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Abstract

Biological processes manipulating DNA test its physical properties. Atomistic
molecular dynamics simulations are a powerful tool to study the mechanical properties
of DNA at atomic resolution, which is beyond the reach of single-molecule experiments.
To deepen our understanding of these mechanical properties and their biological im-
pact, a multi-approach combining simulations and experiments becomes crucial. Due
to the lack of computational tools bridging these approaches, this thesis introduces two
softwares for systematic analysis of nucleic acids structure and elasticity from numeri-
cal simulations, generating outputs compatible with single-molecule experiments.

The rst software, SerraLINE, allows the analysis of bending angle and compaction
parameter distributions from simulations. We explored the structural e ects of super-
coiling on DNA minicircles. Our ndings indicate the level of superhelical stress found
in vivo induces DNA defects, providing a mechanism to relieve torsional stress and
causing the shrinking of the molecule.

SerraNA, the second software, provides local structural and exibility parameters,
along with global elastic constants, delivering a comprehensive mechanical description.
Analysing the 136 unique tetramer sequences at the tetranucleotide length-scale re-
veals highly sequence and length-dependent elastic properties, with some sequences
being 200% more exible than others. Furthermore, exploring exibility properties of
complex DNA structures reveals that DNA-protein complexes are more rigid as pro-
teins restrain the DNA into particular conformations, while DNA sequence mismatches
act as exible hinges.

Additionally, we conducted a pioneering analysis of DNA elastic couplings as a
function of length using SerraNA. We found that twisting and stretching deformations
are coupled to bending through the roll, while tilt remains uncorrelated. Principal
component analysis reveals that the transition from local to bulk exibility is driven
by a stretching mode at the length of 1.5 DNA turns. Our ndings reveal that the
DNA elastic couplings are intrinsic to essential movements and that these can vyield
opposite elastic couplings.
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Chapter 1

Introduction

This thesis is focused on the study of DNA structure and exibility from the analysis of
ensembles obtained by numerical simulations. Most of the work presented here revolves
around SerraLINE and SerraNA, two softwares that we developed for the systematic
analysis of mechanical properties from simulations of nucleic acids. This chapter pro-
vides a concise overview of nucleic acids and their biological relevance, where we then
review the exibility of DNA as well as the experimental techniques that are used
to quantify its elastic properties. We then revise the most relevant models of DNA
elasticity, discuss the current challenges in the eld accompanied by the motivation of
this work, as well as the research aims and objectives of this work. Chapter 2 pro-
vides all the mathematical tools that our two programs implement for the analysis of
simulations of NA, as well as other tools such as principal component analysis, which
complement the last section of this project.

In chapter 3 we introduce SerraLINE, which is a program that calculates bending
angle distributions at di erent length-scales, as well as global parameters that char-
acterise the shape of MD simulations of NA, whose results are suitable for compari-
son with experimental high resolution imaging techniques such as electron microscopy
(including cryo), scanning force microscopy and atomic force microscopy (AFM). We
demonstrate the usefulness of the program by analysing simulations of supercoiled DNA
minicircles in combination with atomic force microscopy (AFM) performed by a coun-
terpart experimental team, where we were able to characterise how DNA supercoiling
a ects the structure of double-stranded DNA. Chapter 4 introduces SerraNA, which
also analyses simulations of NA but with a greater emphasis on its elastic properties.
This program allows us to observe the transition from local to global exibility, where
one of its main features is to calculate global elastic constants that characterise the
overall exibility of the molecule, and which estimations are suitable for comparison
with results from single-molecule experiments such as AFM, magnetic or optical tweez-
ers. A variety of systems with di erent sizes and conditions are analysed with SerraNA
in order to demonstrate its valuableness. Lastly, chapter 5 is focused on the analysis
of the elastic couplings of DNA, and in uncovering the mechanisms that originate its
exibility. To this end, we used principal component analysis in combination with
SerraNA to identify and analyse the essential modes that mainly a ect the exibility
of DNA.

Finally, chapter 5 provides a nal conclusion that condenses all the work presented
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1.1. NUCLEIC ACIDS

in this project, where it then discusses possible future areas of study, including the
particular cases of study that the aims of our project did not cover.

1.1 Nucleic Acids

Nucleic acids (NA) are among the most important biomolecules found in life, whose
job is to encode the genetic information of every living organism. Deoxyribonucleic
acid, DNA, and ribonucleic acid, RNA, are the two main types of nucleic acids. For
most organisms, the instructions of life (genetic information) is encoded within the
DNA molecule (encoded in RNA in case of retroviruses), which it is then transcribed
to RNA molecules to be read by ribosomes in order to translate them into proteins,
which allow the proper functioning of biological organisms [22].

Nucleic acids are biopolymers made of a sequence of monomers, which are called
nucleotides, and are composed of three parts that are chemically connected: a pen-
tose sugar, a phosphate group and a nitrogenous base [14] (see gure 1.1). The pen-
tose sugar in the RNA molecule is ribose E1,005 while in the DNA is deoxyribose
CsH1004. Usually there are ve kinds of nucleotides found in NA, which share the
same sugars and phosphates but have di erent bases. For DNA, these bases are ade-
nine (A), guanine (G), cytosine (C) and thymine (T), while in case of RNA thymine
bases are replaced by uracil (U). Adenine and guanine are called purines (R) and are
bigger than cytosine, thymine and uracil bases which are called pyrimidines (Y). All
of these bases are aromatic rings, which make their structure particularly at and rigid.

Figure 1.1: DNA structure. In the Watson-Crick model, adenine (A) can only be paired
with thymine (T), and guanine (G) with cytosine (C). Letters S represent sugars and
letters P represent phosphate groups. Dashed lines represent hydrogen bonds that
maintain the bp together. G-C bp forms three hydrogen bonds while A-T forms two.
Sugars point in the 5' to 3' direction, where both strands run in opposite directions.
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1.1. NUCLEIC ACIDS

Figure 1.2: Dimension comparison between A-DNA (red) and B-DNA (blue) with
major and minor grooves highlighted.

