Sequence Dependence in
Nucleosome Breathing

THESIS

submitted in partial fulfillment of the
requirements for the degree of

MASTER OF SCIENCE
in

PHYSICS
Author : J Culkin
Student ID : S1574272
Supervisor : Prof. dr. Helmut Schiessel
2" corrector : Dr. L. Giomi

Leiden, The Netherlands, September 5, 2016






Sequence Dependence in
Nucleosome Breathing

J Culkin

Huygens-Kamerlingh Onnes Laboratory, Leiden University
P.O. Box 9500, 2300 RA Leiden, The Netherlands

September 5, 2016

Abstract

The nucleosome consists of a short stretch of DNA wrapped
around a protein cylinder, and is the fundamental unit of
chromatin, which compacts the DNA into the cell nucleus. The
nucleosome is known to transiently partially unwrap or ‘breathe’
in vitro, exposing DNA which would otherwise be sterically
inaccessible to enzymes. Breathing is investigated for its potential
importance in vivo in both essential DNA processes, and in
higher-order chromatin organisation. In this thesis we present a
two-parameter physical statistical model of the breathing process
based on steric enzyme accessibility, the energetics of the bent
DNA molecule, and the adsorption of the DNA upon the proteins.
We estimate the elastic energy using Monte Carlo simulations of a
coarse-grained model of the nucleosomal DNA, and we fit the
model to the available experimental results. We find in agreement
with experimental studies that site accessibility decays
exponentially toward the centre sites, and that highly asymmetric
breathing behaviour is possible due to the very sensitive
dependence of breathing upon energy distribution, and in turn,
sequence.
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Chapter

Introduction

DNA molecules are many orders of magnitude longer than a cell is wide,
so are highly compacted within chromatin, a complex of DNA, RNA and
proteins, to fit inside the nucleus. The organisation of chromatin is an ac-
tive area of research, but it is well known that at its lowest level it consists
of short stretches of DNA wrapped around protein cylinders in structures
called nucleosomes, as shown in figure 1.1. Nucleosomal DNA is strongly
bent into a super-helical 1?1 turn, adsorbed upon the protein cylinder via
hundreds of hydrogen bonds, as well as some stronger salt links between
the phosphate backbone of the DNA and the proteins. These bonds are
concentrated in the 14 sites where the minor groove of the DNA faces the
cylinder [2]. There is an additional protein H1 positioned outside the nu-
cleosome, thought to stabilise higher-order chromatin structure, however

Figure 1.1: The nucleosome: a short (~147bp) sequence of DNA wrapped around
a protein cylinder in a 13 left-handed superhelical turn. The protein cylinder is an
octamer consisting of 4 different histone components: H2A, H2B, H3 and H4. A
further histone H1 is positioned outside stabilising the entry/exit. Adapted from

[1]
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8 Introduction

it is known to be transient, in constant exchange between nucleosomes [3].

A detailed structure of the nucleosome is now quite well resolved: X-
ray crystallography studies have provided measurement of the interac-
tions between base pairs, of the subsequent DNA deformation [4], and also
a detailed atom-resolution mapping of the protein cylinder [5]. With this
understanding, coarse-grained base pair level simulations of the nucleo-
some are possible, and have been used to support a growing body of work
which investigates the effect of sequence upon dynamics: for example, nu-
cleosome positioning [6], and force-induced unwrapping [7] (see review of
sequence dependence [8]). This thesis continues in this theme, examining
sequence dependence in nucleosomal ‘breathing’, a process commonly ob-
served in vitro, in which thermal fluctuation drives the DNA to transiently
partially unwrap from, and rewrap onto, the protein cylinder.

Nucleosomal breathing is widely studied for its potential role in essen-
tial DNA processes, gene regulation, and in dynamical chromatin struc-
ture. For example, it is known that nucleosomal DNA is inaccessible to
proteins whilst it is fully wrapped on the nucleosome [8], and that breath-
ing may be crucial in providing the required access in vivo. However, the in
vivo picture is not yet clear, with multiple mechanisms proposed, includ-
ing: histone modification-controlled dynamics, H1 linker histone domi-
nated dynamics [9], and extensive ATP-dependent remodelling. Here we
focus on understanding the simpler in vitro dynamics.

The first experiments to probe the phenomenon measured the accessi-
bility of enzymatic restriction sites in vitro throughout a wrapped nucleo-
somal sequence ([10] and [11]). The authors found that all sites were ac-
cessible, roughly exponentially less so toward the centre. They proposed
a stepwise unpeeling mechanism from the DNA ends, which later exper-
iments have supported. Subsequent fluorescence resonance energy trans-
fer (FRET) experiments then enabled a more direct observation of unwrap-
ping and rewrapping, and the timescales involved. It was found in [12],
using a modified 601 sequence, that the nucleosome spends ~250 ms fully
wrapped before spontaneously unwrapping its ends, and then rewraps
within ~10-50 ms. In agreement with the restriction site experiments, in
[13] it was then found that this rate decreased sharply toward the centre,
with the portion up to base pair 47 of the 146bp wrapped sequence only
fully unwrapping once in ~ 10 min.

Physical models of breathing focus on the interplay between the elastic
energy of the bent DNA molecule, and the adsorption energy due to the
histone-DNA interactions: unwrapping occurs when thermal fluctuations
together with the elastic energy of a segment overcome its adsorption en-
ergy. The elastic energy can be simply estimated from models, for exam-

8
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ple by treating the molecule as a worm-like chain in [14]. More recently
however, Monte Carlo base pair resolution computation based on the de-
tailed crystallographic data has been possible [15], which gives sequence-
dependent results.

The distribution and strength of adsorption due to histone-DNA inter-
actions has been a common focus of investigation; whether adsorption is
equally or unequally spread is unresolved, owing to difficulties with ex-
perimental approaches. Force induced unwrapping has been a common
assay investigating this, in which a single wrapped nucleosome is pulled
apart from both ends at once, and the dynamics are derived from sensitive
measurements of the change in force. However, as analysed closely in [16],
the experimental design introduced physical geometric effects that were
difficult to untangle from the biochemistry. A later study [17] adopted a
new design, which resolved this problem, by pulling on a single end at
once. From the pauses observed in unwrapping, the authors were able to
conclude that the nucleosome unpeels in 14 stages, corresponding to the
14 sites of concentrated stronger binding.

The results suggested unequal adsorption energies, which in [15] were
estimated to be spread over a 7kT range, with generally the more central
sites being stronger. In this thesis we will consider both equal and unequal
adsorption energies - and with our breathing model will see which if either
fit the restriction enzyme data better.

Existing computational models of nucleosome breathing (reviewed briefly
in [8]) do not model individual base pairs, and so miss potential sequence
dependence. Here we use a base pair level model of the nucleosomal
DNA, and focus on understanding the early restriction enzyme experi-
ments, and the breathing of the 55 and 601/601.2 sequences.
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Chapter 2

Methods and Models

In statistical mechanics, the Boltzmann distribution for a system in equi-
librium gives the probability of each of its possible states being realised, as
a function of the system’s temperature and the states’” energies. The lower
the energy of the state, the more likely it is, or the more stable it is. To
determine the most likely equilibrium state of a fully or partially wrapped
nucleosome, we find the state with the lowest effective adsorption energy:
the sum of the adsorption energy of the DNA-protein complex, and the
bending-induced elastic energy of the DNA molecule.

