3.5B. �e
experimental data show a narrower force plateau as compared to the 197 NRL �ber.
When the degeneracy of the �rst transition is taken out of the model, a good �t is re-
covered. �is notably changes the shape of the force-extension curve, it also shi�s the
onset of the force-plateau to a slightly higher value from 3.0 to 3.5 pN. As summarized
in Table 3.2, all �t parameters, including the transition energy ∆G f iber

1 are similar to
those obtained for the 197 NRL �bers, except for the sti�ness of the �ber. �ese ob-
servations reinforce the idea that 167 NRL and 197 NRL chromatin are arranged in a
di�erent structure.
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Figure 3.5: Chromatin �bers with 167 bp NRL follow a qualitatively di�erent unfolding
mechanism than 197 bpNRL �bers. (A) A 15*197 NRL chromatin �ber �ts well with Eq.
3.8, black line. A model in which the degeneracy for the �rst transition is li�ed, blue
line, does not capture the unfolding transitions (blue line). (B)A 30*167NRL chromatin
�ber is better described by non-degenerate states for the �rst transition. �is qualitative
di�erence can be explained by a di�erent structure of the �bers, as schematically shown
in the insets. In particular, the nucleosomes that are embedded in the �ber, drawn in
blue in the schematic drawing of a zig-zag folded �ber, are less susceptible for unfolding
than the red nucleosomes at the ends of the �ber. In contrast, the nucleosomes arranged
in a single stack are all equivalent, inset of (A), and rupturing of any of the nucleosomes
will lead to the same amount of extension of the �ber.

3.3 Discussion

�e folding of chromatin �bers and the mechanism of how they unfold under force
have generated numerous debates. In this study we present and quantitatively inter-
pret for the �rst time force spectroscopy on the unfolding of single chromatin �bers
over a wide force range, spanning from less than 0.5 pN to more than 25 pN. �ese
data include the well studied high-force regime and allow for a detailed analysis of
the entire stretching curve. Based on the measured extensions, we resolved a novel
metastable conformation of the nucleosome, we quanti�ed the compositional hetero-
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geneity of individual �bers in terms of number of nucleosomes and number of partially
folded nucleosomes, and we showed that the unfoldingmechanism of chromatin �bers
depends on the linker length. �ese data reinforce our previous structural interpreta-
tion of the force-extension curves [27] and allow for detailed, quantitative comparison
between �bers and with single nucleosomes without biasing the results by selection of
well-behaved �bers.

For a quantitative interpretation of the data it was essential to allow for composi-
tional heterogeneity. �is should not be surprising given the strong dependence of the
reconstitution on the precise DNA/histone stoichiometry [13] and the known fragility
of the nucleosome under typical single-molecule conditions [36]. Moreover, we opted
for a DNA construct with 1 kb of DNA on both sides of the chromatin �ber. �ough
such DNA extensions may allow for additional nucleosomes in the �ber, the long DNA
handles proved useful to prevent or identify interactions between the reconstituted
chromatin �ber and the surface of the �ow cell or the bead. �ough careful titration
and handling of the sample can reduce this heterogeneity, we could not reliably pro-
duce perfectly de�ned �bers. Generally we found that the number of nucleosomes that
fold in a �ber re�ects the number of Widom 601 positioning elements, but additional
tetramers may be reconstituted and nucleosomes do partially dissociate into tetramers
when exposed to excessive force over a longer time. �is may be illustrative of the dy-
namics of chromatin in vivo, where H2A-H2B dimers are highly mobile [42, 43], it also
shows that assuming such perfect stoichiometry for single molecule force spectroscopy
may not be correct and that any analysis that does not take possible heterogeneity into
account can be signi�cantly �awed.

�e novel extended conformation of the nucleosome between 3 and 7 pN that we
report here explains the discrepancy between the reported stepsizes for the last un-
wrapping event, which vary between 20 and 30 nm, and the structural insight from
the crystal structure, showing that a single wrap of DNA would constrain 89 bp, which
would amount to 30 nm. Here we measured a stepsize of 24±7 nm. �e rather large
variation exceeds our experimental accuracy and can only be explained by occasional
deviations from the unfolding pathway, as sketched in Fig. 3.2. Nevertheless, in indi-
vidual force extension traces it is possible to unequivocally assign a state of chromatin
unfolding at any time in the experiment.

We could not di�erentiate di�erent classes of rupture events in the last transition,
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though it is clear that all previous transitions only occur in nucleosomes that start o� as
fully folded. It is therefore likely that the novel metastable state structurally resembles
that of a tetramer. �is interpretation implies that the transition from a single wrap nu-
cleosome to the extended conformation involves dissociation of the H2A-H2B dimers
from histone core, rather than dissociation of DNA from the histone octamer (See Fig.
3.2). �e transition is usually reversible, which is only possible when the H2A-H2B
dimers remain bound to the DNA. Such a mechanism of nucleosome unfolding was
recently resolved with single molecule FRET in absence of force [6]. Note that DNA
does not extend from a tetrasome in exactly opposite directions, as it does in a single
wrap nucleosome, which makes the force-extension relation non-trivial [32]. Pending
more detailed structural information of this conformation we therefore opt to model
this conformation as having a constant extension in addition to a single wrap nucleo-
some. �e forces at which these conformational changes take place is well within the
range that may be expected in vivo, so this metastable conformation may have func-
tional properties. Independent of its structure or function it is clear that this confor-
mation should be included in a quantitative analysis of �ber unfolding under force.

We compared force-extension data of single nucleosomes with data of folded chro-
matin �berswith the same bu�er conditions, histone composition and pulling protocol.
As should be expected, single nucleosomes and nucleosomes embedded in chromatin
�bers share the same stepwise unfolding pathway, except for the �rst transition into a
single wrap nucleosome. �is �rst transition involves a 10 kBT higher free energy per
nucleosome in embedded nucleosomes than in a single nucleosome, which leads to a
higher rupture force for DNA unwrapping from a chromatin �ber. Remarkably, the
measured free energy of the folded conformation was the same for �bers with 197 and
167 bp NRL, despite possible di�erent higher order structure of the �bers. �e results
that we obtained here with highly regular reconstituted chromatin �bers may therefore
bemore generic, andmay be applicable for more disordered chromatin �bers, as found
in vivo.

It is tempting to directly attribute the di�erence in free energy between the
mononucleosome and a �ber embedded nucleosome to the nucleosome-nucleosome
interaction energy. However, the situationmay bemore intricate. We could not resolve
any indication of a fully wrapped nucleosome conformation in our �ber pulling data,
i.e. a transition between the le� two conformations drawn in Fig. 3.2 . �is may simply
be because the force for rupturing nucleosome-nucleosome interactions exceeds that
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of histone-DNA interactions, and when the nucleosomes are torn apart DNA unwrap-
ping directly follows within the time resolution of the experiment. Similar arguments
however would apply to the transition into an extended nucleosome, which is clearly
resolved as a broadening of the force plateau. Alternatively, it may be that the nucleo-
somes in the folded �ber are not fully wrapped and that part of the nucleosomal DNA is
released from the histone corewhen the �ber folds into its higher order structure. FRET
experiments on free nucleosomes have shown that unwrapping the �rst tens of bps of
nucleosomal DNA is energetically not expensive [44]. Such unwrapping would allow
for less bending of the linker DNA, and may therefore be required for �ber folding.
FRET experiments on nucleosomes in folded �bers may be able to test this hypothesis.
Indirect evidence from restriction enzyme accessibility indicated that indeed nucleoso-
mal DNA can be more accessible in chromatin �bers than in single nucleosomes [45],
which do not have that constraint.

�ough the free energy di�erence is the same, the �rst rupture event is qualitatively
di�erent in �bers with di�erent NRLs. It appears that nucleosomes in 197 NRL �bers
rupture independently, whereas in 167 NRL �bers nucleosome rupture events appear
to follow a cooperative mechanism. �is observation is hard to reconcile with a grad-
ual unwrapping of the �rst part of the wrapped DNA, as has been proposed before to
explain the shape of the force-extension data [31], but quantitatively agrees with a dif-
ferent unfolding mechanism where nucleosomes are less stable at the ends of the �ber
due tomissing nucleosome-nucleosome interactions, as sketched in Fig. 3.5. In this sce-
nario the nucleosomes would rupture sequentially from the ends, which is consistent
with a solenoidial folding of 197 NRL �bers and a zig-zag folding of 167 NRL �bers. �e
maximum extension at the rupture force (13 vs 7 nm per nucleosome for 197 and 167 bp
NRL �bers) and the almost 4 times higher sti�nes for 167 NRL �bers also support this
interpretation.