1.1.1 The structure of double-stranded DNA

In 1953, thanks to the famous X-ray di raction image taken by Rosalind Franklin [41],
Watson and Crick were able to determine the double helical structure of DNA [164].
The double helix is formed by two strands that coil around each other and are held
together by hydrogen bonds between complementary bases. Generally, two types of
base-pairs (bp) are found in nature, and in each type a purine pairs with a pyrimidine
either in the form of A-T or G-C (A-U in case of RNA). These two types of base-pairs
are roughly of the same size, where the A-T base-pair is characterised by two hydro-
gen bonds and G-C base-pairs by three (see gure 1.1). The fewer hydrogen bonds in
A-T base-pairs (in combination with a low twist [14]) makes successive A-T sequences
easier to unwind and separate. Biological processes benet from this behavior; for
example, during transcription initiation, most of the transcription machinery enzymes
called RNA polymerases, tend to bind promoters with TATA sequences as they are
easier to melt [145]. Due to the fact that cells are in an aqueous environment and the
nitrogenous bases are hydrophobic, the planarity of the bases allow the base-pairs to
stack and form a stable double helix, which protects the genetic information inside by
leaving the phosphates and sugars facing the outside waters [14].

In the early 1950s, many scientists were confused with X-ray di raction patterns
that corresponded to a mix of di erent DNA states [68]. By de ning speci ¢ humidity
conditions, Rosalind Franklin resolved two main states in which the DNA molecule
could exist: A- and B-DNA [40]. Currently, we know that DNA can adopt more states
such as Z-DNA, hairpin loops, cruciform DNA, and more [14]. However, the DNA
states most common in nature are A- and B-DNA.

Both A- and B-DNA are right handed structures with similar sizes, where A-DNA
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1.2. THE ROLES AND ORGANIZATION OF NUCLEIC ACIDS IN THE CELL

Parameter A-form | B-form
Base-pairs per turn 11.0 10.5
Vertical rise per bp (A) 2.55 3.4
Rotation per bp () 33.0 34.3
Diameter (A) 23.0 20.0

Table 1.1: Average structural parameters of A- and B-DNA [140].

is characterised to be shorter, with a slightly bigger diameter and more compact than
B-DNA [43] [168] (see table 1.1). In B-DNA, the base-pairs are perpendicular to the
helical axis, while in A-DNA, the base-pairs are tilted (see gure 1.2). Under normal
physiological conditions in the cell (high salt and high humidity), the B-form is the
most stable conformation, while the A-form is stable under low salt and low humidity
conditions [79]. Due to this reason, B-DNA is the conformation most commonly found
in cells, although the molecule may adopt transitional conformations between A- and
B-forms. The double helical shape of DNA de nes two di erent grooves: the major
groove, which is wider and deeper than the minor groove (gure 1.2). The major
groove in B-DNA is characterised to be wider and shallower than the major groove in
A-DNA, while the minor groove is deeper and narrower in B-DNA than in A-DNA [71].
Many DNA-binding proteins bene t from this groove asymmetry as they bind speci c
sequences in the major groove, where bases are more accessible than in the minor
groove [14].

1.2 The roles and organization of Nucleic Acids in
the cell

Two processes essential for reading the genetic information in cells are transcription
and replication, where the two strands need to be separated. The rst process is
when a gene coded within the DNA sequence is copied into a messenger-RNA by a
RNA polymerase enzyme. The messenger-RNA carries the instructions of an amino-
acid sequence, and transfer-RNA molecules carry the corresponding amino-acids to the
protein-making machinery called ribosome to form the polypeptide chain that will end
up forming a protein [14]. The second process takes place during cell division, where
the DNA sequence is read by a DNA polymerase enzyme and both strands are copied
into a new DNA.

Biological processes such as transcription are highly complex as they involve a myr-
iad of supportive proteins that bind the DNA in order to regulate transcription rate [14].
In fact, in nature the DNA is rarely held in its ideal B-form as DNA-protein interactions
bend, twist and stretch the DNA. For example, the transcription factor GCN4 (from
the bZIP transcription factor family) [37,72], binds just upstream of genes in order to
regulate their transcription rate. The two arms of this protein hold the DNA by its
major grooves and smoothly bend and untwist the DNA structure (see gure 1.3a).
On the other hand, proteins called repressors, bind and prevent the RNA polymerase
from transcribing the DNA [130]. Crystallographic analysis of the 434 repressor reveals
that it binds DNA in a region of two helical turns, causing a compression in the DNA
minor grooves and overtwisting its structure [129] (see gure 1.3b). These proteins
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1.2. THE ROLES AND ORGANIZATION OF NUCLEIC ACIDS IN THE CELL

Figure 1.3: Several examples of proteins (in magenta) interacting with double-stranded
DNA (in blue): The transcription factor GCN4 (PDB 2DGC [66]) (a); the transcription
repressor 434 (PDB 1RPE [137]) (b) and IHF (PDB 5JON [78]) (c).
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1.2. THE ROLES AND ORGANIZATION OF NUCLEIC ACIDS IN THE CELL

smoothly deform the DNA, which conformations oscillate around B-DNA. However,
there are other proteins such as the nucleoid associated protein IHF [1] which strongly
bends DNA in a distance of just one helical turn (see gure 1.3c). This sharp bend is
su cient to induce conformations that do not longer correspond to B-DNA and in fact
IHF is capable of causing a kink (unstacking a bp).

Most of the DNA sequences do not code for genes, but even non-coding regions have
very important roles in the genome, as functionality is intimately related to sequence.
DNA-binding proteins such as the transcription factor GCN4, the 434 repressor and
IHF (see gure 1.3), bind speci c sequences that allow the DNA to acquire certain
conformation that facilitates their binding [39]. In chromosomal DNA, most of the
DNA is organized and packaged in condensed structures called nucleosomes. These
nucleosomes prefer to form in characteristic AT-rich sequences as it allows the DNA
to adopt conformations that are ideal for the DNA wrapping around protein spools
called histones [14]. Chromosomes can further fold into highly organised structures
that can bring together distant genes, enabling a coordinated regulation of the genetic
material [45].