A free DNA molecule will adopt a certain shape in equilibrium, due to
the interactions between its base pairs and other chemical groups. When
the DNA is wrapped around the protein cylinder it is forced away from
this shape, and like a stretched spring, we can associate an elastic energy
with it, quadratically proportional to how far from its natural shape it is
bent. When the DNA adsorbs upon the protein octamer, hydrogen bonds
and salt links form. The strengths of these bonds can be measured by the
amount of energy that would be required to break them. The stronger,
more stable bond requires more energy to break, so it is measured by a
negative energy. The total DNA-protein adsorption energy is the sum of
all the bond energies. A stable state then must compromise: straighter
DNA has lower elastic energy, but bent DNA adsorbs better, and so has
lower (more negative) adsorption energy. The stable state minimises the
effective adsorption energy, the sum of these energies.

We estimate the elastic energy of the DNA using Monte Carlo sim-
ulations, and fit the adsorption energy using the restriction enzyme ex-
perimental breathing data. We calculate the breathing profile of a DNA
molecule from the set of energies of the partially unwrapped nucleosome,
using a statistical equilibrium model with two free parameters.

11
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12 Methods and Models

2.1 Nucleosomal DNA model

We use a coarse-grained rigid base pair model of DNA, in which each base
pair is represented by a rigid plate, as shown in figure 2.1. The model does
not explicitly include the phosphate backbone, the protein cylinder, nor
the individual bonds, but the 14 sites of concentrated direct DNA-protein
interaction are implicitly represented by fixed constraints on the positions
of the base pairs. Each of these sites contain 2 phosphate-histone bonds,
originating from the DNA phosphate backbone, directly between pairs of
nucleotides where the minor groove faces the DNA (indicated by red dots
in the figure). The phosphate between successive nucleotides is known
to be fixed with respect to their mid-frame [6]; by fixing the mid-frame
between base pairs adjacent to the 28 phosphate-histone bonds, we force
the entire molecule into the required superhelical path as shown in the
tigure.

In our model each base pair interacts only with its two nearest neigh-
bours. We associate one set of degrees of freedom (d.o.f) with each free
base pair step (each interaction between base pairs): three translational
and three rotational, as defined in [18], and shown in figure 2.2. Note that
the 28 base pair steps positioned over the phosphate-histone bonds are

Figure 2.1: The nucleosome model. The rigid plates are shown with colour-coded
bases, and the red spots indicate the 28 fixed phosphates in the 14 concentrated
binding sites. (This figure was originally published in [6])

12
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2.1 Nucleosomal DNA model 13

only free when those bonds are broken during breathing. We adopt the
assumption that there are preferred intrinsic values for each d.o.f for each
of the 10 possible dinucleotides* (reduced from 16 by considering symme-
tries), which have been experimentally determined in [4] and [19]. Fur-
ther, we assume deviations from these values incur a quadratic mechan-
ical (elastic) energy contribution from each base pair step i in the DNA
molecule:

EF = Z% (%‘ - Q?>T Q (fh - Q?> (2.1)

Here g; is a six-component vector containing the values for each d.o.f
in the i'" base pair step, 47 is the set of experimentally determined intrin-
sic equilibrium values for the particular base pairs in that step, and Q is
the 6x6 stiffness matrix which determines the coupling strength between
each d.o.f.. We follow [6] and [20] in the "hybrid” parametrization; we use
crystallographic results for the intrinsic equilibrium values, and atomistic
molecular simulation results for the stiffness matrix, which [20] showed to
give the most precise potentials.

Figure 2.2: The six degrees of freedom per base pair step: three translational and
three rotational

*A dinucleotide is a pair of adjacent nucleotides on one of the DNA strands, e.g. GC

13
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14 Methods and Models

2.2 Monte Carlo estimation of elastic energy

We estimate the average elastic energy of a DNA molecule fully or par-
tially wrapped around a nucleosome core particle by the Monte Carlo
method. Given an initial arbitrary configuration, rigid plate (base pairs)
are randomly selected, and random movements or rotations are proposed.
The standard Metropolis algorithm is used to accept or reject proposed
movements, based on the resulting energy given by eq. 2.1 due to the new
base pair positions. The system is first brought towards equilibrium by
performing many such randomised steps, mimicking the effect of thermal
fluctuation. The average energy of the conformation is then estimated by
averaging over a randomised sample.

The Monte Carlo-estimated energy of the DNA molecule includes the
elastic energy EF as desired, however it also includes the kinetic energy,
which we must discount. Equipartition theorem tells us that %kT energy
is associated with each quadratic d.o.f. for a system in equilibrium. A free
147bp molecule of D.N.A. has Nsteps = 146 base pair steps, each with 6
associated d.o.f, each therefore contributing 6 * = 3kT of kinetic energy.
However in nucleosomal DNA, for each phosphate-histone bond, we con-
strain one base pair step, and so remove a set of d.o.f.. The kinetic en-
ergy therefore depends on how many of the 28 possible phosphate-histone
bonds are realised:

1
El{fonds =6 ﬁ (Nsteps - nbonds) (2.2)

where Ngteps = 146 base pair steps, and f is the inverse temperature at
which the simulation is performed. Since the average elastic energy is in-
dependent of temperature, and we are removing the kinetic energy, we are
free to choose the temperature. Following [8], all simulations were carried
out at the low temperature of T = 1T ~ 100K, or B = 3. We choose this
as a stable average energy is reached quickly, and so simulations take less
time.

As shown in [17], in nucleosomal breathing the DNA unpeels from ei-
ther end in 14 steps. In each step a binding site is exposed and 2 phosphate-
histone bonds are released. For a partially wrapped nucleosome, with i
sites exposed from the left and j sites exposed from the right, the kinetic
energy is then given by

E§:146—2-(14—i—j) (2.3)

Subtracting the kinetic energy Efj from the Monte Carlo estimate EMC

14
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2.2 Monte Carlo estimation of elastic energy 15

gives the elastic energy E 5 of the bent DNA molecule

Ef = E}f° — Ef (2.4)

And finally the effective adsorption energy is the sum of the elastic
energy and the adsorption energy

Eij = Eff + Ef (2.5)

We should note here that the energetics of a thermodynamic system
are actually determined by the free energy, G = U + PV — TS, where U
is internal energy, P is pressure, V is volume, T is temperature and S is
entropy. The experimental assays we will examine later speak entirely
in terms of the free energy. We argue that other terms than the internal
energy can be neglected, for our purposes, as our breathing model will
be entirely reliant only upon differences in energy between states. In the
stable experimental condition, P and V are constant, so the PV term is
unchanging between states; and we assume that the entropic term, though
changing between unwrapping states as more DNA is free, is negligible.

2.2.1 Nucleosome positioning

The nucleosome typically wraps about 146 base pairs, meaning that a
range of positions are possible for longer sequences. However, not all
positions are observed. Analysis of mapped nucleosome positions both
in vitro and in vivo have uncovered a number of ‘sequence rules’, such as
avoidance of poly-A tracts, a strong preference for TT, AA and TA din-
ucleotides to be positioned where the minor groove faces the octamer, a
preference for GC dinucleotides to be positioned where the minor groove
faces away from the octamer, and consequently a roughly 10bp periodicity
in likeliness of occupation as the minor groove rotates toward and away
from the octamer [8]. Where the minor groove faces the octamer, the DNA
is most strongly bent, hence favouring the flexible dinucleotides TT, AA
and TA, and disfavouring the more rigid GC.

