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Abstract

The accessibility of DNA is regulated by means of dynamic folding and
unfolding of chromatin fibers. Quantification of chromatin unfolding is a

key in understanding the higher order structure of chromatin. Single
molecule force spectroscopy is an ideal tool to study chromatin

dynamics. The extension of reconstituted chromatin fibers under force
was measured using Magnetic Tweezers. Here I show a model to fit

discrete states in chromatin unfolding, and use this model to quantify the
influence of linker histone H1 on chromatin fibers. Stepsize analysis
revealed that linker histone H1 induces cooperative unstacking of

nucleosomes at forces less than 10 pN. Chromatin fibers in presence of
linker histone H1 must be stretched 4.5± 0.8 nm for two nucleosomes to
unstack. This model can be used to quantify natively folded chromatin

fibers.
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Chapter 1
Introduction

DNA is the fundamental building block of most living organisms. It con-
tains the genetic information that is used during DNA transcription to
make RNA, which is translated to functional proteins. In order to fit sev-
eral meters of DNA in the nucleus of each cell, a DNA molecule is folded
into a higher order structure to decrease the volume it occupies. In the first
level of DNA condensation nucleosomes are formed. A nucleosome con-
sists of 147 base pairs of DNA wrapped in approximately 1.7 turns around
a histone octamer core [1–3]. Nucleosomes unwrap in two steps: the outer
turn wrap contains 68 bp and the inner turn wrap consists of one full turn
of 79 bp [4]. The histone core consists of two H2A-H2B dimers and two
H3-H4 dimers. Nucleosomes are connected by linker DNA, forming a
“beads on a string” array (compare with a pearl necklace). Linker DNA is
flexible and can bend in order to stack nucleosomes on top of each other.
Due to nucleosome-nucleosome interactions, tightly packed 30-nm chro-
matin fibers are formed [5, 6]. The structure of chromatin is complex, but
of great importance. The structure of chromatin regulates the availabil-
ity of the chromosomal DNA, which influences various processes such as
replication, transcription, recombination and DNA repair. The accessibil-
ity of DNA is regulated by dynamic folding and unfolding of chromatin
fibers [7, 8].

The higher order structure of chromatin has been studied intensively.
A cryo-EM study revealed that chromatin fibers consist of tetranucleo-
somal units in a two-start superhelix [9]. A shortcoming of cryo-EM
is that chromatin fibers are frozen at cryogenic temperatures, making it
impossible to research chromatin dynamics. Intermediate states of the
(de)formation of chromatin fibers is studied with single molecule force
spectroscopy. By stretching a chromatin fiber, using Magnetic Tweezers,
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2 Introduction

and modelling the force versus extension, it has been shown that the struc-
ture of the 30-nm fiber depends on the nucleosome repeat length (NRL)
[10]. Also using force spectroscopy, it was shown that the inner turn wrap
of nucleosomes unwraps stepwise at forces above 15 pN with a stepsize of
79 bp [4].

1.1 The Linker Histone

Figure 1.1: A schematic picture
of a nucleosome with a linker hi-
stone attached.

The linker histone is a protein that binds to
linker DNA and the histone octamer core
[9]. Several variants, including H1 and H5
exist. Figure 1.1 shows a schematic picture
of a nucleosome with a linker histone
bound. The exact structure of linker
histones binding to nucleosomes is still
unclear. It has been shown that different
linker histones interact differently; linker
histone H5 binds symmetrically to the nu-
cleosome, while H1 binds asymmetrically
[11]. Linker histone H1 increases stacking
interactions and moderates folding and unfolding kinetics of the outer
turn wrap of nucleosomes [12]. Previous studies by Kim Vendel [13] and
Artur Kaczmarczyk have shown that linker histone H1 induces discrete
unstacking of nucleosomes in chromatin fibers.

The stepsizes and the free energy involved in stepwise unstacking of
nucleosomes in the presence of linker histone have not been quantified yet.
I used force spectroscopy to trigger mechanically unfold and fold chro-
matin fibers, and modeled the structure of chromatin fibers in presence of
linker histone H1. The aim of this thesis is to introduce a model to quan-
tify chromatin folding to get a better understanding of the higher order
structure of chromatin. The model can be used to study natively folded
chromatin of which the NRL is not known a priori. Using these data and
the new data analysis method, I show that unstacking events feature an
unanticipatedly broad distribution of stepsizes and the thermodynamical
model suggest a maximum extension before ruptering of 4.5 nm. In this
thesis I introduce a novel method to quantify discrete steps in chromatin
unfolding and extract stepsizes from force-extension measurements.