All these factors and processes make the natural biological environment of DNA
highly complex and dynamic, as the molecule is constantly manipulated by proteins
that bene t from its local exibility and sequence. Experimental techniques such as
atomic force microscopy (AFM) [36] o er high resolution at the nanometer scale, but
still lack the detail needed to fully comprehend the structure and interactions of DNA.
Atomistic molecular dynamics (MD) simulations, on the other hand, provide atomic
resolution and are often considered as super resolution microscopes. While MD sim-
ulations have been extensively used to study the DNA [23], several limitations exists
when attempting to capture DNA dynamics under biological conditions.

The key limitations of MD simulations in capturing the natural environment of
DNA include the restricted timescales, length scales, force eld parametrization, and
the lack of interactions with cellular machinery. Biological processes, such as DNA
replication and transcription, occur on timescales of miliseconds, seconds and even
minutes, which are challenging to simulate with current atomistc MD protocols as the
timescales they can access typically range from nanoseconds to a few miliseconds [23].
Additionally, the accessible length-scales of simulations are limited to a few hundred
base-pairs, being protein-DNA complexes such as nucleosomal DNA [143] or DNA mini-
circles some of the largest systems they can handle [8], while the study of some of the
smallest genetic systems such as DNA plasmids [89], ranging from a few kbp remain
impossible to simulate at the moment. Force elds are essential components of MD
simulations, describing interactions between atoms based on empirical approximations.
While force elds have undergone signi cant re nements and improvements, they still
have limitations in fully capturing complex interactions involved in DNA. For instance,
solvent, ionic, and protein interactions may not be fully represented by current force
eld parametrizations [152], a ecting the accuracy of DNA simulations. Furthermore,
most MD simulations primarily focus on the isolated DNA molecule without account-
ing for the inuence of cellular factors such as proteins, multiple ions and solvent
molecules, which signi cantly impact DNA structure, dynamics, and function in a true
in vivo setting [152]. Incorporating all these factors remain a challenge to be addressed.
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Despite these limitations, MD simulations have provided valuable insights into the
structure, dynamics, and interactions of DNA and have contributed to our understand-
ing of various biological processes [23]. Researchers often complement MD simulations
with other experimental techniques to obtain a more comprehensive understanding
of the DNA in its natural biological environment. These complementary approaches
0 er great advantages, as MD simulations provide atomistic detail beyond what ex-
periments can achieve, and experiments directly measure DNA interactions with its
environment and with other biomolecules. That is why we need new computational
tools that facilitate the integration and comparison of both approaches, as this inte-
gration would allow us to deeper our understanding into the fundamental mechanisms
governing DNA interactions under di erent natural conditions, and will contribute to
signi cant advancements in this particular eld of biophysics.

1.2.1 DNA supercoiling

In biological systems, DNA is frequently held under torsional stress, where the appli-
cation of torsion results in an increase or decrease in the number of helical turns [172].
This characteristic state is called supercoiling [14], as DNA tends to coil around itself in
order to relieve the imposed torsional stress. Negative supercoiling is referred to when
the applied torsion decreases the number of helical turns, while positive supercoiling is
when it increases them.

One of the important functions of supercoiling is that it is an essential mecha-
nism for DNA packaging [62]. Imposing superhelical stress to a DNA molecule makes
it more compact, which allows the DNA to be packaged. It is known that in chro-
mosomal DNA, supercoiling acts as a gene regulation mechanism as it is folded into
a hierarchy of structures, which causes a coordinated expression of genes within the
same topological domain [45]. Nucleoid associated proteins like IHF (see gure 1.3c),
can form DNA topological domains in which supercoiling DNA cannot di use outside
the topological barriers [31].

In nature, most DNA is held in a negative supercoiling state [14]. Biological pro-
cesses constantly introduce superhelical stress to the DNA molecule. DNA-binding
proteins can also induce supercoiling, as they deform the double helix when binding
(see gure 1.3). In chromosomal DNA, torsion stress is induced when the double helix
is wrapped around histones [20]. Supercoiling is also intimately related with transcrip-
tion and replication, as negative supercoiling can reduce the energy required to unwind
and open the double helix, allowing biomolecules to access the encoded genetic infor-
mation. In contrast, positive supercoiling can repress transcription initiation as well as
jamming the transcription/replication machinery [19]. Topoisomerase proteins can cut
the DNA strands in order to relieve the excessive torsion (either positive or negative),
and hence maintain a steady superhelical state [172].

Supercoiling DNA cannot exist in linear free DNA, as it would quickly dissipate the
applied torsional stress as the molecule is allowed to rotate. Therefore, the topological
constraint for supercoiling DNA is to restrain both ends. There are two ways for xing
the DNA ends; by joining the two ends and hence forming a closed structure; or by
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anchoring the ends to a surface [14]. Both of these types of restraints are found in
nature. For example, plasmids are extrachromosomal DNA typically found in bacte-
ria, which have a closed structure (circular DNA). On the other hand, in chromosomal
DNA there are looped regions in which ends are anchored to a protein surface. In either
case, supercoiled DNA can adopt two types of structures: toroidal DNA, which is when
the DNA acquires a circular shape, and plectonemic DNA, which is when the DNA
strands coil between them due to supercoiling. In nature, it is more typical to nd
plectonemic structures as these are the shapes that plasmids tend to adopt; however,
it is also common to nd a combination of both [14].

DNA supercoiling is mathematically described through its topology with the linking
number Lk [14]:

Lk = Tw+ Wr (1.1)

where twist (Tw) quanti es the number of helical turns and writhe (Wr) quanti es
the number of coils (hnumber of times the DNA crosses over itself).

The linking di erence is a conservative quantity, so Tw and Wr have a one-to-one
relationship between them; if Tw increases, then Wr decreases with the same magni-
tude.