We are able to replicate these rules and predict nucleosome position
with some success using our Monte Carlo-derived measurements of the
DNA's elastic energy. We predict the preferred nucleosome positions as
those which minimise the elastic energy. The accuracy of the prediction
has been measured: it was found that 60% of experimentally mapped nu-
cleosomes on yeast chromosome I fall within £1bp of a minima in the
energy [6]. The resulting energy landscapes calculated for long sequences
also displays the 10bp periodicity, as seen for example in the nucleosome

15
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16 Methods and Models

energy landscape produced for the full 256bp 5S sequence, shown in fig-
ure 2.3. The two positions found in vitro for the 5S sequence are indicated,
each 1bp away from minima. However, in this typical case, the global
minimum does not successfully predict the nucleosome position. The nu-
cleosome position prediction does have limited success, perhaps due to
the coarse-grained nature of the model.

Nucleosomes reconstituted via salt dialysis in vitro are known to form
tetramer-first: H3 and H4 histones together form a tetramer, which bonds
to the DNA molecule before the H1 and H2 histones complete the octamer.
Consequently, for in vitro studies such as the restriction enzyme assays
analysed in this thesis, the tetramer energy landscape also informs the nu-
cleosome position and should therefore also be considered.

80
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Figure 2.3: Energy landscape calculated for full 256bp 55 sequence given in [21].
The 55 sequence is known to form nucleosomes on dyad positions 80 and 89, in
each case close to a minimum, but not the global minimum.
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2.3 Breathing model 17

2.3 Breathing model

We use a simple statistical Boltzmann model for the transient unbinding
and exposure of each of the 14 binding sites. We define a set of possible
configurations labelled (i, j) for the nucleosome with i binding sites un-
bound from the left and j from the right, with at least one site still bound
(Note that choosing the arguably realistic assumption that one site must
remain bound is unimportant, as the states which are neglected have neg-
ligible probability.) The effective adsorption energy of each configuration
determines its probability of occurrence, using the standard Boltzmann
weight.

The experiments we will examine rely on enzymes binding to specific
DNA sequences - their 'recognition sequence’. Due to their finite size, en-
zymes may need extra adjacent DNA to be unbound for there to be room
for access. It has been shown [22] that this would strongly affect the expo-
sure profiles observed in the restriction enzyme experiments. In principle
the different sizes and geometry of enzymes could affect the extra expo-
sure required, however here we make the simplifying approximation that
enzymes require the same amount of extra DNA to be unbound.

In our model, the probability that a given site is accessible to an enzyme
is the net probability of all configurations in which it is unbound, and there
are A extra sites unbound on each side, to provide the enzyme the access
it requires.

The probability of each configuration C;; is given by the standard Boltz-
mann statistical weight calculated using its effective adsorption energy E;;

1 Eij
Cij = Z P | 7 (2.6)

where Z is the partition function over all configurations, in which at least
one site remains bounds:

E::

Z = Z exp <k—;> (2.7)

i=0,j=0,i+j<14

The probability that a site k is accessible to an enzyme Py is then the
sum of the probabilities of all configurations in which it is unbound (and
there is still at least one site bound), and there are A extra sites unbound
on each side. It is stated here in two terms corresponding to unwrapping

17
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18 Methods and Models

from the left and right, respectively.

P, = Z C,‘j + Z Cl']' (2.8)
i>k+Ai+j<14 j>14—k—A,i+j<14

As we estimate the elastic energy, and assume the adsorption energy
is equally distributed, our model has two free parameters: the adsorption
energy E#, and A, the number of extra unbound sites required.

2.3.1 Example breathing profiles

The widely studied artificial 601 sequence

is a natural choice for calculating an ex- [gi oot Elastic Energy (kT)
ample breathing profile. The 601 sequence 7 22
is known to unwrap asymmetrically, pref- |, a5
erentially from its right-hand side, and it |3 5.2
has been suggested that this is due to that |4 55
side being stiffer, i.e. that there is more |5 4.0
elastic energy stored there [23]. We esti- 6 i
mated the elastic energy of the sequence us- |’ 3.0
ing Monte Carlo simulations, in all its par- g :i
tially wrapped states, and found indeed a |, '

significantly higher amount of elastic energy |11

stored on the right hand side. Table 2.4 shows |12

more elastic energy is stored in the second |13 3.9
turn, roughly in the third quarter, as sug- |14 1.8

gested in [23]. . . .
The elastic energy of nucleosomal DNA Eil;; ifl tfiasgz)cl ez;:rgy e
. ; quence

results frorp many interactions b.etween as it unpeels from the left-
the nucleotides and protein, including the 1,,,q 5 end, deduced from
nucleotide-nucleotide interactions captured pfonte Carlo estimated par-
in our model. As a result it is sequence de- tially wrapped energies.
pendent, and so unevenly spread along the
molecule. It is useful to compare the 601
breathing profile with that of an artificial “ideal’ DNA molecule, for which
the same total elastic energy is evenly distributed. We calculated the
breathing profiles, as shown in figure 2.5, using an ansatz starting assump-
tion for the adsorption energy, and with A=0 to begin with; we will address
enzyme accessibility in section 2.3.3.

For the nucleosome to remain stably wrapped, it has been argued [22]
that the adsorption energy should be greater in magnitude than the elastic

18
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2.3 Breathing model 19

10°°

1 2 3 4 5 6 7 8 9 10 11 12 13 14
Site

Figure 2.5: 601 and ideal breathing profiles calculated using equation 2.3. In each
case, the total elastic energy is 65.5kT, the total adsorption energy is -91kT, and so
the resulting total effective adsorption energy is -25.7kT. Note that an ansatz has
been used for the adsorption energy used to calculate the plot: this plot merely
illustrates the impact of sequence upon breathing. Note the logarithmic scale.

energy by at least ~1kT per binding site. This means that the total effective
adsorption energy decreases in magnitude with each site opening, becom-
ing less negative; ~1kT energy must be ‘paid” to open each site. In ideal
breathing this cost is the same for each site opening, leading to a uniform
exponential decrease in the Boltzmann weight probability as the nucleo-
some unpeels from one side. As shown in figure 2.5, the resulting site
exposure probability decays exponentially toward the two central sites (7
and 8) which are equally least exposed.

The breathing profile of the 601 sequence is similar, but the uneven
spread of elastic energy has some significant impacts: an asymmetry in
breathing probability, with the right hand 3" end opening much easier than
the left hand 5 end; a shift of the location of the most protected site(s);
and a protection of the entire left hand side. In the next section we attempt
to understand how the unevenly distributed elastic energy leads to these
features.

19
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20 Methods and Models

2.3.2 Effect of energies on breathing

The Boltzmann weighted probability of a given configuration is a function
of it total effective adsorption energy, the sum of the (negative) adsorption
energy of the DNA-protein complex and the (positive) elastic energy of
the bent DNA molecule. This means the probability of a configuration ex-
ponentially decreases as the total effective adsorption energy decreases (in
magnitude), as shown in unpeeling toward the centre in figure 2.5. How-
ever, as the figure shows, breathing profiles of real sequences are not so
straightforward, and are strongly affected by the magnitudes and distri-
butions of the energies along the molecule. In this section we examine
this in the simplified ideal breathing profile. It should be noted that as
the Boltzmann weight dependence on the adsorption and elastic energies
is equal, but opposite, an increase in elastic energy is equivalent to a de-
crease in adsorption energy; stronger adsorption has the same effect as a
higher DNA flexibility.