2

Version of June 30, 2018– Created June 30, 2018 - 20:00



Chapter 2
Theory

To model the mechanical disassembly of chromatin fibers under force, we
therefore describe the mechanics of both bare DNA and compacted chro-
matin fibers. In our experiments, chromatin fibers are flanked by long
DNA handles of bare DNA. The behaviour of bare DNA under force is de-
scribed by the wormlike chain model [14]. For small forces is was shown
that the chromatin fiber behaves like a Hookean spring [15]. The extension
of the entire tether is the sum of the extension of the wormlike chain and
the extension of the Hookean spring. With increasing force, the nucleo-
somes unstack from the chromatin fiber and the DNA unwraps from the
nucleosomes. This leads to a more dominant contribution of the wormlike
chain model. In the theory section, I will describe the freely jointed chain,
which yields in a Hookean fashion for small forces, the wormlike chain
and a model for chromatin fibers under force.

2.1 Freely Jointed Chain

Like chromatin fibers, a freely jointed chain (FJC) extends linear at low
force [16]. Therefore, we used a FJC to model the extension of chromatin
fibers. The advantage to use a FJC over a Hookean spring is that the to-
tal extension is limited, which prevents unrealistic extensions of the chro-
matin fiber at large forces. A FJC consists of N freely jointed rigid seg-
ments with each a Kuhn length b. At zero force, each segment is ori-
entated randomly, independent of the surrounding segments. At small
forces ( f b � kBT), the stiffness of the fiber is related to the Kuhn length
[17]:

q = 3
kBT

bLnuc
(2.1)
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4 Theory

We define q as the stiffness per nucleosome, kB is the Boltzmann constant,
T is the absolute temperature and Lnuc is the length in nm per nucleosome.
This relation, however, does not imply that chromatin fibers can be seen
as randomly orientated rigid segments, but rather that the low force be-
haviour of chromatin fibers matches that of a FJC. The extension zFJC of a
FJC as a function of force f and length L is given by the Langevin function:

zFJC( f , L) = L
[

coth
(

f b
kBT

)
− kBT

f b

]
(2.2)

Where coth(x) is the hyperbolic cotangent. At low force, zFJC → f
q ; a FJC

behaves like a Hookean spring which has been used to model chromatin
fibers previously [15]. At high force, zFJC → L = Nb; the extension is lim-
ited to the contour length of the polymer. By integrating eq. 2.2 (Apendix
A), an expression for the free energy GFJC as a function of force f and
length L is obtained:

GFJC( f , L) = f zFJC( f , L)− L
kBT

d

[
ln
(

sinh
(

f b
kBT

))
− ln

(
f b

kBT

)]
(2.3)

2.2 Wormlike Chain

The extension of bare DNA under an external force is described by the
wormlike chain (WLC) model [15, 18]. A WLC describes a continues flex-
ible rod. To accommodate stretching deformations of the DNA, this WLC
was modified to the extendable WLC: eWLC [17]. The extension zWLC of
an eWLC as a function of force f and length L is given by:

zWLC( f , L) = L

[
1− 1

2

√
kBT
A f

+
f
S

]
(2.4)

Where A is the persistence length of the polymer, which is a measure of
its rigidity. At length scales shorter than the persistence length, chains are
almost straight. S is the stretching modulus. The stretching modulus is
the force at which the WLC would stretch to twice its original length (if it
would not break). The free energy is calculated by integrating the force for
every extension (Apendix A). The free energy GWLC as a function of force
f and length L is given by:

GWLC( f , L) = f zWLC( f , L)− L

[
f −

√
f kBT

A
+

f 2

2S

]
(2.5)

4
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2.3 Nucleosome unstacking 5

2.3 Nucleosome unstacking

During an unstacking transition, the outer turn of the nucleosomes can
unwrap [19]. Unstacking of a pair of nucleosomes effectively increases
the contour length of the free DNA. Figure 2.1 displays three possible
ways for two nucleosomes to unwrap and unstack. The number of base
pairs in the outer turn is 147 − 79 = 68. However, unwrapping can
occur symmetrically from both side, or asymmetrically from one side.
This has large implications for the measured stepsize. For single 601 se-
quence nucleosomes, it was shown that unwrapping occurs asymmetri-
cally [19]. For an array of stacked nucleosomes, asymmetric unwrap-
ping can also occur. The first possibility is that of both nucleosomes
half an outer turn unwraps. For nucleosomes of known nucleosome re-
peat length (NRL), the total increase in linker DNA is then given by
∆L = 1 × outer turn + 1 × linker = NRL − 79 bp. Second, the outer
turn of one nucleosome stays wrapped, while of the other nucleosome
half an outer turn unwraps. The total increase of free DNA is then given
by ∆L = 1

2 × outer turn+ 1× linker = NRL− 113 bp. A third possibility is
that both the outer turns stay wrapped, and only the linker extends, which
gives an increase of ∆L = 1× linker = NRL− 147 bp.