In practice, it is preferable to quantify supercoiling by comparing the current link-
ing number Lk with respect to the linking number of the relaxed statd_ky. This is
guanti ed through the linking di erence  Lk:

Lk = Lk Lkg (1.2)

The linking number of the relaxed state can be seen as the number of turns that the
molecule would have if it was in the B-DNA formLky = N=10:5bp whereN is the total
number of base-pairs in the molecule and 10.5 correspond to the number of base-pairs
in B-DNA turn. Notice that if the DNA is negatively supercoiled, then Lk < 0, while
positive supercoiling would correspond to Lk > 0.

Lastly, for comparing systems of di erent sizes, it is preferable to use the superhe-
lical density

Lk
= o (1.3)

These are the basic mathematical tools that are used for describing DNA super-
coiling. In recent years, our knowledge of DNA supercoiling has been greatly improved
as we are currently aware of its role in biological processes such as: DNA packaging,
genome organisation and in gene regulation. However, due to limitations in spatial
resolution, it is still unclear how supercoiling a ects the global and local structure of
DNA in detalil.
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1.3 Flexibility of double-stranded DNA

The DNA molecule is one of the most important biopolymers on Earth. Similar to
other polymers, the DNA exhibits elastic properties at the molecular level, as it can be
deformed when subjected to external forces and revert to its relaxed conformation once
the external forces are removed. The DNA possesses bending, stretching and twist-
ing sti ness, which are quanti ed through the persistence length, stretch modulus and
twist persistence length, respectively [109]. These quantities characterise the molecule
global response to the three types of mechanical deformations. At the local level, the
exibility of DNA is signi cantly in uenced by its sequence, playing a critical role in
essential biological processes, including transcription, replication, and DNA-protein in-
teractions, which are highly sequence-dependent [23].

In the past two decades, a variety of single-molecule techniques have been devel-
oped to visualise the DNA structure, both in isolation and under biological condi-
tions. Among the most widely used high resolution techniques include atomic force
microscopy [36], magnetic tweezers [158] and uorescence resonance energy transfer
(FRET) [132]. While these methods o er high resolution imaging capabilities, they
are not able to provide atomistic length scale details and can only obtain parame-
ters that globally characterise the analysed structures. Luckily, molecular dynamics
(MD) simulations can provide the atomistic detail that single-molecule experiments
lack. However, in order to complement experiments and validate these simulations
by comparing with experimental data, it is necessary to calculate compatible global
parameters. Examples of such parameters include the persistence length or stretch
modulus for evaluating exibility, and the radius of gyration or aspect ration for quan-
tifying compaction. Currently, there are softwares like curves+ [76] and 3DNA [90] that
can calculate parameters from simulations that evaluate the local structure of DNA,
but they lack the ability to compute global parameters suitable for comparison with
single-molecule experiments. To gain a comprehensive understanding of how the DNA
structure is a ected by biological processes, a combination of computer simulations
and experimental data is crucial. Nonetheless, there remains a signi cant gap in the
availability of computational tools that e ectively bridge the gap between these two
approaches. One of the main research aims of this thesis is to address this de ciency
by developing novel computational frameworks that enable a more integrated and com-
prehensive characterization of the DNA structure and exibility.

Single-molecule experiments have very well established the elastic constants for
double-stranded DNA at the kilobase-pair level (bulk exibility) and under biological
conditions, where experimental setups such as magnetic tweezers, optical tweezers and
atomic force microscopy have determined that the DNA has an average persistence
length of 50 nm (150 bp) [9, 56, 85, 103, 165], force-extension experiments yield a
stretch modulus between 1100-1500 pN [50, 147] and experimental torque measure-
ments obtained a twist elastic constant ranging between 90 and 120 nm [13, 85, 107].
However, between 2005 and 2010, experimental measurements of the exibility of short
DNA fragments showed discrepancies with the well established values for B-DNA. For
instance, Yuan and collaborators combined the techniques of FRET with small-angle
X-ray scattering (SAXS) to study the bending properties of short double-stranded
DNA, which results revealed persistence lengths of less than half the accepted values
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(approximately 11 nm) [171]. Furthermore, atomic force microscopy (AFM) images
displayed a high number of strong bends, contradicting predictions of polymer mod-
els [167]. Another SAXS experiment measured the stretch sti ness by analysing the
end-to-end distance of short DNA fragments (less than 40 bp), which yielded a dra-
matic stretch modulus that was less than one order of magnitude lower (approximately
91 pN) than values reported in the literature [101]. These controversial results sug-
gested the intriguing possibility that the mechanical properties of DNA might depend

on the length of the molecule, implying that the DNA behaves as a exible rod at short

lengths and becomes more rigid at longer lengths when bulk exibility is reached. Ad-
dressing these discrepancies then became a critical task for researchers in this eld.

Double-stranded DNA has features such as asymmetrical grooves, hydrogen bonds
and stacking interactions that not only a ect its exibility, but are also strongly se-
guence dependent. The stiness of DNA also depends on multiple factors such as
the salt concentration or the type of ions in the environment (monovalent or multi-
valent) [9]. However, in this thesis we will primarily focus on the exibility of DNA
under normal biological conditions with constant temperature (T 300K), while also
considering other aspects that a ect the exibility such as the DNA sequence, DNA
supercoiling, sequence mismatches or proteins interacting with the double-helix. In the
following sections, we review in more detail the current DNA elasticity models, current
knowledge regarding how the DNA sequence a ects the mechanical properties of DNA
at the dinucleotide level, how exibility changes at di erent length-scales from local to
bulk exibility, and the current understanding of the DNA elastic couplings, which also
play an essential role in biological processes. Through this review, we aim to gather
deeper insight into the current knowledge of the exibility of double-stranded DNA,
highlighting the main challenges in this eld which this thesis aims to address.

1.3.1 Elastic models for describing the exibility of DNA

Here, we brie y review the most relevant elastic models of DNA used in both theoretical
and experimental approaches.