A higher adsorption energy (or lower elastic energy) per site uniformly
across the molecule decreases the accessibility of all sites, exampled with

6 kT '
10° — 65kT
— JkT : o :
10-7 . . . ; ; ; ; ; ; ‘ ; ; ‘ ;
1 2 3 4 5 6 7 8 9 10 11 12 13 14

Site

Figure 2.6: Ideal breathing profile with different values for the adsorption energy
per site. In each case, there is 65.5kT elastic energy stored equally between all
sites.
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2.3 Breathing model 21

the “ideal” sequence in fig. 2.6, in which the adsorption energy per site is
shifted by +0.5 kT. The probabilities of configurations with fewer bound
sites, and hence smaller (less negative) total effective adsorption energies,
are more strongly affected, due to the exponential dependence in the Boltz-
mann weight. Since sites are opened sequentially, changes in accessibility
of sites cascade and affect all further site accessibilities; the probability of
a site being exposed in the centre depends on the energies of all the outer
configurations as well as the inner configurations. This contributes fur-
ther to the central sites being relatively the most sensitive to changes in
the adsorption energies, as seen in figure 2.6.

The shape of the plot is significantly altered if either of the energies are
unevenly distributed. Since exposure probabilities are exponential in the
energy, small imbalances can cause large changes. For example, if the two
central sites (7 and 8) are bound less strongly, or equivalently if the DNA
there is stiffer than elsewhere, then the total effective adsorption energy is
smaller (in magnitude), and we expect the central sites to be more acces-
sible. Figure 2.7 shows the effect of a &1 kT change to the energy of the

-1 kKT

10° —  ideal
— +lkT}| o
10-7 ‘ . . ; ; ‘ ; ; ; ; ; ‘ ; ;
1 2 3 4 5 6 7 8 9 10 11 12 13 14

Site

Figure 2.7: Ideal breathing profile with increased/decreased effective adsorption
energy for just the two central sites (7,8). 65.5 kT elastic energy and -91 kT ad-
sorption energy spread evenly over the ideal sequence.

21
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22 Methods and Models

two central sites of the ideal” sequence. We see that the immediately ad-
jacent sites are also affected, since one way to access them is by the DNA
unwrapping from the opposite side, through the affect central sites

Since the central sites are only exposed after one of the arms have en-
tirely unwrapped, a change in the energies in the arm will affect the centre
as well. Figure 2.8 shows that a 2 kT change to the energy of two sites (11
and 12) in the right-hand arm strongly affects the exposure probabilities
of sites 6-12, and also shifts the position of most protected site(s).

10°
107tF
1072}
-3
S 107}
)
a 107}
Sl N
. S1 kT
107} — Ideal
— #1kT |
'7 | | | | | | | i | | | | | |
10 1 2 3 4 5 6 7 8 9 10 11 12 13 14

Site

Figure 2.8: Effect of increasing/decreasing effective adsorption energy for just
two of the RH sites (11,12) of the “ideal” sequence. 65.3 kT elastic energy and -91
kT adsorption energy spread evenly over ideal sequence.

Finally, the effect of changing the energy of the most outer sites, for
example the far right-hand sites (13,14), effects the entire breathing pro-
tile. For example, weaker outer bonds, or stiffer outer DNA, decreases the
effective adsorption energy and makes those sites more accessible. This
effect cascades down the entire breathing profile, as all the other sites are
accessed through this one.

22
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2.3 Breathing model 23

10°

5 S 5 S S ; ;

-1 kKT

10°H —  |deal
— AlkT o o
10—7 ‘ 1 1 i i ‘ i i i i i ‘ i i
1 2 3 4 5 6 7 8 9 10 11 1z 13 14

Site

Figure 2.9: Effect of increasing/decreasing effective adsorption energy for just
two of the far RH sites (13,14) of the “ideal” sequence. 65.3 kT elastic energy and
-91 kT adsorption energy spread evenly over ideal sequence.

In summary, it seems we can understand the 601 breathing plot from
the unequal distribution of energies shown in figure 2.4. Figure 2.7 in-
dicates that the smaller elastic energies of sites 5-7 (and so more flexible
DNA) is responsible for the decrease in accessibility there, and contributes
to the shift of the most protected site away from the middle. Figures 2.8
and 2.9 indicate that the higher elastic energy on the right hand side of the
601 sequence (and so smaller in magnitude effective adsorption energy)
causes the increased accessibility in sites 8-12, the ’flattening” of the plot
from sites 10-14, and also contributes to the shift of the most protected site
to the left.

The ’“flattening” of the plot on the right hand side - the almost equal
accessibility of sites 10-14 - can be better understood by examining the un-
equal energy cost of opening each site. For a stable nucleosome, the total
adsorption energy should be greater than the total elastic energy - how-
ever this need not be true at all parts of the molecule. With the ansatz
assumption we made of 6.5kT for the adsorption energy per site, we find
that actually the elastic energy is greater for the third quarter of the 601
sequence. This suggests that no energy cost is required to unpeel this part:

23
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24 Methods and Models

the elastic energy is enough. Figure 2.10 shows the cumulative energy
cost unpeeling the 601 sequence from the right and left sides, and shows
the dip in cumulative energy cost, which corresponds to a raise in the to-
tal effective adsorption energy (in magnitude). This means that, due to
the stiffness of the third quarter, unpeeling it entirely leads to a more sta-
ble molecule, leading to the "flattening’ of the breathing profile. Whether
this is the case for the real 601 sequence depends on the magnitude and
distribution of the adsorption energies.

N7
Unwrapping
fromleft | A
250 from right

N
o

Cumulative energy cost (kT)
= =
o Ul

ul
T

1 2 3 4 56 7 8 9 1011 12 13 14
Number of open sites

Figure 2.10: Cumulative energy cost of unpeeling the 601 sequence from either
the left or right.

2.3.3 Enzyme accessibility

In section 2.3 we defined the free parameter A in the breathing model:
the extra number of adjacent sites required to be open for a site for it be
sterically accessible by enzymes. A theoretical study [22] has argued that
30 base pairs must be unbound either side of a site for it to be accessible,
which corresponds roughly to A = 3, since there are ~ 10 base pairs bound
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2.3 Breathing model 25

between each site. We will fit this parameter to the experimental data in
chapter 3, but first here we examine its impact upon the example ideal and
601 breathing profiles.