Figure 2.1: Schematic picture of a pair of nucleosome unstacking. A. Side view
of nucleosomes unstacking in a chromatin fiber. B. Half an outer turn unwraps
from both nucleosomes. C. Half an outer turn unwraps of just one nucleosome.
D. No outer turn unwrapping. The increase of the free DNA ∆L is given in bp
and depends on the NRL.
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2.4 Force-Extension Model of Chromatin

In previous work, it has been shown that folded chromatin fibers unfold
in three steps as force increases [15]. Before the first transition, the total ex-
tension equals that of the DNA plus the extension per stacked nucleosome
times the number of nucleosomes. We model the extension per nucleo-
some in subsequent unfolding steps as a function of force by distinguish-
ing three different states for each nucleosome as displayed in figure 2.2.
This is a simplification of the model used by [15], where four states were
used. In the first state, nucleosomes interact with each other and stack
in a tightly packed chromatin fiber. When the nucleosomes unstack and
the outer turn unwraps, the new state is ∆G1 higher in free energy. This
leaves a single wrap of DNA around the histone core. When also the inner
turn unwraps, a bare DNA molecule with histones attached remains at an
energy cost of ∆G2. The extensions of these conformations is written as:

znuc( f ) = zFJC( f , Lnuc) (2.6a)
zDNA( f ) = zWLC( f , LDNA) (2.6b)

Where Lnuc is the effective contour length of a nucleosome stacked in a
chromatin fiber and LDNA is the contour length of the free DNA given by:

LDNA = NsinglywrappedLsinglywrapped + NunwrappedLunwrapped + Lhandles (2.7)

Where Ni is the number of nucleosomes in the ith state, Lsinglywrapped =
NRL − 79 is the contour length of a nucleosome with a single wrap of
DNA and Lunwrapped = NRL is the contour length of an unwrapped nucle-
osome. The contour lengths are indicated by arrows in figure 2.2. Lhandles
is the contour length of the DNA handles. In this thesis, each state is iden-
tified by the number of free base pairs LDNA. This has the advantage that
each transition between states is quantified by the number of base pairs
released in the transition, which ultimately is the most interesting metric
giving structural insight. The total extension ztot( f ) of the tether is sum of
the extension of the stacked fiber plus the extension of the free DNA:

ztot( f ) = Nstackedznuc( f ) + zDNA( f ) (2.8)

With Nstacked the number of nucleosomes that is stacked in the chromatin
fiber. The free energy of each nucleosome in either of the three states is
expressed as [15]:

6
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2.4 Force-Extension Model of Chromatin 7

Figure 2.2: A Schematic picture of the three stage unwrapping of nucleosomes
in equilibrium. A. Stacked nucleosomes forming a folded chromatin fiber. B. An
unstacked nucleosome with a single wrap of DNA around the histone core. C. A
fully unwrapped nucleosome.

Figure 2.3: Low force regime of a typical 197 NRL chromatin fiber. Unstacking of
nucleosomes is in equilibrium and is fit (black) by eq. 2.11.
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8 Theory

Gstacked( f ) = GFJC( f , Lnuc) (2.9a)
Gsinglywrapped( f ) = GWLC( f , Lsinglywrapped) + ∆G1 (2.9b)

Gunwrapped( f ) = GWLC( f , Lunwrapped) + ∆G1 + ∆G2 (2.9c)

The total free energy Gtot( f ) of the tether is the sum over the three states
s:

Gtot( f ) = ∑
s

NsGs( f ) + GWLC( f , Lhandles) (2.10)

Where the sum is taken over s = stacked, singlywrapped, unwrapped. Ns
is the number of nucleosomes in the sth state and Gs( f ) is the free energy
of the sth state according to eq. 2.9.

Using standard statistical mechanics [15], the average extension of a
chromatin fiber in equilibrium is given by:

< ztot( f ) >=
∑s ztot( f )D(s) exp

(
−Gtot( f )

kBT

)
∑s D(s) exp

(
−Gtot( f )

kBT

) (2.11)

Where D(s) is the degeneracy of state s. Figure 2.3 shows a force-extension
curve of a 197 NRL fiber in equilibrium with a fit described by eq. 2.11.

2.5 Non-Equilibrium Model

Clearly, the 25-nm steps are not in equilibrium, since only unwrapping is
observed, and no re-wrapping of the nucleosomes’ inner turn. The same
can be said about the low force unstacking of chromatin fibers when H1
is present; unstacking occurs in discrete steps and re-stacking of nucleo-
somes is not observed. The rate constant kD(0) of the transition from the
wrapped state to the unwrapped state at zero force is given by the Arrhe-
nius equation:

kD(0) =
1
τ

exp
(
−∆G†

kBT

)
(2.12)

Where τ is the lifetime of the open state in equilibrium. The lifetime for
the unstacked conformation τ is 2.1± 0.1 µs [20]. For the unwrapped con-
formation τ is typically 10−9-10−10s [4]. ∆G† is the energy barrier between
two states (figure 2.4). Under an external force, the lifetime τ is increased;