Wormlike chain model (WLC)

The wormlike chain model (WLC) is the simplest mathematical description of DNA
[109], where its exibility is quanti ed through its persistence lengthA. If we de ne
DNA as a continuous rod, and consider relatively small bending deformations, the
elastic energydE can be approximated by the following harmonic function [109]:

dE =

kBTTA( 0)?ds (1.4)

wheredsis an in nitesimal element of the rod length kg is the Boltzmann constant,
T the temperature, and the term ( 0)? represents the uctuations of the bending
angle around its averaged value .
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Twistable wormlike chain model (TWLC)

In practice, the WLC model can be used to estimate the persistence length of DNA,
however it fails to provide a broader description of the DNA exibility as it neglects the
stretching and twisting sti ness [109]. Therefore, scientists characterise the DNA as an
elastic rod with bending, stretching and twisting sti ness. The stretching and twisting
sti ness can be quanti ed through the elastic constants of the stretch moduluB and
the twist elastic constant C (also called twist persistence length or twist modulus).
Adding these two elastic terms to the WLC equation 1.4 we obtain the following energy
function [109]:

1
dE = EkBT A( 02+ B(L Lg)?+ C( 0)? ds (1.5)
where theL and parameters, are the end-to-end distance and twist angle re-
spectively. These structural parameters quantify the change in length extension and
the twist rotation with respect to the average structure values, whose parameters are
indicated by the O subscript.

This model is often referred to as the twistable wormlike chain model (TWLC)
since the elastic rod is allowed to twist. If we neglect stretch and twist deforma-
tions (B=C=0) one returns to the WLC model [109] (see equation 1.4). Regarding
sequence e ects on DNA exibility, they only appear at small length-scales while at
longer lengths they are averaged out. Thus sequence e ects are usually neglected in
single-molecule experiments as they measure exibility parameters at relatively long
length scales. Lastly, the approximation of equation 1.5 describes the elastic energy of
a rod that has been weakly deformed, hence higher order terms beyond the quadratic
approximation should be considered in order to describe strong deformations.

Marko and Siggia (MS) model

In 1994, Marko and Siggia [98] derived an elastic theory of DNA that considers its
groove asymmetry. Basically, due to the asymmetry introduced by the major and
minor grooves, the bending angle § has two components; roll (), which quanti es
bends towards the grooves, and tilt, which quanti es bends towards the backbones.
The Marko and Siggia (MS) model predicted that roll () is the bending component
that is coupled with twist deformations. The free energy stored in an elemeds along

a DNA molecule with major and minor grooves is then approximated by:

dE= keT A o+B(L LoP+C(  9?+26( o o) ds (16

where G is the twist-roll coupling (also known as the twist-bend coupling). Notice
that this equation does not consider other coupling terms, and that by neglecting the
anisotropy of DNA (G = 0), we return to the TWLC model (see equation 1.5). Previous
evidence from MD simulations [74] has suggested that tilt is not coupled with twist
nor stretch. Similar to the TWLC model, the MS model deviates for high deforming
forces, where higher order terms might correct these deviations [111]. .
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Figure 1.4: Representation of the nearest-neighbour approximation on (a) dinucleotide
sequences and (b) tetranucleotide sequences of double-stranded DNA. Purple arrow
indicates the nearest-neighbour interactions of the current sub-sequence. In general
there are a total 10 dinucleotide sequences and 139 tetranucleotide sequences.

TWLC with external stretching force

Force-extension experiments typically consist in restraining one end of a DNA molecule
while pulling the opposite end with an external and constant force [48,49,84]. In
these types of experimental setups, scientists usually only take into account stretching
and twisting deformations while neglecting bending uctuations. In force-extension
experiments, the TWLC is not able to accurately describe the physical responses unless
the twist-stretch coupling (D) is introduced [49]. Similarly to continuous models, the
total elastic energy stored in a stretching molecule corresponds to [48]:

_1C ,, ,x 1B ,

T oLcL | CL + 2LCL xF (1.7)

whereL ¢t is the contour length when no force is applieds the elongation beyond
LCt and F the applied force. Both single-molecule experiments [48,84] and computa-
tional studies [7,81,96] relay on this model for estimating the twist-stretch coupling .

1.3.2 Sequence dependence of DNA exibility at the dinu-
cleotide level

The arrival of crystallographic structures in the 80s [33], created the need of de n-
ing standard protocols and nomenclatures for the description of atomic resolution NA
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structures. During a workshop held in Cambridge in 1989, the parameters to describe
the geometry of a base-pair and base-step (dinucleotide) were de ned [29]. These con-
ventions, known as the '‘Cambridge conventions' or the 'CEHS scheme' (Cambridge
University Engineering Department Helix computation Scheme), continue to be the
prevalent choice for describing the local structure of DNA (see gures 2.2 and 2.3).
Curves+ [76] and 3DNA [90] are two of the most widely used softwares for the analysis
of NA molecules, where Curves (previous version of curves+) was the pioneer software.

The CEHS scheme [29], has served as a pillar for mathematical procedures aimed
at investigating the local sequence-dependent exibility of DNA using the nearest-
neighbour approximation [23]. Over time, this scheme has been extended to study
exibility at longer length scales [114]. Here, we review the existing literature con-
cerning the double-stranded DNA sequence-dependant exibility following the nearest-
neighbour approximation.

Nearest-neighbour approximation: dinucleotide sequences

The nearest-neighbour approach for determining the exibility of DNA consists in
assuming the molecule is composed by a sequence of rigid base-pairs that only interact
with their nearest neighbour. One of the rst studies to use this approximation was
performed by Olson and co-workers in 1998 [118]. For the rst time, they empirically
calculated the complete set of 10 dinucleotide energy functions (see gure 1.4a), from
92 DNA-protein crystal complexes. They approximated the energy of each base-step
with the following harmonic function:

RS
E=Ey+ ékBT Fij Xi Xj (18)
i=1 j=1

where E, is the minimum energy, X; the uctuations of the six base-step pa-
rameters (see gure 2.3) and~; the elastic constants associated with each base-step
parameter.

By carefully selecting crystal structures that fell within the harmonic behaviour
and within B-DNA tendencies, Olson's team were able to assume that the calculated
elastic parameters would capture the DNA natural response to imposed deformations.
In general, they found that YR dinucleotides are more variable than other base-steps
and that they apparently act as exible hinges when interacting with proteins.