Figure 2.11 shows that a higher A for the “ideal” sequence decreases
all site accessibilities, exponentially more toward the centre sites (note the
scale). This can be understood by considering the two terms that make up
the accessibility in equation 2.3: the contributions to accessibility due to
unwrapping from either of the ends. The linear decrease of the total ef-
fective adsorption energy as the nucleosome unwraps results in exponen-
tially smaller probabilities for configurations with fewer sites. This means
that one term dominates equation 2.3 for most sites - all but the central
sites for which the terms are equally small. For example, the accessibility
of site 2 is dominated by unwrapping from the left; the possibility of un-
wrapping from the right is negligible. So when delta increases, we should
expect the accessibility of each site to shift to that of the site inward of it,
as it is simply the exposure of that more inner site which then determines
the accessibility. In the case of the ideal sequence, the evenly distributed

10~/

1 2 3 45 6 7 8 9 1011 12 13 14
Site
Figure 2.11: Breathing profile for the “ideal’ DNA molecule at different values of

A, the extra number of open sites required either side for an enzyme to bind to a
site

25

Version of September 5, 2016— Created September 5, 2016 - 10:12



26 Methods and Models

energy, and therefore linearly decreasing total energy, leads to a uniformly
exponential decrease in accessibility. However, this will not be the case
with unevenly distributed energy in real sequences.

Figure 2.12 shows that the effect of increasing delta on the 601 sequence
is similar to that of the ideal sequence, except for one distinctive feature:
the flattening of the trough of the plot; when A > 3, a small set of inner
sites becomes all almost equally accessible. This is not as straightforward
to understand, so again we consider the ideal profile. When A > 7 (not
shown here), exactly equal flattening occurs on the trough of the ideal pro-
tile. This can be understood by again considering the two terms in equa-
tion 2.3. As A increases, the accessibility of a site shifts to the accessibility
of the site inward of it, as described already. For the ideal breathing pro-
file, once A = 6, the accessibilities of the two central sites have therefore
been shifted to that of the outer sites. Increasing A any further therefore
has no effect, and leads to flattening.

However, as the flattening occurs at much lower A for the 601 pro-
file, there must be another explanation. Considering again the decreased
energy cost to unwrap from the right hand side, shown in figure 2.10, it

w N = O
I ]

1 2 3 4 5 6 7 8 9 10 11 12 13 14
Site

Figure 2.12: Breathing profile for the 601 sequence at different values of A, the

extra number of open sites required either side for an enzyme to bind to a site
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2.3 Breathing model 27

seems that in this case, unwrapping from the right makes a non-negligible
contribution to the accessibility of the left hand sites. This, together with
variance in energy difference between successively unwrapped configu-
rations from either side leads to the observed flattening. This conclusion
examples well the potentially strong sequence dependence of breathing
profiles.

2.3.4 Approximated breathing model

There are 105 configurations (i, j) with one site still bound, leading to
lengthy computation time for each sequence. An approximation to save
time is to only consider the 26 configurations in which only one or the
other side is unwrapped at a time, i.e. keeping i = 0 fixed whilst j > 0
and vice versa. This should make only a small impact on the probabilities,
as most of the configurations neglected are quite unlikely. The simplified
partition function will be:

i 13 Eqo 13 Eo; 2o
— Z':Zoexp (ﬁ) -I-Jgexp <ﬁ) (2.9)

The simplified probability of a site being open is then given, as be-
fore, by the sum of the Boltzmann weights of each state in which site k
is reached opening either from the left or right, keeping the opposite side
unopened.

Pi= Y Co+ Y. Gy (2.10)
i>k+A j>14—k—A

In the approximated case, there are far fewer configurations, which
means for any given site, there are fewer configurations in which it is ac-
cessible. Each configuration contributes a term to the probability of a site
being open, so taking away configurations will decrease the predicted ac-
cessibility of a site - however as the normalization is also affected, its not
immediately clear whether site accessibilities should go up or down. In
the ideal approximated case, as shown in 2.13, we numerically find all
exposure probabilities are underestimated, i.e. the entire plot is shifted
down. The points are shifted ~ 20%, however as the plot is logarithmic,
this seemingly large error does not impact the plot qualitatively. This ap-
proximation error on real sequences is actually even less (< 5%), as shown
for the 601 sequence in the same figure, in which the approximate results
are almost indistinguishable from the full results. We conclude that the
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Figure 2.13: Breathing plots for the ‘ideal” and 601 sequences as calculated using
the full and approximated models. The results calculated from the approximated
model are all ~ 20% lower. The average absolute error for the 601 sequence is
~ 2%

error is acceptable, and use the approximated method in the remainder of
the paper.
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Chapter

Results

Although there have been many experiments investigating nucleosomal
breathing, as outlined in the introduction, so far none have been able to
unveil its entire mechanics. The first experiments involving restriction en-
zymes are still the simplest to attempt to interpret, as they do not involve
force-induced unwrapping, or FRET signals, and they also in single exper-
iments probe large amounts of a sequence, and not just a limited section.
In the following section we focus on interpreting the two restriction ex-
periments separately - and then in conclusion together. For this section
we assume that the adsorption energies are equally distributed. In section
3.2 we consider the results from other experiments, and that adsorption
energy may be unequally distributed, in order to understand the restric-
tion enzyme data better.
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30 Results

3.1 Restriction enzyme experiments

Restriction enzymes are proteins native to bacteria and archae which form

part of a defence against foreign DNA: they bind to and cleave short (~4bp)
DNA sequences, termed restriction sites, which are specific to each en-
zyme. Restriction sites in the wrapped part of the DNA in a nucleosome
are inaccessible, and become only transiently accessible during the disso-
ciation in nucleosomal breathing. By incorporating restriction sites in a
nucleosomal sequence, and exposing the sequence to the appropriate en-
zymes, the exposure of specific portions can be measured by monitoring
the amount of appropriate cut pieces of DNA. To our knowledge, there
are only two published reports of this type of experiment, [10] and [11].
The results of the two studies show that even the innermost sites on the
DNA sequences are accessible, as shown below in fig. 3.3. Their results
show a generally exponentially decay in accessibility toward the dyad,
and also show that the entire 601.2 sequence has greatly reduced accessi-
bility compared with the 55 sequence, as may be expected for the artificial
high affinity sequence.

The limitations of the technique, as pointed out by the authors, must be
kept in mind: the cleaving rates of the different enzymes may be depen-
dent on their different sizes, the nature of their respective restriction sites
and subsequent affinities, and the environment’s temperature and ionic
conditions, potentially impairing the reliability of direct comparisons. The
authors use the same buffer for all assays, but vary the temperature 37 °C-
65 °C dependent on the enzyme used. The authors address the concern
that breathing may be temperature dependent by varying the tempera-
ture on a few of their assays. They do find a lack of correlation between
temperature and accessibility (Figure 5, [10]), however their sample size
is quite small. They do not address the concern that enzymatic accessibil-
ity may be temperature dependent; it is not clear how A, the number of
adjacent free sites required for steric access, relates to the temperature.

A further problem is that relating an enzyme cleavage rate to a posi-
tion within the nucleosome relies on there being a single stable nucleo-
some position, whereas for many sequences multiple positions are possi-
ble. The authors address this by selecting sequences with high-affinity for
the protein octamer, which should result in a well-positioned nucleosome.
However, it is unclear if they correctly identified the nucleosome position
for the 601.2 sequence, as we will address later.