Despite the complexity of the �ber we were able to resolve a clear mechanism of
�ber unfolding that is consistent for various architectures of chromatin. With themodel
and the parameters that described force induced structural changes in chromatin it
should now be possible to resolve the e�ects of post-translational modi�cations on the
structure and dynamics of chromatin at the molecular scale. It should also be possible
to extend the experiments and model to torsionally constraint topological domains of
chromatin. In addition, because we can describe the mechanics of chromatin �bers at
the level of individual nucleosomes, it will be interesting tomove towards �bers that are
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heterogeneous in terms of linker length, mimicking the situation in vivo more closely.
�ese stepswill lead to a fundamental structural understanding of chromatin �ber fold-
ing, without oversimpli�cation or imposing regularity that is o�en required to interpret
structural data.

3.4 Materials and methods

3.4.1 Chromatin reconstitution

A DNA substrate based on pUC18 (Novagen) with inserts containing 15 times 197 bp
and 30 times 167 bp repeats of the Widom 601 nucleosome positioning sequence was
used for reconstitution of chromatin �bers. A�er digestion with BsaI and BseYI en-
zyme, single stranded ends were �lled with a dUTP-digoxigenin at the BsaI and a
dUTP-biotin at the BseYI end by Klenow reaction. �e linear DNA fragment was
mixed with 147 bp competitor DNA and histone octamers puri�ed from chicken ery-
throcytes, and reconstituted into chromatin �bers using salt dialysis following [13].

3.4.2 Sample preparation

A clean cover slip was coated with 1% polystyrene-tuolene solution and mounted on a
poly-di-methysiloxane (PDMS, DowCorning) �ow cell containing a 10×40×0.4 mm3

�ow channel. �e �ow cell was incubatedwith 1 µg/ml anti-digoxigenin for 2 hours and
2% BSA (w/v) solution over night. 20 ng/ml �bers in 10 mM Hepes pH 7.6, 100 mM
KAc, 2 mM MgAc2 and 10 mM NaN3 was �ushed into the �ow cell and incubated
for 10 minutes, followed by �ushing in 2.8 µm streptavidin-coated superparamagnetic
microspheres (M270, Invitrogen) in the same bu�er. Loose beads were �ushed out a�er
another 10 minutes of incubation.

3.4.3 Magnetic tweezers

�e home-built magnetic tweezers have been described by Kruithof et al. [46]. During
an experiment, a single chromatin �ber was tethered between the end of a superparam-
agnetic bead and the surface of amicroscope coverslip. �e force was varied bymoving
the pair of magnets at 0.1 mm/s. �e extension of the DNA was measured in real time
at a frame rate of 60 Hz with a CCD camera (Pulnix TM-6710CL).
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3.4.4 Data analysis

Data analysis and curve �tting was done using a custom so�ware written in LabView.
�e o�set of each force-extension curve was adjusted by aligning the extension at high
force, a�er the last rupture event, with a WLC using the known contour length, a per-
sistence length of 50 nm and a stretchmodulus of 1200 pN.�is procedure circumvents
errors due to o�-center attachment [47, 48] and the roughness of the bead and surface.
In some cases a linear dri� was subtracted to enforce overlap from successive pulling
experiments. �is dri� correction was validated by the (partial) overlap of pull and re-
lease curves. All data are presented and analyzed without further �ltering or averaging.
Rupture events at high force were automatically detected with a t-test step �nding

algorithm, using a 10 points window [49]. At forces larger than the �rst rupture event
the �tted extension was assigned to the extension of the state that matched the experi-
mental data point best. To eliminate erroneous assignments due to the relatively large
amplitude of thermal �uctuations in the extension this part of the �tted curve was �l-
tered using a 10 point median �lter. At forces below the �rst rupture event the data
were �tted to Eq. 3.8 using a Levenberg-Marquardt algorithm. Instabilities due to the
discrete nature of of the number of nucleosomes were circumvented by linear interpo-
lation of these parameters. Generally the �t results yielded numbers of nucleosomes
that were within 0.1 of an integer number. Data points acquired a forces below 0.5 pN
were not included in the �t to exclude artifacts due to bead-surface interactions.
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3.5 Tables

Table 3.1: Structural and thermodynamic parameters per nucleosome for di�erent con-
formations sketched in Fig. 3.2.

i Li (bp) zi (nm) Gi (kBT)
nucleosome NRL − 147 zDNA( f , L i) GDNA( f , L i)
�ber - f /k + z0 1

2 f
2/k

single wrap NRL − Lwrap zDNA( f , L i) GDNA( f , L i)+△G1
extended NRL − Lwrap zDNA( f , L i) + zex t GDNA( f , L i)+△G1+△G2
unwrapped NRL zDNA( f , L i) GDNA( f , L i)+△G1+△G2+△G3

Table 3.2: �e mean parameters obtained from �tting multiple force extension traces

mono nucleosome 15*197 NRL 30*167 NRL
n f iber 1 12 ± 4 27 ± 2

k (pN/nm) - 0.22 ±0.04 0.6 ±0.2
G1(kBT) 8.8 ±0.5 19 ± 2 18± 3
G2(kBT) 3.5 ± 1.0 4.4 ±0.7 5.0 ±0.4

Step size (nm) 24 ± 2 24 ± 7 24 ± 8
nun f ol d ed - 8 ±6 10 ± 5
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Chapter 4
Torsional stress controls the
folding and unfolding of the
chromatin �ber1

In eukaryotic cells, DNA exists as chromatin �bers with di�erent degrees of com-
paction. Folding and unfolding of chromatin plays a key role in gene regulation. How-
ever, the structural changes of a compacted chromatin �ber induced by torsional stress
are poorly understood. Here we studied the stability of single supercoiled chromatin
�bers, reconstituted on tandem repeats of 601 nucleosome positioning sequence. By
applying tension and torsion withmagnetic tweezers, we �nd that the �ber has a strong
asymmetric response to supercoiling. Negative supercoiling stabilizes the �ber against
unfolding. Positive supercoiling can be absorbed by the �ber. �is anisotropy of the
�ber re�ects the chirality of a le�-handed helix. When the force exceeds ∼2.5 pN, the
�ber unfolds, unwrapping one turn of DNA. �e level of unfolding is regulated by su-
percoiling. An equilibrium statistical mechanics model based on chromatin topology
and elasticity is presented, which captures the full complexity of chromatin folding and
unfolding at di�erent degrees of supercoiling. �ese results reveal for the �rst time
the e�ects of supercoiling on a folded chromatin �ber and present a new quantitative
model of chromatin supercoiling.

1�e contents of this chapter are based on : H. Meng and J. van Noort. “Torsional stress controls the
folding and unfolding of the chromatin �ber”, manuscript in preparation.
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4.1 Introduction

In eukaryotic cells, genomic DNA is organized in chromatin, a DNA-protein complex
which results in a formidable compaction of DNA in the nucleus. �e basic unit of
chromatin is the nucleosome. Both the structure of DNA and the structure of nucle-
osome are known from X-ray crystallography. DNA forms a right-handed helix with
10.4 basepairs (bp) per helical turn [1]. �e nucleosome consists of 147 bp of DNA
wrapped 1.7 times around a wedge-shaped octamer of histone proteins in a le�-handed
superhelix [2]. Nucleosomes are connected by short DNA segments (linker DNA), typ-
ically 10 to 90 bp long, forming an array of nucleosomes with a diameter of about 10
nm. �ese arrays are thought to fold into chromatin �bers by short-range interactions
between neighboring nucleosomes. In vitro, under physiological salt conditions, these
�bers thicker �bers have a diameter of 30 nm, and are commonly known as the 30-nm
�ber [3]. However, the higher order structure of the 30-nm �ber is controversial.