Other experimental studies have attempted to deduce sequence dependence proper-
ties like cyclization probabilities. However, these are indirect methods that require the
tting of measured parameters into theoretical models and are incapable of providing
an atomistic description of DNA exibility [44,176].

It is at this stage where molecular dynamics (MD) simulations at atomic resolution
become relevant and incredibly useful as they allow the systematic analysis of physical
properties of DNA [25, 74]. A full list of the sequence dependence elastic constants
obtained via the sti ness matrix of equation 1.3.2 was calculated by Lankas et al., [74],
where they calculated the sti ness parameters from MD simulations of 20 ns long.
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Later in 2007, the ParmbscO force- eld [122] was introduced to the scienti c commu-
nity and, with it, the rst microsecond MD simulation. This trajectory was used to
provide sequence-dependant structural parameters that were in good agreement with
previous experimental results from nuclear magnetic resonance spectroscopy (NMR)
and X-ray structures [126]. This study demonstrated the potential of multidisciplinary
studies, where computational and experimental approaches are combined to provide a
more complete overview of DNA mechanics.

However, a critical limitation of atomistic MD approaches is that every atom is
explicitly modelled, and that comes with a high computational cost, where it no longer
becomes feasible to simulate large length scales or long time scales. To overcome this
challenge, coarse-grained models in combination with Monte Carlo (MC) or MD algo-
rithms are usually employed to gain access to both larger length and time scales at
the cost of atomic resolution. Popular softwares like cgDNA [47,123] utilise nearest-
neighbour parameters obtained from atomistic MD simulations to generate sets of
structural con gurations for the input DNA molecule. Although coarse-grained models
lose atomistic resolution, they can be rather accurate in capturing global behaviors and
parameters as outputs they are comparable with both experimental and MD results.
Moreover, coarse-grain models o er signi cant speed advantages, enabling simulations
several times faster than atomistic MD.

Importantly, both atomistic and coarse-grained simulations should not be treated
as two independent approaches as they have provided great insights about DNA exi-
bility and its role in biological procedures, both at the local level through the nearest-
neighbour approximation and at the bulk level by calculating global parameters like
the persistence length [104,114]. For instance, both approaches have been implemented
to explain the controversial properties of A-tracts, where in some cases they present
high sti ness opposing nucleosome formation but then seem to be exible in DNA
looping [34]. The origin of this behaviour lies in sequence-dependant features, where
the speci c AT-rich sequences drastically change the overall exibility. In general, it
was found that symmetric A-tracts (A, T,) are e cient for nucleosome exclusion and
are more rigid than asymmetric A-tracts (An), which are more exible in terms of
bending and twisting and are relevant in DNA looping.

Overall, the sequence-dependant features of DNA at the dinucleotide level and
through the nearest-neighbour approach have been extensively investigated through
crystallographic experiments and computational approaches, including atomistic MD
simulations and coarse-grained models.

Nearest-neighbour approximation: tetranucleotide sequences

It quickly became evident that characterising the DNA exibility from only 10 din-
ucleotide sequences was not enough to provide a broad picture as anking bases in-
uenced the exibility of the central base-steps [77]. Therefore, the Ascona B-DNA
(ABC) consortium created a microsecond MD simulations library that consisted in 39
oligomers of 18 bp that together contain all 136 unique tetranucleotide sequences [119]
(see gure 1.4). This study revealed that there is indeed a strong sequence e ect not
only in the central base-step itself, but also in the sequences that ank them, and
con rmed that many tetranucleotides have multimodal distributions in their base-step
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parameters. In general, it was found that the bimodal behaviour was intrinsic to some
tetranucleotide sequences, particularly with central CG steps (XCGX). High resolution
experimental data from crystal X-ray di raction supported the multimodal behaviour
found in DNA at the base-step level [93].

As it could be expected, the sequence e ects are not limited to just the ank-
ing bases of a dinucleotide sequence, but can be extended to the anking bases of a
tetranucleotide sequence. In fact, recent MD simulations have found evidence where
the tetranucleotide sequence "CTAG " presents multiple sub-states which change ac-
cording to the XCTAGX anking sequences [4]. These ndings complicate things
even more as it suggests there are still more 2,080 unique hexanucleotide sequences to
analyse and going a step further, 32,826 unique octanucleotide sequences. Although,
creating atomistic simulations that cover all these possible sequences may not be fea-
sible, strategies can be implemented for analysing representative sequences that would
provide a broad view of the sequence space. This shows that there is still much ground
to cover for understanding what key aspects of sequence contribute to DNA exibility
and at what length-scales these sequence e ects are suppressed.

All these ndings have contributed to our understanding of DNA and how sequence
a ects its exibility and structure, where the sequence e ects are not only subject to
dinucleotide sequences but the anking bases can also induce the nearest-neighbour
interaction. All these gained knowledge have been used in the development of modern
coarse-grained models, where they consider multimodal distributions of helical pa-
rameters from tetranucleotide sequences in order to simulate/predict conformations of
B-DNA in greater length and timescales than conventional MD simulations [28, 163].

1.3.3 Flexibility at longer length scales: beyond the nearest
neighbour approximation

In 2012, Noy and Golestanian [114] tried to bridge the gap between the local descrip-
tion of DNA elasticity given by MD simulations and crystallographic data, with the
global description achieved by single molecule experiments. Their aim was to explain
the controversial soft values of the persistence length (11nm) and stretch modulus

( 91 pN) calculated by SAXS experiments on short DNA fragments [101, 171]. To
achieve this, they developed the Length-Dependent Elastic Model (LDEM), which was
capable of describing how the bulk elastic properties of DNA emerge from base-pair
uctuations using atomistic MD simulations. Following Olson's approach [118] (equa-
tion 1.3.2), they extracted the sti ness constants beyond the dinucleotide level (see
gure 1.5). These elastic constants correspond to the bending persistence length, the
stretch modulus and the twist persistence length.