The authors pointed out that their in vitro measures of site exposure
are likely affected by the absence of the linker histone H1 in their assays.
As H1 is positioned outside the nucleosome interacting with and stabilis-
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3.1 Restriction enzyme experiments 31

ing both arms of the DNA, it may strongly repress nucleosomal breathing.
The authors stated they expected a quantitative effect only, however new
understanding of the H1 ‘linker” histone challenges this. H1 histones are
now known to be in constant exchange between nucleosomes, and only
a fraction of nucleosomes are bound by a H1 at any time [3]. This leaves
open the possibility of H1 histones only binding some nucleosomes, pos-
sibly in a sequence or post-translational modification dependent manner.
More recently it has also become clearer that a large number of proteins
may act similarly to the H1 histone, and that they compete and perhaps
co-operate with each other, and restrict the DNA accessibility in differing
ways [9]. In light of these developments, the nucleosomal accessibility
observed in the assays we study here are not likely reflective even quali-
tatively of in vivo accessibilities, but they are still present the best data for
understanding the underlying breathing mechanism itself.

3.1.1 Fitting the data

The results of the two restriction enzyme studies are reported per enzyme,
and are only schematically mapped to the nucleosomal sequences. For
each enzyme, we have identified which of the 14 direct DNA-protein bind-
ing sites that, upon opening, provides it access to its restriction site. For
example, the restriction site for HindlIlIl is found in base pairs 27-32 of the
full 174bp 601.2 sequence, and so at base pairs 13-18 of the nucleosomal se-
quence, according to the nucleosome position reported by Widom. Table
5.1 in the appendix gives the positions of the individual site bonds, and
shows that HindIII will be accessible after either the first 2 sites unbind
from the left, or after 13 sites unbind from the right. By mapping each
restriction site accessibility in this way, we can compare our theoretical
predictions with the experimental data. However, there are two potential
inadequacies of this approach that should be noted.

Firstly, some adjacent or close together restriction sites are predicted
to be equally accessible as they are exposed after the same site openings.
This may not be accurate, due to additional hydrogen bonds and/or for
steric reasons; this is a limitation of our coarse-grained breathing model.

The second more subtle problem concerns restriction site exposure from
one or the other side of the molecule unwrapping. In our breathing model,
sites 1,2, 3... 14 are accessible when either 1, 2, 3... 14 site(s) open from the
left, or when 14, 13, 12... 1 site(s) open from the right. However some re-
striction sites can’t be associated with just one site, as with HindIII above.
For example, Rsa I is found in base pairs 87-90 of the full 174bp 601.2
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sequence, and so at base pairs 73-76 of Widom’s nucleosomal sequence.
Because it’s entirely between the 7th and 8th binding sites, it’s accessible
after either 7 sites unbind from the left, or 7 sites unbind from the right,
and so cannot be associated with one site over the other. In the few cases
where this problem occurs, whichever site is the closest fit is used.

To fit our model to the experimental data we use the method of least
squares. We varied the two free parameters, adsorption strength per site,
and extra adjacent sites A required for steric access. We should note that
we used the square of the log of the accessibilities, so that the fit on the
outer sites do not dominates the fit. The choice impacts only minimally
upon the best fit absorption strength per site (generally lower by 0.1kT),
and not at all on A.

3.1.2 The first study

In the first study, the 5S ribosomal RNA (rRNA) sequence of Lytechinus
variegatus (the green sea urchin) was examined. The rRNA genes are
some of the most highly conserved sequences across all three domains of
life, and the 55 rRNA sequence is known to have a particularly high affin-
ity for binding to the protein octamer, and for consequently having a well-
positioned nucleosome. The 5S sequence does not naturally have many
known restriction sites, so alterations must be made to incorporate them.
Widom and Polach used a short 150bp part of the full 256bp sequence
from [21], “restricted the locations of sequence changes to those regions of
the sequence that are not essential for positioning” on just one half of the
sequence, and spread the changes out over three constructs: construct (a)
had 12 altered base pairs and contained 3 restriction sites; (b) had 15 al-
tered base pairs and contained 2 sites; and (c) had 7 altered base pairs and
contained 4 sites. They carefully ensured the nucleosome position on the
three constructs was the same using gel electrophoresis and autoradiogra-
phy and claimed “the histone octamers organize the DNA from positions
5 to 150 (bp)” and that due to the small length of the sequence "multiple
positions of the octamer on the DNA are not anticipated”.

Even if the nucleosome position is the same for the three constructs,
the sequence changes could result in different elasticities stored along the
molecules, or different affinities for the nucleosome, and so different breath-
ing profiles, which would call into question the validity of combining the
results of the three sequences, shown in figure 3.1. We took this into ac-
count when fitting out model to the data by calculating the breathing pro-
files for each of the constructs separately, and comparing to the appropri-
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3.1 Restriction enzyme experiments 33

ate subsets of experimental data, as shown in figure 3.2.

The Monte Carlo-estimated fully-wrapped elastic energies are slightly
higher for the constructs. Whilst the total elastic energies differ by only
i1kT, the change to the distribution of the elastic energy (+ 0.1-0.7kT) does
still effect the breathing dynamics, particularly on the right hand side,
where most of the changes were made. Constructs (a), (b) and (c) have
very similar breathing profiles, and are on average 45%, 8% and 30% more
accessible than the original sequence. The differences between the breath-
ing profiles are small but not negligible, and will be taken into account
when interpreting Widom and Polach’s results.

We mapped the restriction site accessibility results in figure 3.1 to the
sites which expose them, and fit our model by varying the two free pa-
rameters: adsorption energy per site and A, the extra sites required to be

10_1_ BU T Br BU T BJ BN T BH
T T
10-2 1 i
T
Eu‘ 10-3_
Y i T
104 ;
10-5 3
10-6 ‘
i b B
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Position (base pairs)

Figure 3.1: Results of first restriction enzyme experiment in nucleosome breath-

ing on the modified 55 sequences [10]. Kﬁ‘q’”f is the equilibrium constant for site
exposure, the fraction of time a restriction site is accessible to its enzyme in equi-
librium conditions. BU, T, Br etc. are the enzymes used, and their positions in the
sequences are indicated. Note the logarithmic scale.
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exposed for steric access. The best fit to the limited data, by the method
of least squares, results in an adsorption strength per site = 6.3kT, and sur-
prisingly A=0.
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Figure 3.2: Breathing profiles for the 55 sequence and the three constructs used by
Widom and Polach, experimental (dots) and theoretical fitted predictions (lines).
Fitted values of free parameters: adsorption strength per site = 6.3kT, and A=0. P
open is the probability of a site being open at a given time. Note the logarithmic
scale.
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3.1 Restriction enzyme experiments 35

3.1.3 The second study

In the second study, the artificial 601 sequence was used, the sequence
found to have the greatest affinity for the histone octamer. For this exper-
iment Widom and Anderson developed an altered sequence which they
named 601.2, with 15 altered bases across the entire sequence, containing
12 restriction sites. In this study they probed the entire sequence, and they
claimed the overall exposure pattern to be “roughly symmetric about the
mapped location of the nucleosomal center”. As figure 3.3 shows, the pat-
tern does appear symmetric, however it should be noted that the Rsa I
site at base pairs 73-76 occupies the nucleosomal centre, not the Taq I site,
according to the authors reported nucleosome position.