8
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2.5 Non-Equilibrium Model 9

Figure 2.4: Schematic energy landscape. The energy barrier ∆G† is at a distance
d from the initial state.

it is more likely to cross the energy barrier ∆G†. The lifetime of the open
state is given by [4, 21]:

τ = N
(

dF
dt

)−1 kBT
d

exp
(
−∆G† − F∗d

kBT

)
(2.13)

Where N is the number of nucleosomes that can still be unstacked or un-
wrapped, dF

dt is the change of force (i.e. the pulling rate), d is the distance
between the energy minimum and maximum of the transition in the direc-
tion of the extension (figure 2.4) and F∗ is the rupture force. The amount
by which the energy barrier is decreased is described by the factor F∗d;
that is the work done by an external force on the chromatin fiber.

The energy involved in nucleosome unstacking and inner turn un-
wrapping is determined by analysis of the forces at which ruptures occur
and the pulling rate. By rewriting eq. 2.13, the most probable force for
disruption F∗ is written as [4]:

F∗ =
kBT

d

[
ln
(

1
N

dF
dt

)
− ln

(
kD(0)

kBT
d

)]
(2.14)

With increasing N, the first nucleosome will rupture at a lower force.
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Chapter 3
Materials and Methods

3.1 Chromatin Reconstitution

Chromatin fibers were reconstituted on tandem arrays of 601 sequence
DNA and prepared for force spectroscopy measurements with Magnetic
Tweezers. DNA containing 15 repeats of 197 base pairs 601 sequence was
digested using BsaI and BseYI enzymes (NE BioLabs). The digested DNA
was labelled on the BsaI site with digoxigenin-11-ddUTP (dig) in pres-
ence of dCTP (Roche Diagnostics), klenow fragments and a klenow reac-
tion buffer (ThermoFisher). Subsequently the BseYI site was labelled with
biotin-16-ddUTP in presence of dGTP (Roche Diagnostics), klenow frag-
ments and a klenow reaction buffer. Figure 3.1 shows a schematic picture
of the DNA after labeling.

Figure 3.1: A schematic picture of the labelled DNA. The 601 array (2955 bp) were
enclosed by DNA handles (2030 bp), yielding a total length of 4985 bp. The ends
were labelled with digoxigenin and biotin.

Chromatin fibers were reconstituted with a wild-type human recom-
binand histone octamer (HO) (EpiChypher) consisting of two copies each
of H2A, H2B, H3 and H4. The reconstitution was done by salt dialysis
[22]. Membranes were placed on a floater in beaker with a high salt buffer
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12 Materials and Methods

(2M NaCl, 1xTE). The DNA and HO were dissolved in a salt buffer (2.5M
NaCl, 1xTE) and pipetted into the tubes with membrane bottoms. The ra-
tio [DNA]:[HO] varied from 1 to 2 over different tubes to ensure that the
right amount of nucleosomes were formed in at least one of the tubes. At
4◦C, a low salt buffer (1xTE) was pumped into the beaker at a rate of 0.9
ml/min. To maintain a constant volume, the mixed buffer was pumped
out of the beaker at the same rate. After 15 hours, the chromatin was
collected into fresh tubes and stored in the fridge. The number of nucleo-
somes in each reconstitution was then confirmed using Magnetic Tweez-
ers.

3.2 Flowcell Preparation

During measurements, the chromatin fibers were immobilized on the bot-
tom of a flowcell. A flowcell consists of two cover slips in a aluminum
frame, separated by a thin layer of parafilm. The flowcells can hold a vol-
ume of ∼ 150 µL and were incubated for two hours with anti-digoxigenin
and subsequently passivated for at least 15 hours with 4% BSA and 0.5%
Tween-20. The chromatin fibers were dissolved in a measurement buffer
containing:

• 100 mM KCl;
• 10mM NaN3;
• 10 mM HEPES pH 7.5;
• 2 mM MgCl2;
• 0.4% BSA;
• 0.05% Tween-20.

In 200 µL of measurement buffer, 1 ng of chromatin was mixed with
10 µg of paramagnetic DynabeadsTM M-270 coated with streptavidin
(ThermoFisher). The streptavidin bound to the biotin at the end of the
chroamtin fiber. The sample was then flushed into the flowcell. After 10
minutes of incubation, the digoxigenin end of the fiber was bound to the
anti-digoxigenin and 400 µL linker histone H1 (10 ng/µL) was flushed
through the flowcell. The flowcell was mounted in the Magnetic Tweezers
to measure the extension as a function of force.