By analysing how these exibility variables evolve as a function of length, the
LDEM revealed that the transition from local to global exibility occurs within one
helical turn of B-DNA [114]. This transition was subsequently observed in other stud-
ies, including the reproductive work performed by Wales and collaborators [169], as
well as coarse-grained simulations of OXDNA [141]. Furthermore, the LDEM model
revealed that tangent-tangent correlations of base-pairs have a periodic behaviour that
re ects the "crookedness" [95] of the static curvature of DNA. These tangent vec-
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Figure 1.5: Visual representation of the LDEM on a DNA fragment composed by N bp.
Purple arrows indicate nearest-neighbour (NN) interactions which are at the base-step
level (2 bp), while black arrows indicate interactions at longer length-scales.

tors describe the polymer's orientation and quantify bending deformations. By em-
ploying the WLC model, Noy and Golestanian [114] were able to predict a bending
persistence length around 50 nm, which is in agreement with the consensus value
[30,51,95,104, 136, 149, 169].

Regarding the stretch modulus as a function of length, the LDEM revealed that it
followed a non-monotonic behaviour that was characterised by a high sti ness (2000-
3000 pN) for short lengths less than one DNA turn, followed by a stabilisation re-
gion which values were close to force-extension measurements between 1100-1500 pN
[50,114,147,169]. At lengths beyond two DNA turns, the stretch modulus exhibited in-
credibly soft values (less than 1000 pN). They deduced that the high sti ness observed
at short lengths was originated by the prevalence of strong base-stacking interactions,
captured by the rise base-step parameter [29,114]. Regarding the soft stretch modu-
lus observed at long lengths beyond one helical turn, they found that it was mainly
caused by end-e ects, which also explained the low stretch modulus previously mea-
sured by SAXS experiments [101]. Finally, the results from the LDEM demonstrated
that torsion elasticity follows a monotonic behaviour and transitions from soft local
(30-50 nm) to rigid long-range (bulk) exibility (90-120 nm). Their bulk exibility
predictions were in agreement with experimental predictions of the twist persistence
length [13,85,107,136].

Additionally, other coarse-grained models have also measured exibility properties
at length-scales beyond the nearest-neighbour level. MC simulations [104] have cal-
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culated persistence lengths from a length-dependant and sequence-dependant perspec-
tive. As previously mentioned, MC simulations allow access to longer length-scales
than conventional atomistic MD, and these MC results also observed similar trends
with respect to the periodic tangent-tangent correlations, where they revealed that the
static curvature of DNA is the most a ected by the DNA sequence. The coarse-grained
model in which the OXDNA software is based [177] considers DNA interactions beyond
the nearest-neighbour approximation, where nucleotides are treated as rigid bodies
that mutually interact via backbone, stacking and hydrogen-bonding interactions. The
OxDNA model is parametrized to reproduce mechanical and thermodynamical proper-
ties of DNA as observed in experiments. The improved version OXDNA2 implements
the MS elastic model [98] (see equation 1.6) to take into account the grooves asymmetry
via the two bending components: tilt and roll. Their coarse-grained MD simulations
results showed similar trends in the bending and twist components of the elastic matrix,
where bulk exibility is reached within one DNA turn and the value of elastic constants
agree with experimental data [141]. In a more recent study performed by Skoruppa
and coworkers [144], they developed an analytical framework to estimate the bend-
ing and twisting persistence lengths from elastic models with interactions beyond the
dinucleotide level. They compared MD simulations from all-atom and coarse-grained
(OxDNAZ2) models. In both cases, the length-dependent elastic curves of bending and
twisting have great similarity with predictions of the LDEM, and their persistence
lengths are in agreement with the consensus values.

These collective ndings highlight the importance of a length-dependent and sequence-
dependent approach to achieve a deeper understanding of DNA mechanics. While DNA
static curvature has been explored concerning its dependence on both length and se-
guence, other elastic properties such as bending and twisting persistence lengths remain
to be further investigated. Atomistic MD analysis is a reliable tool to investigate the
elastic properties of DNA, as current force- elds and protocols have been developed to
produce trustworthy simulations of B-DNA [23]. However, despite the availability of
powerful tools like computer simulations and protocols such as the LDEM [114], there
is still a need for computational tools that can integrate these methods, provide both
length-dependent and sequence-dependent descriptions of mechanical properties, and
facilitate comparison with experiments.

1.3.4 DNA elastic couplings

Double-stranded DNA is usually characterised as a simple rod that can be bent,
stretched and twisted independently. However, in reality this is not entirely true
as there is experimental evidence that demonstrates these deformations are coupled.
Speci cally, the twist-stretch (D) and twist-bend (G) couplings have been investigated
by both experimental and computational approaches. On the other hand, the bend-
stretch (H) coupling has largely remained relatively unexplored.

Understanding these elastic couplings is crucial for comprehending biological pro-
cesses, as DNA constantly undergoes deformations induced by interacting proteins,
which can alter its local shape and, consequently, impact its overall functionality [140].
In this context, here we conduct a comprehensive review of the existing literature re-
garding the DNA elastic couplings, shedding light on their importance in biological
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systems.

Twist-stretch coupling

Single-molecule experiments usually apply external forces that stretch the DNA while
measuring its rotation to estimate the twist-stretch coupling. These experimental se-
tups implement the elastic model of equation 1.7 as the twist-stretch coupling needs to
be accounted for correctly tting the model to force-extension measurements [48,49,84].

In a pioneering study in 2006, Gore et al. [48] utilised a rotor bead tracker to mea-
sure torsion while stretching the DNA molecule, revealing a counter-intuitive behavior
where the DNA overwinds when stretched, indicating a negative twist-stretch coupling
(D < 0). Similarly, Lionnet et al. [84] conducted a study in that same year, where they
overtwisted the DNA using magnetic tweezers, and observed a twist-stretch coupling
value around D=-22. Both of these studies applied biological forces under 35 pN for
their force-extension experiments.