It is becoming clear that native chromatin structures are not nearly as uniform as
those formed by reconstitution in vitro [4]. �e structure of the chromatin �ber is sen-
sitive to the length of linker DNA, the salt conditions, histone modi�cations and linker
histones [5, 6]. Understanding chromatin structure is therefore complicated and it is
unlikely that a “one-model-�ts-all” solution to the problem exists. Furthermore, recent
studies suggest that there may not be an higher order structure such as the 30-nm �ber
but that chromatin in vivo rather folds into 10-nm �bers [7–9]. Chromatin compaction
modeling work based on Hi-C data unfortunately doesn’t have the resolution to reveal
such details [10, 11]. �ese studies demonstrated, by modeling, that chromatin com-
paction as measured by Hi-C techniques is insensitive for changes of the model from a
10-nm �ber to a 30-nm �ber.

�e function of chromatin is not only to compact DNA, but also to control gene
regulation. Transcription regulation involves next to a plethora of post transcriptional
modi�cations and chromatin remodellers [12] also the e�ects of supercoiling [13]. Dur-
ing transcription, RNA polymerase (RNAP) generates large torsional stress on DNA,
which is estimated to be seven DNA supercoils per second [14]. A common model to
describe the RNAP elongation is the “twin supercoiled domain” model, in which the
RNAP moves along the DNA helix and generates positive supercoiling (overwound
DNA) ahead and negative supercoiling (underwound DNA) behind [15]. Following
this model, one hypothesis [16, 17] is that positive supercoiling ahead of the RNAP will
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destabilize nucleosomes, and negative supercoiling behind it will promote reassembly
of nucleosomes. Recently, a psoralen based cross-linking technique was introduced to
measure the local DNA supercoiling density genome wide [18, 19]. �ese results clearly
show that the genome has separate domains with various degrees of supercoiling, sup-
porting the idea that supercoiling is dependent on transcription, with active genes be-
ingmore negatively supercoiled than inactive genes. High-resolution genome-wide nu-
cleosome mapping also [17] suggest indirectly that positive torsional stress contributes
to such destabilization of nucleosomes. However, there is no direct data on how a chro-
matin �ber responds to supercoiling.

Single-molecule techniques such as magnetic and optical tweezers provide power-
ful tools to study the e�ects of supercoiling. �e e�ect of supercoiling on naked DNA
is widely studied, and so is the mechanism of transcription on bare DNA [20]. How-
ever, in vivo, RNAP encounters DNA folded into chromatin �bers consisting of arrays
of nucleosomes rather than naked DNA. Hence, the e�ects of supercoiling have to be
considered in the context of chromatin, but this is poorly understood so far [21]. A re-
cent study demonstrated the mechanical stability of single nucleosomes under torsion
[22]. Interestingly, torque was shown to have only a moderate e�ect on nucleosome
unwrapping. �e chromatin �ber’s response to torque may be quite di�erent. �ough
supercoiling e�ects on chromatin �bers were �rst investigated at forces below 0.5 pN
[23, 24], which is signi�cantly lower than the DNA unwrapping force about of 3∼5 pN,
these experiments could therefore not reveal the e�ect of torque on nucleosome un-
wrapping. Moreover, these experiments were done at salt conditions much lower than
physiological bu�er conditions. �e data was interpreted as a chiral transition from a
le�-handed nucleosome to a right-handed reversome. Because of the bu�er conditions,
these results could not show how folded chromatin �bers unfold by supercoiling and
therefore neglected all nucleosome-nucleosome interactions.

Previously, we showed that the chromatin �bers reconstituted on the 601 sequence
repeats with 50 bp linker DNA fold in accordance with the one start solenoid model
[25]. Although the model has been questioned [26], one needs additional, more de-
tailed data to resolve this discussion. �e chirality of such a solenoidally folded �ber
has direct implications on the mechanical properties of the �ber. Here we focus on the
e�ects of supercoiling on the stability of the higher order structure of the �ber. We per-
formed a comprehensive investigation of force spectroscopy on torsionally constrained
chromatin �bers, under physiological bu�er conditions and at di�erent degrees of su-
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percoiling. �e torsionally constrained �ber has an anisotropic response to torsion. We
show that the �ber does not unfold until forces exceed 2.5 pN, and has an end-to-end
distance which corresponds to the �ber being stretched to a single �le of stacked, inter-
acting nucleosomes. Above this force, the unfolding of the �ber depends on the degree
of supercoiling. Positive supercoiling facilitates the unfolding, but super�uous positive
supercoiling refolds the �ber. We developed a torsional springmodel for the chromatin
�ber that captures the anisotropy of the �ber to supercoiling. We demonstrate that the
chromatin �ber folds in a le�-handed helix. Interestingly, this interpretation is consis-
tent with very early di�raction studies of the �ber’s chirality [27]. Our model captures
all unfolding and refolding events in a quantitative manner. �ese �ndings give a de-
tailed structural insight in how a chromatin �ber responds to supercoiling and directly
test the “twin supercoiled model”, yielding a better understanding of the role of chro-
matin during transcription.

4.2 Results

4.2.1 Torsionally unconstrained chromatin �bers

Before describing the structural changes in a chromatin �ber under torsional stress,
we �rst review the elasticity of torsionally unconstrained chromatin �bers. A force-
extension (F-E) curve of a torsionally unconstrained chromatin �ber reconstitutedwith
25 nucleosomes is shown in Fig. 4.1A.�e �ber has about 1 kb of DNA handles on each
side of the chromatin �ber. At low forces (F < 0.5 pN), the largest part of the increase
in extension is due to the entropic elasticity of these DNA handles [28, 29]. A linear
increase in extension is observed at intermediate forces (0.5 pN < F < 2.5 pN). In this
part of the F-E curve, the elasticity of the �ber can be described by a Hookean spring
[25]. Near 3 pN, a force plateau occurs, as nucleosomes in the �ber unfold into an array
of singly wrapped nucleosomes (Fig. 4.1B).

�e entire F-E curve can be described by a statistical mechanics model that takes
into account the elasticity of the DNA and chromatin �ber, as well as the conforma-
tional changes of the nucleosomes, as shown before. In Chapter 3, we show that an in-
termediate state of the nucleosome between the unfolded �ber and the fully unwrapped
nucleosome exists. To simplify the analysis, we combine these two conformations in
a single transition. Fitting this model to the data yields a stretch modulus of the �ber,
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s f ≈ 0.5 pN , an unfolding energyGu ≈ 18.5kBT and an elongation per unfolded nucle-
osome of 20 nm, corresponding toDNAunwrapping of about 58 bp. All the parameters
are scaled per nucleosome and are summarized in Table 4.1.

4.2.2 Torsionally constrained chromatin �bers

Figs. 4.1C and 1E show the F-E curves for a chromatin �ber containing 25 nucleosomes,
similar to the �ber in Fig. 4.1A, but torsionally constrained by multiple bonds between
the DNA and the bead and the glass surface. Interestingly, compared to the torsionally
unconstrained chromatin �ber, at ∆Lk = 0, no force plateau occurs around 3 pN, but
the extension increases linearly up to 4 pN.When decreasing the excess linking number
from ∆Lk = 0 to ∆Lk = −20, the extension of the �ber decreased at forces below 1.8
pN. Between 1.8 pN and 4 pN, the extension increased linearly with force, independent
of ∆Lk.

To understand the response of folded chromatin �bers to supercoiling, it is impor-
tant to separate the changes in extension of the DNA handles from the compliance of
the �ber itself. F-E curves of bare DNA without nucleosomes are shown in Fig. S1 as
comparison. Negative supercoiling results in plectonemes in the DNA, which reduce
the extension of the tether [30, 31]. Like in the case of a bare DNA molecule, we ob-
serve a reduction of the extension of the �ber. �is should be attributed mostly to the
response of the DNA handles supercoiled into plectonemes. �is plectonemic DNA
transfers into melted and twisted DNA when increasing the force up to 1.8 pN. �e
net result is an extension that is equivalent to that of torsionally unconstrained DNA.
Apparently, the DNA handles, rather than the �ber, absorb negative supercoiling.