3.3 Magnetic Tweezers

The Magnetic Tweezers consist of two permanent magnets, connected to
a motorized translation stage. By varying the position of the magnets, a

12
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3.3 Magnetic Tweezers 13

force ranging from 0 to 85 pN can be achieved. Figure 3.2A displays the
setup schematically. The figure is not drawn to scale; the diameter of the
chromatin fiber is approximately 30 nm, while the diameter of the bead
is 2.8 µm. Using a LabVIEW program, a trajectory for the magnet posi-
tion was made. The magnet moved with a constant speed, resulting in
an exponential increase of force. The sample was illuminated from the
top. A Complementary Metal-Oxide-Semiconductor camera (CMOS Vi-
sion Condor) on the bottom of the sample detected the diffraction pattern
created by the beads at a frame rate of 30 Hz [10]. Figure 3.2B shows the
diffraction pattern for three different extensions. The xy-position was de-
termined by locating the centre of the diffraction pattern. The extension
of the chromatin fibers was determined by finding the maximum in the
cross-correlation of the image and a reference image that consists of con-
centric rings [Brouwer et. al in prep].

Figure 3.2: A schematic picture of magnetic tweezers [23]. A. A chromatin fiber
was attached to the glass surface via a dig-antidig interaction and on the other
side bound to a paramagnetic bead via a biotin-streptavidin interaction. A mag-
netic force was applied by two permanent magnets. By varying the distance be-
tween the bead and the magnets, the applied force was changed. The chromatin
fiber and the bead are not drawn to scale. B. The extension of the fiber was deter-
mined by analysis of the diffraction pattern created by the bead. Three diffraction
patterns are shown for different extensions.
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14 Materials and Methods

3.4 Data Analysis

The primary analysis was done in LabVIEW. Extension-time measure-
ments were converted into force-extension curves using the simultane-
ously recorded magnet position and a previously calibrated force-position
relation. Beads that were stuck to the surface of the glass showed no ex-
tension and were discarded. For the remaining traces, drift was corrected
by manually subtracting an offset that was proportional to time until pull
and release traces overlapped. An offset and stretching modulus were fit-
ted to a WLC of known contour length to the high force regime of the
traces. This was done carefully, to increase the accuracy of the rest of the
analysis. The number of nucleosomes was calculated by the difference
in extension between the contour length of the WLC fit and the array of
singlywrapped nucleosomes state at ∼ 10 pN. This number also includes
tetrasomes formed in the DNA handles. The number of nucleosomes in
the fiber was fitted to the plateau in the low force regime. Traces with too
few nucleosomes or too many tetrasomes were also discarded. The stiff-
ness of the fiber was fitted to the initial slope in the force-extension curve.
Figure 4.1 shows a typical force-extension curve. The LabVIEW script re-
turned the fit parameters as well as force-extension information of the se-
lected traces. For the rest of the analysis Python was used to develop an
algorithm that could extract discrete states from the force-extension curves
and to calculate energy barriers from rupture forces.

14
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Chapter 4
Results

The dynamic folding and unfolding of single chromatin fibers with and
without H1 was measured using Magnetic Tweezers. Linker histone H1
alters the interaction between nucleosomes and therefore the stability of
chromatin fibers. Moreover, it could influence the folding and unfolding
the outer turn of nucleosomes [12].

Figure 4.1 shows a typical force-extension curve of a chromatin fiber
with and without linker histone H1. When no force is applied to a chro-
matin fiber, it forms a 30-nm fiber [5, 6]. By gradually increasing the force,
the fiber extends until an intermediate state is reached. At this stage, the
fiber is an array of singlywrapped nucleosomes. The nucleosomes have
unstacked and the outer turn of the nucleosomes have unwrapped [24].
When the force is increased to 12 pN and higher, also the inner turn of the
nucleosomes unwraps. This is observed as 25-nm steps in figure 4.1B [4].
After all nucleosomes have unwrapped, a bare DNA molecule with most
of the histone octamers attached remains, which can be modelled by the
wormlike-chain model. By directly comparing fibers with and without
linker histone H1, the influence of the linker histone has been described
previously by Kim Vendel [13] and Artur Kaczmarczyk. The main differ-
ence with fibers without H1 is the stepwise unstacking of fibers in presence
of linker histone. Furthermore, fibers stiffen which is seen in figure 4.1C
as an increase of the initial slope. Stacking energies increase resulting in
a raise of the plateau in the same figure. In the high force regime, 25 nm
steps were seen in presence as well as in absence of linker histone. The
overall shape of the force-extension curves for H1(+) and H1(-) is similar
at forces above 10 pN. The abrupt jumps in the low force regime when
linker histone is present is what distinguishes the types of fibers.
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16 Results

Figure 4.1: Linker histone H1 induces discrete unstacking of 15x197 NRL 601 ar-
ray fibers at forces less than 10 pN. A. Force-extension curve of a pulling trace of
single 15x197 NRL chromatin fibers with (red) and without (blue) linker histone
H1 present. B. Zoom at the high force regime of (A). 25-nm steps are indica-
tive of unwrapping the inner turn of the nucleosome [4] and are similar for both
molecules. C. Zoom at the low force regime of (A). In this force regime nucleo-
somes unstack. Discrete steps occur when H1 is present. (Data: A. Kaczmarczyk)