Position (base pairs)

Dyad

— — ——— —

10"

10°¢

10°

g m"l
10°
i
16"

Pst HlndIII MSDI Haelll BamHI Tag | Flsal Hha.l Msel Sl‘fl Bial Pmil
L e —

|

| I_|' [ [ 1
Dyad
Position (base pairs)

K conf

174

Figure 3.3: Results of restriction enzyme experiments in nucleosome breathing,
carried out by Widom et al [11]. The plot shows 601.2 sequence results (lower,
grey) as well as previous 5S sequence results (upper, white). (Note that the 55
results are slightly misreported here for enzymes T and BJ, the second and fourth
columns.) Keq "f is the equilibrium constant for site exposure, the fraction of time a
restriction site is accessible to its enzyme in equilibrium conditions. Pst I, HindIII
etc. are the enzymes used, and their positions along the two sequences are indi-
cated. Note the logarithmic scale.
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The authors mapped the position of the 601.2 nucleosome using the
enzyme exonuclease III, which digests DNA, removing nucleotides in a
stepwise fashion. When the nucleosome is exposed to the enzyme, the
non-nucleosomal DNA is quickly removed, but once the enzyme reaches
the nucleosomal boundary there is a pause before transient breathing al-
lows it further access (There are pauses at each of the 14 strongly bound
sites). The authors radiolabelled one end of the sequence at a time and
performed polyacrylamide gel electrophoresis (PAGE) on extracts to de-
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Figure 3.4: Polyacrylamide gel electrophoresis results from [11] used to infer
601.2 nucleosome boundaries. Lanes marked M show positions of known DNA
lengths, and are used as ’rulers’. Lanes 1-8 show bare DNA digestion over time,
at 0,1,2,4,8,16,32 and 64 minutes. Lanes 9-16 show nucleosomal DNA digestion
from the 3" end over time at the same time points. The arrow inserted by the au-

thors indicates where the pause in digestion they claim is at the 3" nucleosomal
boundary.
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3.1 Restriction enzyme experiments 37

termine the length of the intact nucleosomal DNA as a function of time.
From the length of the DNA at the first pause in digestion from each end,
they inferred the nucleosomal boundaries at base pairs 15-160, placing the
dyad between base pairs 87 and 88 (hereafter referred to as the Widom
position). However, in later studies involving the original 601 sequence,
including one by one of the authors Widom, the dyad position at base
pair 94 is widely reported (for example, see [24] or supplementary mate-
rial in [23]). This raises the question of whether the sequence changes be-
tween 601 and 601.2 result in a ~6bp shift of the nucleosome position, or
rather that the 601.2 position was misreported due to the limited accuracy
of the now dated technique. As we have found the breathing profile to be
strongly sequence dependent, and therefore very sensitive to nucleosome
position, it is crucial we have the correct position when fitting experimen-
tal data. We therefore considered whether the reported PAGE data may be
consistent with a dyad positioned at base pair 94.

The authors show only the results of digestion from the 3’ end, shown
in figure 3.4, and claim the pause marked by an arrow at approximately
160bp length places the 3" nucleosome boundary at base pair 160. How-
ever, clearly visible in lanes 10 and 11, a slightly longer strand of DNA
perhaps indicates another shorter pause, which the authors have not com-
mented upon. The nucleosomal boundaries in 601 are known to be 21-168,
meaning this first pause midway between length 160 and 180 base pairs
is consistent with the dyad-94 position. Additionally, the 601 sequence is
known to be asymmetric, and to open much easier from the 3" end than the
5" end [23]. This indicates the first pause in digestion from the 3" end may
be quite short, suggesting the arrow actually indicates the second pause
in digestion. The accuracy of this technique must also be noted: lane 9 is
supposed to show the original undigested 174bp sequence, but its length
is indistinguishable from 180bp, so the accuracy is not better than +6bp.
The authors did not show the result of digestion from the 5 end, but re-
ported an inferred boundary there at base pair 15. Although we cannot
analyse those results, given that the known 601 nucleosome boundary is
only +6bp at base pair 21, and the accuracy of the PAGE results is limited,
it seems likely they may also be consistent with the dyad-94 position.

To further address this, we calculated the nucleosome and tetramer en-
ergy landscapes for both the 601 and 601.2 sequences as per section 2.2.1.
These energy landscapes show the effective adsorption energy of the nu-
cleosome as a function of dyad position, the locations of the minima being
the most energetically stable positions.
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Figure 3.5: The tetramer and nucleosome energy landscapes for the 601 and 601.2
sequences, calculated as per section 2.2.1. The position of nucleosome are pre-
dicted at the minima of the landscape, which for both the tetramer and nucleo-
some complexes are found at dyad positions 82/83 and 92/93, in accord with the
expected 10bp periodicity. Note that Widom and Anderson report the position as
between 87 and 88, here a maxima.
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3.1 Restriction enzyme experiments 39

We can see in figure 3.5 that the dyad-94 position is very close to min-
ima for both the 601 and 601.2 nucleosome and tetramer energy land-
scapes - in most cases the global minimum. Also, all landscapes have a
maximum near the Widom position, predicting it to actually be an unsta-
ble position.

We mapped the restriction site accessibility results in figure 3.3 to the
sites which expose them, according to the two separate dyad positions,
and in each case fit our theoretical results by varying two free parameters:
adsorption strength per site and A, the extra sites required to be exposed
for steric access. The best fit assuming the dyad-94 position is slightly bet-
ter, as shown in figures 3.7 and 3.6. However, both fits result in high A
values, the amount of extra adjacent open sites, in contrast to the fit on the
55 sequence. The original 601 nucleosome is known to breath asymmetri-
cally, tending to open its RH side rather than its left - and this is reflected
in the dyad-94 position breathing profile.
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Figure 3.6: 601.2 breathing profile, experimental results against best fit model
predictions, for the nucleosome position widely reported for 601 (dyad on base
pair 94). with adsorption energy per site of 6.4kT and A=b5.
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Figure 3.7: 601.2 breathing profile, experimental results against best fit model
predictions, for nucleosome positioned as reported by Widom (dyad on base pair
88). The fitted parameters are: 6.7kT per site, and A=4.

We conclude that it seems somewhere more likely the 601.2 position
was misreported: the energy landscapes predict the dyad-94 position as
stable, and Widom position as unstable; the fit assuming the dyad-94 posi-
tion is slightly better; and the PAGE data seems to support either position
- though perhaps they were not aware of the asymmetry of the 601/601.2
breathing profile.

Finally, we compared the 601.2 and original 601 breathing profiles. As
the Monte Carlo-estimated fully wrapped elastic energy of the 601.2 se-
quence is ~ 3.5kT lower than the 601 sequence, we expect it to be more
accessible. We calculated the 601 breathing profile with the same best fit
parameters of the 601.2 dyad-94 position. Figure 3.8 shows a large differ-
ence in the two profiles: the 601 sequence is almost everywhere roughly
an order of magnitude less accessible than the 601.2 sequence. It is worth
noting that the 15 nucleotide alterations in 601.2 do not cover the far right-
hand edge, and that the accessibilities on this section are the least altered.
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Figure 3.8: 601.2 and 601 breathing profiles compared, assuming dyad-94 nucleo-
some position. Calculated according to best fit parameters on 601.2 data: adsorp-
tion energy per site is 6.4kT and A=b5.