Interestingly, when positive twist is applied, we observed hardly any change in ex-
tension compared to the torsionally unconstrained chromatin �ber at forces below 2.5
pN. �is is remarkable because the presence of a 25 nucleosomes chromatin �ber, ap-
pears to prevent the 2 kb of DNA handles to form plectonemic DNA, as it does for
negative twist. Above 2.5 pN, the force plateau, which is indicative of �ber unfolding,
appears as more positive twist is applied, like in the case of torsionally unconstrained
�bers. A maximum extension occurs at ∆Lk = 20. When more twist is applied, the
extension of the plateau reduces again, which is, as we will show below, due to fewer
nucleosomes unfolding.
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Figure 4.1: Pulling single torsionally (un)constrained chromatin �bers. (A) Force-
extension curve for a torsionally unconstrained chromatin �ber reconstituted with 25
nucleosomes. �e solid line is a statistical mechanics model that describes the �ber as
a Hookean spring and the DNA handles as a Worm-like-chain (see Supplemental In-
formation). Inset: Experimental setup: a single compacted chromatin �ber with DNA
handles (∼ 1 kb each), is tethered between a 1 µm bead and a cover-glass. Tension and
torsion on the �ber is controlled by moving or rotating the magnets above the bead.
(B) Schematic illustration of a chromatin �ber’s conformational changes with increas-
ing tension. I: low force regime, nucleosomes are folded into a 30-nm �ber; II: inter-
mediate force regime, the �ber is stretched to a single stack of nucleosomes; III: high
force regime, the �ber unfolds to form an array of nucleosomes that have only a single
turn of wrapped DNA. (C) Force-extension curves for a single torsionally constrained
chromatin �ber with 25 nucleosomes at various degrees of negative supercoiling (dots).
�e solid lines are global �ts to Equation 4.6. (D) �e number of folded nucleosomes
calculated by the model as a function of force under negative supercoiling. (E) Force-
extension curves for the same �ber at various degrees of positive supercoiling. Global
�ts are drawn with solid lines. (F)�e calculated number of folded nucleosomes under
positive supercoiling.

�us, excess positive supercoiling appears to be absorbed by the �ber, whereas neg-
ative supercoiling stabilizes the �ber’s structure. Positive supercoiling can be stored in
the �ber at low forces, and restores chromatin �ber unfolding at high forces in tor-
sionally constrained �bers. �ese are clear indications that the �ber is not folded in an
isotropic structure, but rather displays features that point to a le�-handed superhelix
that can handle some undertwisting, but cannot be over-twisted.

4.2.3 A quantitative statistical mechanics model for unfolding a su-
percoiled chromatin �ber

To quantify the interpretation above, we extended our statistical mechanics model for
a torsionally unconstrained chromatin �ber. We consider a Hookean torsional spring,
yielding an elastic energy G f iber [28, 32, 33]:

G f iber =
1
2

s f
Nz0f

(∆z f iber)
2 + 1
2

c f
Nz0f

(2πLk f iber)
2 +

g f
Nz0f

(∆z f iber) (2πLk f iber) (4.1)

where s f is the stretch modulus of the �ber; c f is the twist modulus, and g f is the
twist-stretch coupling factor. N is the total number of fully folded nucleosomes and
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z0f is the length of �ber in the absence of force, which is about 1.7 nm per nucleosome
[5, 34]. ∆z f iber is the extension change of the �ber by pulling and twisting. �e total
extension of the folded �ber is z f iber = Nz0f + ∆z f iber . Lk f iber is the linking number
of �ber. �e force and torque on the �ber are calculated from the derivative of the free
energy to the extension and to the linking number [35]:

F = s f
Nz0f
∆z f iber +

g f
Nz0f

(2πLk f iber)

Γf iber =
c f
Nz0f

(2πLk f iber) +
g f
Nz0f
∆z f iber

(4.2)

�e entire tether in our experiment consists of a part of chromatin �ber and a part
of DNA handles. �e mechanical properties of the DNA handles (free energy GDNA,
extension of DNA zDNA, and the torque ΓDNA) are described by twisted, plectonemic
and melted conformations [36] (see Supplemental Information ). �e excess linking
number of the tether is distributed between the two parts, with the torque considered
equal in both parts of the tether. To capture the anisotropy of the �ber in response to
twist, we include a linking number Lk0f iber per nucleosome, yielding a total twist in the
�ber,

Lk f iber = N × Lk0f iber + ∆Lk f iber (4.3)

Combining Equation 4.2 , 4.3 and the elasticity of DNA (details in Supplemental Infor-
mation ) yields the elastic response of a DNA-�ber tether:

z(F , ∆Lk,N) = zDNA(F , ∆LkDNA) + z f iber(F , ∆Lk f iber ,N), (4.4)

for forces small enough not to rupture the �ber.

�e force-induced rupturing of the nucleosomes in the �ber yields nucleosomes
with one turn wrapped of DNA. �e linking number that is constrained by the nucle-
osome in the �ber will redistribute along the tether when such a rupture event takes
place. �e elasticity of the resulting unfolded nucleosome is de�ned by the linker DNA
plus the length of DNA that is released from the nucleosome. In addition, an amount
of free energy Gu for each nucleosome is released when nucleosome-nucleosome and
nucleosome-DNA interactions break. Note that we describe the unfolding of the �ber
as a single transition, as opposed to our previous modeling, in order to keep the model
as simple as possible. We can numerically calculate the partition function for a �nite
number of nucleosomes:
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Z =
N
∑
i=0

⎛
⎝

N
i

⎞
⎠
exp(−

GDNA +G f iber + iGu − Fz(F , ∆Lk + iLk0f iber , i)
kBT

), (4.5)

i is the number of nucleosomes that is unfolded, and
⎛
⎝

N
i

⎞
⎠
is a binomial coe�cient

that takes the degeneracy of nucleosome unfolding into account. �e expected value
of total extension at a certain force and an excess linking number is then given by:

⟨z(F , ∆Lk,N)⟩ = Z−1
N
∑
i=0

z(F , ∆Lk+iLk0f iber , i)
⎛
⎝

N
i

⎞
⎠
exp(−

GDNA +G f iber + iGu − Fz
kBT

)

(4.6)

4.2.4 Comparison between data and model

We performed a global �t to our data for forces between 1.0 pN to 4.0 pN, and excess
linking numbers ∆Lk ranging from -5 to 25. �e elastic parameters of the chromatin
�ber were �t and those of DNAwere �xed to known values.(solid lines in Figs. 4.1C and
E ). We obtain s f = 0.48±0.02 pN, c f = 3.4±0.2 pN nm2, g f = 0.03±0.01 pN nm. An
unfolding energyGu = 17.80±0.04 kBT was found, very similar to that of a torsionally
unconstrained �ber, shown in Fig. 4.1A. �e linking number per nucleosome yields
Lk0f iber = −0.81 ± 0.01. Our model also recovers the number of folded nucleosomes at
di�erent forces and excess linking numbers. It can be seen in Figs. 4.1D and F that all
the nucleosomes stay in the folded conformation at F< 2.5 pN.�e change in extension
of the tether at forces larger than 2.5 pN can be attributed to an increase in the number
of unfolded nucleosomes. Interestingly, adding more positive supercoiling (∆Lk > 21
for 25 repeats) reduces the extension of the tether, suggesting that fewer nucleosomes
unfold when excessive positive supercoiling is applied.

At low forces (F< 1.0 pN) and negative supercoiling, the model deviates from the
data. �is is remarkable as we obtain very good agreement between data and model
for bare DNA (see Fig. S1). �e reduced extension that we observe for low forces and
negative supercoiling may indicate a more complex interplay among �ber structure,
plectonemes and melting bubbles in the DNA handles. Apart from this small region in
force and excess linking number, we obtain an excellent agreement between the model
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Table 4.1: Comparison of the elastic parameters of DNA (F<30 pN) from [32, 37, 38],
with those of torsionally unconstrained chromatin �bers (25 repeats), and torsionally
constrained chromatin �bers (25 nucleosomes and 15 nucleosomes).

and the data.

4.2.5 Extension-twist curves

Besides pulling the chromatin �ber at constant excess linking numbers, we also twisted
the �ber at constant forces similar to experiments by Bancaud et al. [23, 24], but now
under conditions that favour higher order folding of chromatin. A comparable re-
sponse of the �ber to force and twist is evident in the Extension-Twist (E-T) curves,
shown in Fig. 4.2A. At high force (F=3.4 pN), the �ber’s extension hardly changes under
negative twist, whereas under positive twist, the extension �rst increases and reaches
a maximum value at ∆Lk = 21 , and subsequently decreases symmetrically. At an in-
termediate force (F=1.8 pN), the extension hardly changes under both negative and
positive twist in the range of −20 < ∆Lk < 40 . At low force (F=0.4 pN), �ber shortenes
with negative twist,whereas under positive twist, the extension remains constant up to
30 turns. A�er 30 turns, a decease in extension occurs with a slope similar to that at
negative twist.