16
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4.1 Finding Discrete States 17

4.1 Finding Discrete States

To model the discrete states in the force-extension curve, states were
drawn according to eq. 2.8 for increasing the amount of free DNA in 1
bp steps (figure 4.2). However, because we want to develop a method for
which the NRL is not know a priori, nor is the symmetry of unwrapping,
the number of nucleosomes was not decremented in discrete steps, but
was decreased continuously between N = Ntot and N = 0. For each state,
the probability that a data point belonged to it was calculated. This was
done using the Z-score. The Z-score is a measure for the distance between
a point and its expected value in terms of standard deviations and can be
written as:

Z =
|X− µ|

σ
(4.1)

Where X is the measured value, µ is the expected value and σ is the stan-
dard deviation. In the case of force-extension measurements, X will be
the measured extension at a certain force and µ will be the extension cal-
culated by the combination of a WLC and a FJC (eq. 2.8). The expected
standard deviation σ2

exp of the extension can be expressed in terms of a
measurement error and thermal fluctuations:

σ2
exp = σ2

Merr
+ σ2

TF (4.2)

Where σMerr ≈ 5 nm and the thermal fluctuations σTF was calculated using
equipartition for a one dimensional deviation from equilibrium:

1
2

kBT =
1
2

qσ2
TF (4.3)

Where q is the stiffness. The stiffness was calculated from the force-
extension model using dF

dz .
The probability of a data point i belonging to a certain state SL can now

be written as:
Pi(SL) = 1− erf (Z) (4.4)

This yields a probability between 0 and 1; the bigger the probability, the
the more likely a point is in the given state.

By summing the probabilities for all points for each state and normaliz-
ing it, a probability density distribution is obtained that tells which states
are occupied during the force ramp (figure 4.2B):

P(SL) =

∑
i

Pi(SL)

∑
S

∑
i

Pi(SL)
(4.5)
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18 Results

The peaks in the probability density distribution indicate the states that are
most likely to exist. States were assigned only when they were composed
of two data points or more. In order to have at least two points in a single
state, the probability density must be at least 2× (∑S ∑i Pi(SL))

−1. In the
example of figure 4.2, 19 states were found.

Figure 4.2: Extraction of discrete states in force-extension curves. A. The same
force-extension curve as in figure 4.1 A. The lines show the possible states ac-
cording to eq. 2.8. To keep the figure clear, only states separated by 50 bp are
shown, but we tested states with 1 bp intervals B. Probability distribution for all
states in 1 bp steps. The peaks in the distribution indicate the states that are most
likely to exist. C. Colored lines show the states corresponding to the peaks in the
probability distribution. Each state is plotted in a different color and data points
within 2σ of a state are shown in the same color. Data points that do not belong
to any state are shown in black. The grey data points ( f < 10 pN) were not used
during the analysis.

18
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4.2 Merging States 19

4.2 Merging States

Sometimes clusters of points appeared to be wrongly divided into mul-
tiple states. In figure 4.2, two seperate states were found for the group
of points indicated by the arrow. In order to correct this, the states were
merged if the data of the clusters fulfilled specific criteria. Since the data
is expected to be normally distributed, the Z-score could again be used to
attribute data points to each seperate state. The threshold was set at 2σ,
which should capture 95% of the points. Alternatively, a merged state with
a contour length that is calculated by the weighted average of the points
belonging to both initial states was evaluated. The following criteria were
set to determine whether two states were merged into this new state:

1. Each of the two initial states must have at least 50% of the data within
2σ of the other state;

2. The merged state must have at least 80% of the points within 2σ.

Two states were merged if both of these criteria were fulfilled. An example
is shown in figure 4.3. Initially, two states were found for the second group
of data points, as indicated by the peaks in the probability density distri-
bution (figure 4.2B). These two states have 75% of the points within 2σ of
the other state. The merged state with a contour length of free DNA that
is the weighted average of the two old states, has 96% of the points within
2σ. Both criteria hold so the new state was enforced. Of the 19 states in
figure 4.2C, 15 remained in figure 4.3C. Removing falsely identified states
from the data results in more accurate transitions.
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20 Results

Figure 4.3: Merging states based on overlapping probability density distribu-
tions. A. Close-up of the second cluster of data points of figure 4.2C. The red and
blue state are in accordance with the peaks indicated by the arrow in figure 4.2B.
Data points within 2σ of a state are shown in in the same color as the line repre-
senting the state. Overlapping points (i.e. within 2σ of both states) are shown in
purple. B. Result after merging states states of (A). The cluster is now described
by one state. The merged state is the weighted average of the two initial states.
Note though that more points were not assigned (black). C. Full force-extension
curve after merging. Each cluster is described by a single state.