41

Version of September 5, 2016— Created September 5, 2016 - 10:12



42 Results

3.1.4 Fitting the experiments together

The artificial 601 sequence was the result of an experiment searching for
the sequence with the highest affinity possible for the nucleosome, so we
should expect its derivative, 601.2, to be less accessible than the 5S se-
quence, as indeed we find. However, fitting the two sequences 5S and
601.2 resulted in very different values for the free parameter A, the extra
number of sites required open for enzyme access. This parameter may
vary with different enzymes, or environmental conditions, but we do not
expect it to be sequence-dependent. Accordingly we fit the results again,
together, assuming A must be the same for both. We found that the fit
on the 601.2 data dominated the collective fit, and consequently the same
high value for A as before, as shown in figures 3.9 (dyad 94 position) and
3.10 (Widom position) comparing the two breathing profiles.

Previous analytic theoretical work [22] predicted the average effective
adsorption energy per site to be £ 1kT, and the number of extra open adja-
cent base pairs required for enzyme access to be § = 30 £ 12bp. We found
the effective adsorption energy per site, assuming an equally distributed
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Figure 3.9: 601.2 (dyad 94 position) and 55 breathing breathing profiles resulting
from collective best fit, assuming same value for A. Resulting free parameters,
A=5, adsorption strengths: 601.2, 6.4kT and 5S, 5.7kT.
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Figure 3.10: 601.2 (Widom position) and 55 breathing breathing profiles resulting
from collective best fit, assuming same value for A. Resulting free parameters,
A=4, adsorption strengths: 601.2, 6.7kT and 5S, 5.8kT.

adsorption energy, to be ~ 1.6kT for the 55 and (Widom position) 601.2
sequences, and ~ 1.5kT for the (dyad 94) 601.2 sequence, all within the
expected range. However, we found a surprisingly high values of A = 5
(dyad 94 position) and A = 4 (Widom position), outside and on the border
of the analytic predictions, which were already surprisingly high. The im-
plication of our fit is that a unexpectedly large amount of DNA needs to
be unbound adjacent to a restriction site before an enzyme can bind to it.
However, the limited success of our data fits could warrant reconsidering
our assumptions.
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3.2 Unequal adsorption distribution

Considering the large effect we found of the unequal distribution of en-
ergy on the breathing landscape in section 2.3.2, the assumption of equally
distributed adsorption energy could be critical. If in fact adsorption ener-
gies are very different between sites, the current 2 parameter breathing
model may not be even a good approximate fit to the data, leading to the
potential overestimates of A. Here, we consider the assumption that the
theoretical result of [22] that A = 3 is correct, and that adsorption energies
across sites are unequal.

In figure 3.11 we show the result of fixing A=3, and fitting just the
(equal) adsorption energy per site to the experimental data. As in the pre-
vious fits, the 601.2 sequence adsorbs more strongly than the 5S. The total
adsorption energy for the 5S is -82.6kT, compared to -91kT for the 601.2
sequence. From this figure we can infer what kind of unequal energy dis-
tribution would result in a better fit. The figure suggests the 5S sequence
may actually be more strongly adsorbed toward the centre, and less so to-
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Figure 3.11: 601.2 (dyad 94 position) and 55 breathing breathing profiles, assum-
ing A = 3, as per [22] (so, a one parameter fit of adsorption energy per site).
Resulting adsorption strengths: 601.2, 6.5kT and 55, 5.9KT.
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ward its outer right-hand edge - so adsorption concentrated toward the
centre. The figure does not suggest the same for the other sequence: it
mainly suggests the left-hand side of the 601 sequence is more strongly
adsorbed. It seems therefore unlikely that the distribution of adsorption
energies are the same for the two sequences.

In [15] site-dependent adsorption energies were derived from the pauses
in force induced unwrapping of the original 601 sequence in [17]. The re-
sultant binding energies are higher toward the central sites, and low for
the outer sites. In figures 2.7 and 2.9 we saw the effects of these binding
energies on the ideal breathing profile: stronger central adsorption leads
to a sharp decrease in the central sites accessibilities as well as a very small
decrease on the immediately adjacent sites; and weakened outer sites actu-
ally raise the accessibilities of all sites. Oddly, this distribution may lead to
a better fit to the 5S data - but not for the 601.2 data. Since the distribution
was derived from 601 data, we might expect it to better explain the 601.2
data, if either. However, as it makes no sense to use the distribution for the
55 and not the 601.2 data, we have to disregard it. We conclude from the
limited data that it may be the case that adsorption energy, just like elastic
energy, is unequally distributed and sequence-dependent - though more
robust and reliable experiments are required to settle the matter.
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Chapter

Conclusion

Whilst the coarse-grained model presented here does seem useful in analysing
the impact of energy distributions (and enzyme accessibility) upon nucle-
osome breathing, we’ve had limited success in fitting the model to the
available data. It seems most likely this is due to our starting assump-
tion of equal adsorption energy per site, however, it could also be due
to flaws and inaccuracies in the experimental design of the restriction en-
zyme experiments we looked at: different enzymes were used to probe
the different parts of the sequence; the enzymes were tested at different
temperatures; different sequences with different energy distribution were
used; and the indirect approach of using enzymes may also introduce un-
avoidable error.

Our model does concur with the enzyme restriction experiments in a
few ways: the entire sequence is transiently exposed on free nucleosomes
(with no linker histones); exposure decays roughly exponentially toward
the centre; and the 601.2 sequence seems to adsorb much more strongly
than the 5S sequence. Our nucleosome model and Monte Carlo estimates
indicate that the different sequences have very different elastic energy dis-
tributions, which lead to very different breathing profiles. We have also
found that it seems unlikely the adsorption energies are equal between
the 14 sites, and also unlikely that they're the same for different sequences,
however we have not been able to make strong conclusions on this, due to
the limited reliability of the experiments.

We have found that the breathing profiles are strongly dependent on
the distribution of energetics in the nucleosome, and that the energetics
are (at least elastically) strongly dependent on sequence. Unfortunately,
this conclusion has made it difficult to combine the results of multiple
studies, as they either use different sequences, or different modifications
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of sequences - or sequences long enough for multiple nucleosome posi-
tions. If the underlying breathing mechanism is to be understood better,
this calls for sets of experiments on the exact same sequences, and which
are short enough that a single nucleosome position is guaranteed. How-
ever, we can conclude that the asymmetric breathing behaviour observed
in [23] can be explained by the sequence-dependent energy distribution.

As outlined in the introduction, the breathing profiles presented in the
in vitro restriction enzyme results may not be even qualitatively represen-
tative of the in vivo situation, due to the transient binding of linker his-
tones, which bind near the entry/exit of the nucleosome, as illustrated in
figure 1.1. However, it seems likely that the interplay of energy distribu-
tion and resultant asymmetric behaviour may still play important roles in
breathing dynamics, and in chromatin organisation, and is worth pursu-
ing further. Of particular note, the asymmetric breathing behaviour ob-
served in the 601 and 601.2 sequences could play a role in mechanisms in
vivo that selectively expose nucleosomal DNA sequences. A fruitful direc-
tion of research may lie in understanding the physical basis for how linker
histones fit into this picture.
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Chapter 5

Appendix

Site  Bond Locations (bp)
3,7
15, 18
25,30
35, 39
46, 50
56, 60
66,70
77,81
87,91

0 97,101
108, 112

12 117,122

13 129,132

14 140,144

— 0 0N ONUl W N -

—_

Table 5.1: Locations of bound phosphates in the 14 sites in the nucleosome, as
derived from crystallographic data in the supplemental material of [6]
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