When we plot the E-T curves calculated with our model, we obtain excellent agree-
ment at F > 1.8 pN. Again, the data can be interpreted as the unfolding of the �ber at
su�cient positive twist. Like in the pulling experiment, in the twisting experiment the
calculated number of unfolded nucleosomes (Fig. 4.2C) indicates that the nucleosomes
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Figure 4.2: Extension versus twist data (dots) at constant force, together with the cal-
culated extension using the parameters from the global �t to the F-E curves shown in
Fig. 4.1 and Fig. S3 (solid lines). (A) Fiber reconstituted with 25 nucleosomes. (B) Fiber
reconstituted with 15 nucleosomes. (C) and (D) are the calculated number of folded
nucleosomes corresponding to (A) and (B).
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�rst unfold from the �ber by increasing positive twist, and subsequently refold when
additional positive twist is applied. At 0.4 pN, however, we observe the same discrep-
ancy at negative twist that we found in the F-E data.

Experimental data of the chromatin �ber reconstituted on 15 repeats shows a simi-
lar response to force and twist (shown in Fig. 4.2B, Fig. S2,3). �e global �t parameters
of 15 repeats obtained from the F-E curves are very close to those found for 25 repeats
(shown in Table 4.1), which indicates that the model properly takes the number of nu-
cleosome into account. Overall, we get a good agreement between our model and the
data, showing that the folded chromatin �ber can be described by a torsional spring
with a le�-handed chirality. Moreover, the e�ect of supercoiling on the stability of the
�ber is accurately described by taking themechanical and thermodynamical properties
of such a torsional spring and of DNA into account.

4.2.6 Salt e�ects

In vitro studies have shown that the compaction of chromatin requires divalent ions
[3]. We tested the in�uence of Mg2+ on the elasticity of torsionally constrained �bers.
All the experiments done in 100 mM K+, 2 mM Mg2+ , the E-T curves at F=0.5 pN
show that forward twisting (adding excess linking numbers) and backward twisting
(reducing excess linking numbers) curves overlap, indicating that all deformations of
the �ber are reversible (Fig. 4.3A). When depleting Mg2+ the E-T curves at 0.5 pN
hardly change (Fig. 4.3B). �is indicates that the structure of the folded �ber is stable,
and thatMg2+ depletion barely in�uences themechanical properties of the folded �ber
at low force.

�e F-E curves for pulling and releasing at constant linking numbers also overlap
in pulling experiments in bu�ers containingMg2+, (shown in Fig. 4.3C). �is absence
of hysteresis indicates that the �ber is in equilibrium during the folding and unfolding
events. When the Mg2+ is depleted (Fig. 4.3B), F-E curves at ∆Lk = 0 are hardly af-
fected. F-E curves start to di�er however, when positive twist is applied. �e unfolding
transitions above 2.5 pN inMg2+ depleted bu�er, show large hysteresis, indicating that
an unfolded �ber refolds more slowly than it unfolds without Mg2+. �us, the e�ects
of torsion are more persistent in the absence ofMg2+ .
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Figure 4.3: Salt dependence of chromatin �ber folding (15 nucleosomes) at di�erent
degree of supercoiling. Twist-Extension curves of the �ber at 0.5 pN, with (A) and
without Mg2+(B). Both curves show no hysteresis between forward twisting (adding
excess linking numbers) and backward twisting (reducing excess linking numbers), in-
dicating that depletion ofMg2+ doesn’t induce structural changes at this force regime.
(C) Pulling and releasing the �ber in 100 mM K+and 2 mM Mg2+. �e pulling and
release traces overlap, indicating the folding and refolding is in equilibrium. (D) Re-
placing the bu�er with 100mM K+ withoutMg2+. �e pulling and release curves show
large hysteresis, and irregular refolding and unfolding of the �ber.
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4.3 Discussion and conclusions

In this work, we describe the anisotropic elastic response of torsionally constrained
chromatin �bers, and quantify this response using a torsional spring model. In combi-
nation with the statistical mechanics describing the unfolding of the chromatin �ber,
we found that theHookean torsional springmodel accurately describes the �ber’s force-
dependent extension, regardless of the total number of folded nucleosomes. �e ob-
tained �t parameters give a more detailed insight to the structure of chromatin �ber.
A linking number per nucleosome Lk0f iber ⋍ −0.8 indicates that chromatin �ber has a
le�-handed chirality.

To evaluate the role of higher order folding of the chromatin �ber, this number can
be compared to the amount of supercoiling that is constraint in a single nucleosome.
�ough one nucleosome contains 1.7 turns of DNA, the linking number of a single nu-
cleosome is only -1 [39, 40]. �is di�erence is known as the linking number paradox
[41]. �us, the contribution of unwrapping the �rst turn to the change in the linking
number is about -0.4. �e rest of Lk0f iber must therefore be attributed to the higher-
order structure of �ber that is stabilized by nucleosome-nucleosome and nucleosome-
DNA interactions. Our model does not yield a satisfactory global �t to the data if we
reduce the excess linking number Lk0f iber in the free energy term in Equation 4.1 and 4.5
to -0.4. Having two turns per �ve nucleosomes in the folded chromatin �ber, however,
seems excessive. Modeling and EM reconstructions rather suggest about seven nucle-
osomes per helical twist in a solenodial �ber, yielding Lk0f iber ⋍ 0.14. �e remaining
part could easily be maintained by undertwisting the linker DNA, which would lead to
a twist density of -0.05 (−(0.4 − 0.14) / (50/10.4)) . �is is close to the twist densities
that are found in vivo. �e quanti�cation of the excess linking number that we describe
here is therefore fully compatible with a solenoid folding of the chromatin �ber with
50 bp linker DNA.

It is informative to compare our measured elastic parameters of torsionally con-
strained chromatin �bers with bare DNA and torsionally unconstrained chromatin
�bers (Table 4.1). Both the stretch and twist modulus of the folded chromatin �ber
are dramatically smaller than those of bare DNA. �e small twist modulus, which is
about hundred times smaller than that of DNA, implies that a chromatin �ber is very
so� and it can absorb large twists without building upmuch torque. �e twist-coupling
factor g f obtained here is a very small number, comparable to the uncertainty in the �t.
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�is suggests that in this force regime (F<4.0 pN), there is no signi�cant twist-stretch
coupling. �e low stretch and twist modulus of the �ber that we report here, suggests
that large changes in extension and linking number can readily be absorbed by neigh-
boring chromatin within single topological domain. �us excessive stresses may be
e�ectively prevented by the so� chromatin �ber.

�e unfolding energy Gu captures the unfolding transitions of a torsionally con-
strained �ber in a wide range of twist densities. Moreover, this energy is close to the
value that is obtained in independent experimentswith torsionally unconstrained chro-
matin �bers. �is indicates that the energy barrier of a nucleosome between the folded
and unfolded state of a nucleosome is independent of torsional stress. �e change in
rupture force that we report here can therefore be fully attributed to the energy as-
sociated with twisting the DNA. Recent measurements on the e�ect of torque on the
stability of a mononucleosome [22] qualitatively show that the rupture force for the
�rst turn unwrapping event is increased by positive torque. We tested if our model can
quantitatively explain these experimental results. By replacing the �ber with a single
nucleosome, leaving out the chirality, the stretch and the twist modulus of the �ber,
and simply considering a constant unfolding energy Gu , we are able to reproduce the
rupture force-torque relation similar to the experimental results (shown in Fig. S4).
�is reinforces our model in which we have a strict mechanical coupling between the
nucleosomes, and the linker and handle DNA.

In this study we used highly regular, homogeneous chromatin �bers that are known
to fold in regular 30-nm structures. In vivo, chromatin is likely to be far less structured,
and the existence of such �bers is still heavily debated. We note that all the interactions
that we describe here are between neighboring nucleosomes and the unfolding mech-
anism seems to be conserved over a wide range of linker DNA (20, 55 bp, data not
shown). �is lack of cooperativity, as demonstrated by the independence of the ther-
modynamical parameters on the number of nucleosomes in the �ber, indicates that
these results can be applied to any pair of nucleosomes. Having a regular chromatin
�ber greatly facilitates the interpretation of these nano-mechanical measurements, but
we expect that the described mechanical coupling and interaction energies can also be
applied to pairs of nucleosomes in irregular chromatin �bers.