20
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4.3 Unstacking Stepsizes

Two transitions were distinguished during the stepsize analysis: nucle-
osome unstacking and inner turn unwrapping of nucleosomes. For the
analysis, 15 independent chromatin fibers were used. Stepsizes were cal-
culated by taking the difference in contour length between two neighbour-
ing states. The state of singlywrapped nucleosomes was used as a refer-
ence, with a contour length Lre f . In this state, at forces of ∼ 10 pN, all
nucleosomes have only the inner turn wrapped.

The distinction between unwrapping steps and unstacking steps was
made by comparing the contour length of the state to with Lre f . Steps at a
contour length smaller than Lre f were considered unstacking steps, steps
at a contour length larger than Lre f were considered inner turn unwrap-
ping steps.

Figure 4.4: Stepsize distribution for unstacking of nucleosomes of 197 NRL fibers
with linker histones. A-C. Low force regime for 3 different molecules. The con-
tour length of each state is labeled in base pairs. D. Histogram of steps caused
by unstacking of the chromatin fiber for 15 independent molecules. The step-
size is defined by the difference in contour length between two states. (Data: A.
Kaczmarczyk)
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22 Results

Figure 4.4 shows the low force regime of some typical traces and a his-
togram of the stepsizes for unstacking transitions. The unstacking and
outer turn unwrapping of a pair of nucleosomes, such that the inner turn
wrap remains, gives a maximal extension of 197− 79 = 118 bp. This as-
sumes that the outer turn unwraps symmetrically. Asymmetric unwrap-
ping gives smaller stepsizes. figure 4.4D shows that in general, stepsizes
are larger than these 118 bp. This indicates that nucleosomes do not un-
stack one at a time, but rather unstack in a cooperative way.

Figure 4.5: Stepsize distribution for unwrapping the inner turn of nucleosomes
of 197 NRL fibers with linker histone added. A-C. High force regime for 3 in-
dependent molecules. The contour length of each state is labeled in base pairs.
D. Histogram of steps caused by inner turn unwrapping of nucleosomes for 15
independent chromatin fibers. The stepsize is defined by the difference in con-
tour length between two states. A double Gaussian fit with mean stepsizes of
µ = 78.9± 0.3 bp (mean ± SE) and 2µ = 157.8± 0.5 bp (mean ± SE) is shown in
red. (Data: A. Kaczmarczyk)

22
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4.4 Unwrapping Stepsizes

Figure 4.5 shows the high force regime of some typical traces and a his-
togram of the stepsizes for inner turn unwrapping transitions. A clear
peak can be seen at ±80 bp, caused by unwrapping of a single nucleo-
some (figure 4.5D). Nucleosomes could also unstack simultaneously. This
would result in a peak at double the stepsize of a single unwrap. In the
histogram, a less well-defined peak can be seen at ±160 bp. A double er-
ror function was fitted to the cumulative stepsize distribution to retrieve
the number of base pair in the inner turn wrap:

N (x) = a1

[
1 + erf

(
x− µ

σ
√

2

)]
+ a2

[
1 + erf

(
x− 2µ

σ
√

2

)]
(4.6)

Where a1, a2 are the amplitudes of the first and second Gaussian, µ is the
mean stepsize of the first Gaussian and σ is the standard deviation. The fit
yields a mean stepsize µ = 78.9± 0.3 bp (mean ± SE).

4.5 Transition Barriers

Figure 4.6A displays the most probable force F∗ versus ln
(

1
N

dF
dt

)
. The

distance d and the rate constant kD(0) can be extracted from the linear
fit. d is the distance a nucleosome can stretch before it transitions. This
can be compared to stretching a rubber band; d is the distance a rubber
band can stretch, before it breaks. The best fit yields d1 = 4.5± 0.8 nm
for nucleosome unstacking. This is in the same order of magnitude as
the range of the lysine-16 (H4-K16Ac) in the H4 tail (≈ 3.5 nm from the
H4-core), which is mostly responsible for nucleosome-nucleosome inter-
actions [3, 25]. For inner turn unwrapping d2 = 0.76 ± 0.04 nm was
obtained. The energy barrier ∆G† was calculated using equation 2.12.
This yields ∆G†

1 = 21.9± 0.2 kBT for nucleosome unstacking and ∆G†
2 =

29.6± 1.2 kBT for inner turn unwrapping of nucleosomes.
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24 Results

Figure 4.6: Barrier for unstacking and unwrapping transitions. A. Rupture
forces vs. ln([dF/dt]/N) for both unstacking steps (green) and unwrapping
(blue). Only unwrapping of single nucleosomes, with stepsizes 75± 15 bp, were
taken into account. The lines are the best linear fits for both transitions. The
fits yield d1 = 4.5 ± 0.8 nm and ∆G†

1 = 21.9 ± 0.2 kBT for unstacking and
d2 = 0.76± 0.04 nm and ∆G†

2 = 29.6± 1.4 kBT for unwrapping. B. Schematic
energy landscape of the unstacking of the fiber (green) and outer turn unwrap-
ping of the nucleosome (blue). The energy barrier ∆G† is at a distance d from the
initial state.