Our experiments are conducted under moderate tension and torsion with force
smaller than 4 pN, and excess linking number ∣∆Lk∣ < 2/nucleosome. Under more ex-
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treme stresses conditions, the nucleosome may respond with various chiral transitions
[24]. Furthermore, DNA with positive twist and forces larger than 3 pN may transfer
into a new conformation, P-DNA [42]. �e force and twist regime that we describe
here is highly relevant for the situation in vivo. �e activity of molecular motors, such
as RNAP leads to the build up of torsional stress on the DNA. It has been speculated
that this stress involves the disassembly and reassambly of chromatin [16, 17], and there-
fore may be a critical factor to regulate gene transcription. Previous studies reported
that RNAP can overcome the obstacle of a nucleosome at F∼4 pN under torsionally
unconstrained conditions [43, 44]. According to the “twin supercoiled domain model”
[15], RNAP generates positive twist ahead of transcription direction and negative twist
behind. In our experiments, we show that positive supercoiling is readily absorbed by
the �ber, which subsequently facilitates �ber unfolding. On the other hand, we show
that negative twist can refold and stabilize the �ber. Interestingly, excessive positive
twist will drive the nucleosome to refold. �is might play a role in the transcription
termination in eukaryotes, which is currently poorly understood [45].

In summary, we accurately quanti�ed the elastic properties of a well-de�ned,
folded, torsionally constrained chromatin �ber. �e data and modelling suggests that
the chromatin �ber folds into a le�-handed helix. Both observations support the antic-
ipated role of the “twin supercoiled domain model” in chromatin maintenance. It even
suggests that higher-order folding of the �bermay contribute to reinforce this e�ect. Its
anisotropic response to supercoiling may have important implications for all processes
involving DNA during the cell cycle.

4.4 Materials and methods

4.4.1 Magnetic tweezers

�e home-built magnetic tweezers was described before by Kruithof et al.[46]. During
an experiment a DNA or chromatin molecule was constrained between the end of a
superparamagnetic bead with diameter of 1 µm and the surface of a microscope cover-
slip. Tension and torsion on the �ber are manipulated by the pair of magnets. Moving
themagnets up and down changes the force on the bead. Rotating themagnets changes
the degree of supercoiling, i.e., the excess linking number ( ∆Lk ). Each turn changes
∆Lk by ±1. Supercoiling was induced by rotating themagnets at 1 turn/s. �e extension
of DNAwas measured in real time at a frame rate of 60 Hz with a CCD camera (Pulnix
TM-6710CL). No averaging or �ltering was used. During experiments, we �rst twisted
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a �ber at low force (0.05 pN) to a desired ∆Lk, and then pulled on the �ber. Alterna-
tively, we moved the magnets to a certain position [46] and measured extension versus
∆Lk at constant force.

4.4.2 Chromatin constructs

Two DNA constructs with 25 or 15 tandem repeats of the 601 sequence were used
based on Puc18 (A gi� from D. Rhodes, Singapore). Both plasmids were digested with
BsaI and BseYI yielding linear fragments of 2410 and 6960 bp with corresponding
sticky ends. Digoxigenin and biotin-labeled handles were produced with PCR using
10% biotin-dUTP and digoxigen-dUTP on the pGem-3Z template using the following
primers: 5’ GAT AAA TCT GGA GCC GGT GA 3’ and 5’ CTC CAA GCT GGG CTG
TGT 3’. A�er PCR ampli�cation, the fragments were digested with BsaI and BseYI and
ligated to the previously digested DNA 601 array. �e ligation product was mixed with
competitor DNA (-147 bp) and histone octamers puri�ed from chicken erythrocytes,
and reconstituted into chromatin �bers using salt dialysis [47].

4.4.3 Sample preparation

A clean cover slip was coated with 1% polystyrene-toluene solution. �e cover slip
was then mounted on a poly-di-methysiloxane (PDMS, Dow Corning) �ow cell con-
taining a 10 × 40 × 0.4 mm �ow channel. �e �ow cell was incubated with 1 µg/ml
anti-digoxigenin for 2 hours and 2% BSA (w/v) solution over night. 20 ng/ml DNA
folded into chromatin in 10mM Hepes, pH 7.6, 100mM KAc and 10mM NaN3 was
�ushed into the �ow cell and incubated for 10 minutes, followed by �ushing in 1 µm
streptavidin-coated superparamagneticmicrospheres (MyOne, Invitrogen) diluted one
thousand times in the same bu�er. A�er 10minutes excess beads were �ushed away us-
ing the same bu�er.
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4.5 Supplemental Information

4.5.1 Variables and derived expressions

Below, we use the following parameters to describe the mechanical properties of DNA:

F = Force;

At = Bending persistence length (50 nm for twisted DNA);

kBT =�ermal energy;

Ct = C (1 − C
4A t

√
kBT
A tF ) = Twist persistent length as a function of force (twisted DNA)

, with constant C = 100 nm;

Cp = Twist persistent length of plectonemic DNA (24 nm for plectonemic DNA);

L0 = Contour length;

g = (F −
√

FkBT
A t

) = Free energy per nm of torsionally unconstrained DNA.

4.5.2 Elasticity of supercoiled DNA

A supercoiled DNA molecule can be described by 3 di�erent conformations, i.e,
twisted, plectonemic, and melted states. �e free energy of twisted DNA is given by
a parabola function ( G

′

DNA = GDNA − FzDNA) [35, 48] :

G
′

DNA = L0 (−g +
kBTCt

2
(2π∆LkDNA

L0
)
2

) . (4.7)

�e extension of twisted DNA is calculated by taking the derivative of free energy to
force:

zDNA = −
dG

′

DNA
dF

= L0
⎛
⎝
1 − 1
2

√
kBT
AtF

− C2

16
(2π∆LkDNA

L0
)
2

( kBT
AtF

)
3
2 ⎞
⎠
. (4.8)

As twist is applied to theDNA, the restoring torquewill increase linearly with the excess
linking number it absorbed, before any conformational changes:

ΓDNA = Ct
2π∆LkDNA

L0
kBT . (4.9)
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4.5.3 Positive supercoiling: plectonemic and twisted DNA

DNA under positive twist can be overwound, staying in a twisted conformation or
transform into plectonemic conformation. An analytical solution yielded a constant
torque when the DNA buckles into plectonemic states [35]:

Γ+c =
¿
ÁÁÀ 2kBTCp g
1 − Cp/Ct

. (4.10)

�e maximum linking number that can be absorbed by DNA before conformation
change is then:

∆Lk+max = Γ+c L0/ (2πkBTCt) (4.11)

�e total extension ofDNAa�er buckling decreases linearly by increasing linking num-
bers, the slope in nm/turn is given by [35, 37]:

∆zDNA =
2π [1 − 1

2

√
kBT
A tF −

C2
16C2t

( kBT
A tF )

3/2
( Γ+c
kBT )

2
]

Γ+c
kBT ( 1

Cp
− 1

C t
)

(4.12)

�e free energy of DNA will increase linearly; the gain in free energy per turn is:

∆G+

DNA = 2πΓ+c (4.13)

4.5.4 Negative supercoiling: plectonemic, melted and twisted DNA

DNA under negative twist can stay in the twisted state, or can have conformational
change to becomemelted or pelctonemic DNA.Without the existence of melted DNA,
the mechanical properties of negative supercoiled DNA are identical to those for pos-
itive supercoiling. When we consider the coexistence of twisted and melted states, the
constant torque is limited due to melting [36]:

Γ−c = −11 pN nm (4.14)

To solve the problem of the di�erent possible conformations of the DNA, we con-
sider two scenarios. If the calculated buckling torque in Equation 4.10 is smaller than
the constant torque in Equation 4.14 , then the DNA coexists in twisted and plectone-
mic states; if the calculated buckling torque in Equation 4.10 exceeds -11 pN nm, DNA
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exists in twisted and melted states. �e maximum linking number DNA can absorb
before conformation change is then:

∆Lk−max = Γ−c L0/ (2πkBTCt) (4.15)

�e extension ofDNA in themelted state is considered as the same as that of twisted
DNAunder small degrees of supercoiling, due to the small fraction ofmeltedDNA.�e
free energy of DNA increases per turn:

∆G−

DNA = 2πΓ−c (4.16)

4.5.5 �e analytical solution of a DNA-�ber tether

Having discussed the mechanical properties of the torsional spring in the main text,
the extension and torque of the �ber are expressed as:

∆z f iber =
F−g

′

f 2πLk f iber

s′f
Γf iber = c

′

f 2πLk f iber + g
′

f∆z f iber
(4.17)

Here, s
′

f = s f /Nz0f , g
′

f = g f /Nz0f and c
′

f = c f /Nz0f . Equaling the torque in the �ber and
in the DNA, and considering the total excess linking number is distributed between the
DNA and the �ber, we �nd:

∆Lk = ∆LkDNA + ∆Lk f iber

Lk f iber = N × Lk0f iber + ∆Lk f iber

c
′

f 2πLk f iber + g
′

f ×
F−g

′

f 2πLk f iber

s′f
= Ct

2π∆LkDNA
L0 kBT

(4.18)

Solving Equation 4.18 yields

∆LkDNA = −
2πNs

′

f c
′

f Lk
0
f iber+g

′

f (F−2πNg
′

f Lk
0
f iber)−2π((g

′

f )
2
−s

′

f c
′

f )∆Lk

2π
⎛

⎝

(g′f )
2−s′f c

′

f−
s′f kB T

L0
C t
⎞

⎠

∆Lk f iber = ∆Lk − ∆LkDNA

(4.19)

A�er plectonemic or melted states form in the DNA, we compare Equation 4.19
with Equation 4.11 and 4.15. For large excess linking numbers the torque will stay con-
stant at Γ±c and the linking number distribution is then given by:
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∆Lk f iber =
F g

′

f−s
′

f Γ
±

c

2π((g′f )
2−s′f c

′

f )
− N × Lk0f iber

∆LkDNA = ∆Lk − ∆Lk f iber

(4.20)

�e extension of the tether at a certain force and excess linking number can now
be calculated as:

z(F , ∆Lk,N) = zDNA(F , ∆LkDNA) + z f iber(F , ∆Lk f iber ,N) (4.21)

�e extension of DNA is considered for all the three states, twisted, plectonemic
andmelted states by using Equation 4.8 and 4.12. When the unfolding of the chromatin
�ber is considered, as discussed in themain text, the partition function is written in the
terms of free energy:

Z =
N
∑
i=0

⎛
⎝

N
i

⎞
⎠
exp(−

GDNA +G f iber + iGu − Fz(F , ∆Lk + iLk0f iber , i)
kBT

) (4.22)

One should notice the free energy of the DNA is GDNA = G
′

DNA + FzDNA as shown
in Equation 4.7. Using the partition function, we calculate the expected values of the
parameters that we are interested in.
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4.5.6 Supporting �gures

Figure S1

Force-Extension curves of torsionally constrained 2.4 kb DNA under negative super-
coiling (A) and positive supercoiling (B). �e solid lines are the calculation results by
using Equations 4.8-4.15, which is similar to the numerical solution presented in [36].
Under negative twist, the extension of the molecule decreased when increasing the de-
gree of supercoiling at forces below 1.0 pN. Above 1.0 pN, the extension of supercoiled
DNA converged to the extension of DNA without twist. Under positive twist, the ex-
tension of the molecule decreased when increasing the degree of supercoiling up to
F=4.0 pN.
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Figure S2

�e force-extension curves of 197x15 repeats torsional constrained chromatin �ber. �e
global �t results for the �ve curves from 1.0 pN to 4.0 pN are shown as solid lines.
�e gray lines as background in each curve are the calculation results of torsionally
unconstrained model by varying the number of folded nucleosome as references to the
experimental data.
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Figure S3

Force-extension curves of 197x15 repeats torsional constrained chromatin �ber with
force up to 6 pN by using the magnetic bead with diameter 2.8 µm instead of 1.0 µm.
It shows that under negative twist, around 4 pN the force-extension curve has a force
plateau similar to the torsional unconstrained �ber at lower force. Solid lines are the
calculations by using the parameters from global �t in main text Table 4.1. It shows a
good agreement to the experimental data.
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Figure S4

Simulated Force-extension curves for a mononucleosome under constant torque. By
using our statistical mechanics model discussed in the main text, we decrease the
number of nucleosomes to one, and we only use one parameter, the unfolding energy
Gu = 10 kBT to describe the mononucleosome. We converted the excess linking num-
ber to torque using Equation 4.9. �e calculated curves and rupture forces give the
same trend as reported in [22].
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Summary

Since the discovery of the right-handed helical structure of DNA, 61 years have passed.
�eDNAmolecule, which encodes genetic information, is also found twisted into coils.
�is extra twist of the helical structure, called supercoiling, plays important roles in
both DNA compaction and gene regulation.

�e DNA in eukaryotic cells is packaged into chromatin, with the basic unit called
nucleosome. �e nucleosome core is a protein-DNA complex, with 147 base pairs (bp)
of DNA wrapped 1.7 turns in a le�-handed helix around the histone octamer proteins.
�e strong electrostatic interactions between histones and DNAmake the nucleosome
one of the most stable protein-DNA complexes under physiological conditions. Be-
cause of this, it is well suited for its packaging function. It is generally accepted that
arrays of nucleosomes can coil into a 30-nm-diameter helix to form the higher order
structure of chromatin.

Chromatin is not a static structure, but it is highly dynamic to allow for vital pro-
cesses such as replication and transcription. �e two chains of DNA in the chromatin
must get untwisted and separated during their activity. Many enzymes, acting onDNA,
such as topoisomerases and RNA polymerases are constantly stretching and twisting
the DNA helix. �e e�ects of tension and torsion on bare DNA have been well studied
by single-molecule techniques in the last 20 years. However, those e�ects on chromatin
are still poorly understood. Understanding of this interplay has potential clinical im-
plications, since some widely used anti-cancer drugs are known to interfere with the
regulation of supercoiling. In this thesis, I give insights into chromatin �ber response
to tension and torsion. With the results presented in this thesis, I aim to connect to the
knowledge obtained from molecular biology and genomics on understanding the role
of chromatin structure in maintaining our genes.

In order to quantify the e�ects of tension and torsion on a chromatin �ber, I �rst
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studied themechanical properties of supercoiledDNA (Chapter 2). I report the coexis-
tence of twisted, plectonemic and melted states of DNA in a small topological domain.
An extended experimental data set obtained with magnetic tweezers indicates the co-
existence of these three states at sub-picoNewton force and linking number densities
of about -0.06. A broadening of the transitions between the three states is found when
the size of a topological domain reduces to several kilobasepairs. I presented a statisti-
cal mechanics model for such DNA domains by calculating the full partition function.
Real-time analysis of short DNA tethers at constant force and torque shows discrete
levels of extension, representing discontinuous changes in the size of the melted DNA.
�is new insight may have implications for the working mechanism of proteins that
interact with DNA in topological domains, such as topoisomerases, transcription fac-
tors, histones and DNA based molecular motors, like DNA and RNA polymerases and
chromatin remodellers.

Next, I quantitatively described the force spectroscopy of torsionally unconstrained
regular chromatin �bers reconstituted with DNA containing Widom 601 sequence re-
peats (Chapter 3). Aiming to disentangle unfolding transitions in chromatin �bers, I
presented new experimental data as well as a novel quantitative model for all aspects
of force-induced unwrapping of the chromatin �ber. With this statistical mechanics
model, I compared pulling traces of amononucleosomewith those of fully folded �bers.
Despite using arrays ofWidom 601 sequences and careful titration of the reconstitution
dialysis, I found it necessary to include some heterogeneity of the chromatin �bers in
terms of nucleosome composition into the model. When these heterogeneities were
accounted for, I was able to determine consistent values for the DNA unwrapping free
energy and the extension of each nucleosome conformation. A novel intermediate con-
formation was found, existing between 2.5 and 7 pN. Moreover, the qualitative di�er-
ence in rupture behavior between chromatin �bers with 197 bp and 167 bp nucleosome
repeat length indicated a di�erent folding topology of the two repeat lengths. My re-
sults have implications for accessibility of DNA in fully-folded and partially unwrapped
chromatin �bers and are essential for understanding force-unfolding experiments on
nucleosome arrays.

Finally, based on the knowledge summarized above, I studied the stability of single
supercoiled chromatin �bers (Chapter 4). By applying tension and torsion with mag-
netic tweezers, I found that the �ber has a strong asymmetric response to supercoiling.
Negative supercoiling stabilizes the �ber against unfolding. Positive supercoiling is ab-
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sorbed by the �ber. �is anisotropy of the �ber re�ects the chirality of a le�-handed
helix. When the force exceeds 2.5 pN, the �ber unfolds, and unwraps one turn of DNA.
�e level of unfolding depends on the degree of supercoiling. Interestingly, positive
supercoiling facilitates the unfolding, but super�uous positive supercoiling refolds the
�ber. An equilibrium statistical mechanics model based on chromatin topology and
elasticity was presented, which captures the full complexity of chromatin folding and
unfolding at di�erent degrees of supercoiling. �ese results revealed for the �rst time
the e�ects of torque on a folded chromatin �ber and present a new quantitative model
of chromatin supercoiling.

In conclusion, using single-molecule force spectroscopy, I resolved force/torque-
induced structural changes of DNA and chromatin �bers. I showed that the structural
changes of chromatin �bers can be described by four conformations. I showed for the
�rst time the folding and unfolding of a chromatin �ber under torsion. �e anisotropic
response of chromatin �bers to supercoiling re�ects its le�-handed chirality. �ese
�ndings give a detailed structural insight of a supercoiled chromatin �ber, yielding a
better understanding of the response of chromatin during transcription.
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Omde 2meter DNA die elke menselijke cel bevat te passen in de kern van de cel zit het
DNA opgevouwen in chromatine. Nucleosomen zijn de kleinste eenheid waarin het
DNA in chromatine zit opgerold. Een nucleosoom bestaat uit 147 baseparen DNA die
1,7 keer gewikkeld zijn om een histon-octameer. De interacties tussen de histonen en
DNA maken een nucleosoom een van de meest stabiele eiwit-DNA complexen onder
fysiologische condities. Als gevolg van deze eigenschap is het zeer geschikt voor zijn
verpakkingsfunctie.

Sinds in de jaren 70 van de vorige eeuw werd ontdekt dat in eukaryote cellen DNA
gevouwen zit in chromatine, wordt gedacht dat de functie van deze structuur verder
gaat dan alleen DNA compactie. Chromatine is niet statisch in de celkern, maar speelt
een belangrijke regulerende rol in diverse levensprocessen, zoals replicatie en transcrip-
tie. Voor deze processenmoeten de twee ketens van DNA in chromatine, die om elkaar
gedraaid zijn in een rechtsdraaiende dubbele helix, worden ontwonden en van elkaar
gescheidenworden. Enzymen zoals topoisomerases en RNApolymerases zijn hiervoor
voortdurend bezig de helix uit te rekken en te draaien.

Het e�ect van krachten als spanning en torsie op DNA zonder nucleosomen is een
onderwerp dat door middel van enkel-molecuul technieken goed bestudeerd is in de
afgelopen 20 jaar. De e�ecten die deze krachten uitoefenen op chromatine zijn echter
nog nauwelijks onderzocht. In dit proefschri� laat ik zien hoe een enkele chromatine
vezel reageert op span- en torsiekrachten die uitgeoefend worden met behulp van een
magnetisch pincet. Deze resultaten geven een fysische beschrijving van de veranderin-
gen in chromatine zoals deze plaatsvinden als genen worden uitgelezen, of tijdens de
delingscyclus van de cel.

Om de e�ecten van span- en torsiekrachten op de chromatine vezel te onder-
zoeken, heb ik eerst de mechanische eigenschappen van supercoiled DNA bestudeerd
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(Hoofdstuk 2). Experimentele data gemeten met een magnetisch pincet wijzen erop
dat opgewikkelde, gedraaide, en gedenatureerde vormen van DNA in een gesloten
topologisch gebied naast elkaar bestaan bij krachten kleiner dan 1 piconewton en 6%
ontwinding van het DNA. Een verbreding van de overgang tussen deze drie toestanden
ontstaat wanneer de grootte van het topologisch gebied wordt beperkt tot een paar
duizend baseparen. Zulke korte DNA ketens laten bij een constante kracht en torsie
discrete niveaus van extensie zien, die stapsgewijze veranderingen in de grootte van het
gedenatureerde DNA voorstellen. Naast metingen presenteer ik in dit hoofdstuk een
statistischmechanischmodel voor korte DNAgebieden door de complete partitiefunc-
tie te berekenen. De resultaten van dit model beschrijven kwantitatief de stabiliteit van
de drie verschillende toestanden in supercoiled DNA. Dit nieuwe inzicht hee� wellicht
implicaties voor het mechanisme van eiwitten die interactie hebben met DNA en de
topologie van het DNA beïnvloeden, zoals topoisomerases, transcriptie factoren, his-
tonen en moleculaire motoren actief op DNA, zoals DNA- en RNApolymerases.

Vervolgens beschrijf ik krachtspectroscopie van torsievrije chromatine vezels, gere-
constitueerd opDNAdat een aantal eenheden van de zogenaamdeWidom 601 sequen-
tie bevat (Hoofdstuk 3). Omde ontvouwing van chromatine vezels te begrijpen presen-
teer ik nieuwe experimentele data en een nieuw kwantitatief model voor alle aspecten
van ontvouwing van een chromatine vezel door kracht. Aan de hand van dit statis-
tisch mechanisch model vergelijk ik de ontvouwing van individuele nucleosomen met
die van volledig gevouwen chromatine vezels, bestaande uit meerdere nucleosomen.
Ondanks het gebruik van deWidom 601 sequentie en het behoedzaam titreren van hi-
stonen tijdens de reconstitutie dialyse, blijkt het nodig te zijn heterogeniteit van chro-
matine �bers wat betre� nucleosoomcompositie mee te nemen. Dit levert consistente
waarden op voor de vrije energie van DNA ontvouwing en de extensies van elk van de
vier nucleosoom conformaties. Ik heb een nieuwe intermediaire conformatie gevon-
den tussen 2,5 en 7 piconewton. Bovendien wordt een kwalitatief verschil getoond in
het ontvouwingsgedrag van chromatine vezels met 50 baseparen en 20 baseparen DNA
tussen de nucleosomen, wat duidt op een andere vouwingsstructuur. Deze resultaten
geven een fysisch inzicht in hoe de toegankelijkheid van DNA in volledig gevouwen en
gedeeltelijk ontvouwen chromatine vezels wordt gereguleerd.

Tenslotte heb ik de stabiliteit van supercoiled chromatine vezels bestudeerd
(Hoofdstuk4). Door span- en torsiekrachten uit te oefenenmet hetmagnetische pincet
kon ik een sterk asymmetrische reactie op het op- en ontwinden van de chromatine
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vezel meten. Negatieve supercoiling stabiliseert de vezel tegen ontvouwing. Positieve
supercoiling kanworden geabsorbeerd door de chromatine vezel. Deze anisotropie laat
de chiraliteit van een linksdraaiende helix zien. Wanneer de kracht groter is dan ~2,5
piconewton ontvouwt de chromatine vezel, waarbij één winding van het DNA los komt
van elk nucleosoom. De mate van ontvouwing is afhankelijk van de graad van super-
coiling. Opmerkelijk is dat positieve supercoiling ontvouwing faciliteert, maar overtol-
lige positieve supercoiling de vezel weer terugvouwt. Een statistischmechanischmodel
wordt gepresenteerd waarin topologie, elasticiteit, chromatine vouwing en ontvouwing
op verschillende niveaus van supercoiling zijn opgenomen. Deze inzichten beschrijven
de e�ecten van torsie op een gevouwen chromatine vezel met behulp van een nieuw
kwantitatief model voor chromatine supercoiling.

Samenvattend heb ik door individuele chromatine vezels zorgvuldig te mani-
puleren met behulp van een magnetisch pincet de e�ecten van kracht en torsie op de
structuur van chromatine kunnen meten. Ik heb aangetoond dat deze veranderingen
in chromatine vezelsmet 3 tussenstappen plaatsvinden. Daarnaast heb ik de anisotrope
respons van chromatine �bers op supercoiling laten zien, wat de linkshandige chiraliteit
van chromatine aantoont. De mechanische eigenschappen van de chromatine vezel
geven belangrijke aanwijzingen over de veranderingen van chromatine tijdens bijvoor-
beeld transcriptie, of bij de werking van enkele anti-kanker geneesmiddelen die direct
ingrijpen in de controle van supercoiling in de cel. De nieuwe kennis van de mecha-
nische eigenschappen van DNA en chromatine is belangrijk voor een fundamenteel
begrip van deze en velerlei andere processen waarin DNA een rol speelt.
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