24
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Chapter 5
Discussion & Conclusion

I have introduced a novel method to quantify discrete steps in chromatin
(un)folding and extract stepsizes from force-extension measurements. The
novelty of this method is that the NRL does not have to be known a priori.
We tested this method on 197 NRL chromatin fibers in presence of linker
histone H1 and quantified stepsizes and energies.

Unstacking events of chromatin fibers in presence of linker histone H1
feature a broad distribution of stepsizes, indicating that nucleosomes often
unstack simultaneously. Less stacking steps are observed with respect to
unwrapping steps. Since a fiber with a fixed NRL of 197 bp was used, the
total number of nucleosomes that unstack can be calculated by assuming
the steps up to 120 bp as 1 nucleosome unstacking, up to 240 bp as 2 nu-
cleosomes unstacking, up to 360 bp as 3 nucleosomes unstacking and up
to 480 bp as 4 nucleosomes unstacking, which gives a total number of 134.
This is slightly less than the 160 unwrapped nucleosomes that could be
counted similarly. This difference could be explained by the fact that some
nucleosomes were formed in the DNA handles, which were not stacked in
the fiber, and that in an array of N nucleosomes, at most N− 1 unstacking
events can take place.

The stepsize distribution of unwrapping events showed a clear peak
at 79 bp. In the histogram in figure 4.5D, an asymmetry is seen under the
first Gaussian. This is because not all states were merged correctly. This
can result in a state that is in between two groups. During the stepsize
analysis, this results in two steps that are larger than they should be. For
the inner turn unwrapping, these steps are approximately 1.5× 79 ≈ 119
bp. The statistical error for each bin is not shown, since the fit was done
to the cumulative stepsize distribution. The mean stepsize found for inner
turn unwrapping of nucleosomes is in accordance with [4, 12, 15], which
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26 Discussion & Conclusion

is a validation of the model.
By analysis of rupture forces and pulling rate, a maximum extension

before nucleosomes unstack of 4.5 nm was found. The distance from the
H4 core to the lysine-16 in the H4 tail is in the same order of magnitude
(≈ 3.5 nm) [25]. Singlywrapped nucleosomes can be extended up to 0.8
nm before they unwrap, which is reasonable given the size of the histone
core [3]. The maximum extension of a singlywrapped nucleosome signifi-
cantly lower than measured by [4]. This could be caused by the difference
in buffer conditions, the type of nucleosomes that were used (Avian vs.
Human recombinand) or the different DNA sequence (Sea urchin 5S vs.
601 sequence). These factors play a role in the interactions between the
DNA and the histones. The loading force was controlled using a velocity
clamp by [4]. In that sequence, the force decreased each time a nucleo-
some ruptured. This effectively starts over the experiment, justifying the
1/N relation in eq. 2.14. In Magnetic Tweezers experiments, after each
rupture the force increased, so 1/N might not be valid in our case. A sec-
ond difference is that during velocity clamp the loading rate is constant,
while in a Magnetic Tweezers experiment it is not constant, so eq. 2.14 may
not be valid. Non the less, the average rupture force is significantly higher,
indicating a clear difference in the transition.

Previous studies have described chromatin unfolding by four stages
[15], while I distinguish only three stage. To improve this model, an extra
stage could be added after the singlywrapped state, like described by [15],
or before the singlywrapped state. For the latter, the outer turn will not
have fully unwrapped. Expanding the model with this extra stage will
decrease the energy barrier ∆G†

1 , and decrease the distance d. In addition,
an extra energy barrier would be added between these stages. The sum of
the two new barrier should give the value of ∆G†

1 as stated in the result
section. Another improvement would be to fit Gaussians to the peaks in
the probability density distributions. The goodness of the fit could be a
better criterion for defining states. The fit error would then be a measure
for the uncertainty of the contour length of a state.

It should now be possible to quantify nucleosome unstacking without
knowing NRL or symmetry of unwrapping a priori. This is an impor-
tant step to quantify natively assembled chromatin [26], where nucleo-
somes are distributed with various distances and post-translational mod-
ifications influence stacking interactions. Natively assembled chromatin
is therefore a much more heterogeneous fiber compared to the 601 arrays.
This model could be key to gain a better understanding in the higher order
structure of natively folded chromatin.

26
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Apendix

Apendix A

Extension is measured as a function of force z( f , L). A simple mathemat-
ical tool can be used to determine the free energy G, without having to
invert z( f ) first:

G( f , L) =
zmax∫
0

f (z)dz

G( f , L) = fmaxzmax −
fmax∫
0

z( f , L)d f
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