Other single-molecule experiments have used optical traps to overtwist/overstretch
the DNA at higher forces & 35pN) in order to characterise regimes in which the DNA
transitions to other conformational states [49, 134]. They observed that under low
forces, the DNA overwinds when stretched but at higher forces 85pN) it underwinds
due to the formation of bubbles which act as a mechanism for relaxing the imposed
mechanical stress. A more recent magnetic tweezers study revealed that dRNA and
dsDNA have opposite twist-stretch couplings as the dsRNA molecule shortens when
overwound [86]. Atomistic MD simulations of RNA/DNA molecules have achieved
gualitative agreement with experimental observations, and have been implemented to
provide a microscopic explanation of the striking di erence between the twist-stretch
couplings of dsRNA and dsDNA [7,81,96]. They concluded that the opposite signs
in D are due to the inter-strand distance, which is correlated with the slide base-step
parameter [96].

Overall, single molecule experiments have measured a negative twist-stretch cou-
pling around D=-20 at the bulk level, while MD simulations have estimated its value to
be around D=-50 [86,96] at the dinucleotide level (nearest-neighbour approach). How-
ever, despite these ndings, investigations into the length-dependant and sequence-
dependant features of the twist-stretch coupling remain lacking. Currently, there is
no established framework for estimating this elastic coupling at the bulk level from
simulations, which would quantify the overall correlation between twist and stretch de-
formations in the DNA molecule. Understanding and characterising the twist-stretch
coupling is of vital importance since multiple biological processes involve the stretching
of DNA. The stretching forces acting on the DNA molecule are capable of inducing
local changes in its structure, in uencing its functionality and potentially modulating
the binding of proteins [140].

Twist-bend coupling

Regarding the twist-bend coupling, it is surprising that it has not been given as much
attention as the twist-stretch coupling since its existence was already predicted in 1994
by Marko and Siggia [98] (see equation 1.6). One of the rst works that focused on
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the study of the bend-twist coupling was performed by Golestian and co-workers in
2005 [106]. They developed an elasticity model similar to the MS model [98] (equation
1.6) that included the twist-stretch coupling. This model was tted to data from a
crystal structure of nucleosomal DNA, where they estimated a twist-bend coupling of
G=25nm.

More than a decade later, a new study performed by Carlon and collaborators [111]
investigated results from force-extension experiments [85,87]. They found that the
e ective twist modulus changes as a function of extension-force, deviating from the
TWLC model. Through computer simulations, they demonstrated that the MS model
corrected these deviations, since it accounted for the twist-bend coupling, which they
estimated to have a value of G =40 10 nm. That same year, the anisotropy of DNA
was introduced in OXDNAL, resulting in the OxDNA2 software which is also based
on the MS model [148]. OxDNAZ2 is capable of reproducing length-dependent elastic
curves of the twist-bend coupling, which reaches a plateau (bulk behaviour) within one
helical turn with G=30 1nm, which agrees with previous estimations [111].

Recent investigations have shifted focus from the direct estimation of the twist-bend
coupling to studying its e ects on the structure of DNA under various circumstances.
It has been found that bending stress induces oscillations in the twist angle along the
molecule with a period equal to one helical turn (approximately 10.5 bp) [110]. These
waves are termed "twist waves' ' and are induced by bending stress via the twist-
bend coupling. Twist waves have been observed in crystal structures of nucleosomal
DNA [143]. In fact, it was thought that the twist oscillations found in nucleosomal
DNA were caused by protein interactions, but it turns out that it is an intrinsic e ect
of bent DNA. Coarse-grained MC and MD simulations of DNA minicircles and DNA
loops have reproduced these twist waves [110], showing di erent behaviours. The am-
plitude of twist oscillations in minicircles remained constant, while in DNA loops, the
amplitude increases as it reaches the apex of the loop. Other coarse-grained simula-
tions of over and undertwisted DNA minicircles, have found that the excess of twist
induces circular polygonal shapes within the DNA structure [15]. These ndings are
biologically relevant, as proteins might bend DNA in speci c regions induce twists,
facilitating protein binding. Furthermore, it is known that nucleosomes slide along the
DNA, and it is believed that the di usion of twist defects may be the driving mecha-
nism [38], which would induce changes in the local curvature.

These investigations underscore the importance of the twist-bend coupling in bio-
logical processes, such as nucleosome formation, where DNA is smoothly bent around
histone proteins. By tting force-extension measurements to elastic models, the bulk
twist-bend coupling is estimated to have a value between 20 to 40 nm. Similar to
the twist-stretch modulus, there are currently no established frameworks for predicting
the twist-bend coupling at the bulk level through numerical simulations. Additionally,
computational tools allowing the computation of the twist-bend coupling at distinct
length-scales or emphasising sequence-dependent properties are currently lacking.

Bend-stretch coupling

Regarding the bend-stretch coupling, most of the current elastic models predomi-
nantly focus on either the twists-stretch coupling [48, 49, 84] or the twist-bend cou-
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pling [98,111]. Some studies have incorporated a bend-stretch component into their
elastic models [106], but the observed e ects were not signi cant. It is worth noting
that this latter study primarily analysed elastic correlations in nucleosomal structures,
where the principal deformations were twisting and bending, not stretching. However,
some attempts have been made to calculate the bend-stretch coupling from atomistic
MD simulations and crystallographic structures [74,116], which results have provided
evidence of the existence of this coupling. According to their results, similar to the
twist-roll coupling, the bending and stretching deformations are coupled via the roll
component, indicating a roll-stretch coupling instead of a direct bend-stretch coupling.
This roll-stretch coupling arises due to the groove assymetry of DNA.

Even though some investigations have shed some light on the existence of a bend-
stretch coupling, there is no consensus on its magnitude, and there are no current
experimental setups that allow for its direct estimation. Given that the three main
exibilities of DNA are coupled, it is crucial to invetigate the magnitude and behavior
of these couplings, as they play important roles in fundamental biological processes
as transcription or replication, where proteins severely deform the DNA by twisting,
stretching and bending its structure. This also includes the bend-stretch coupling.
Recent studies provide evidence that proteins deform the DNA along its essential
movements, suggesting that proteins benet from the sequence-dependent exibility
properties of DNA to induce deformations on the DNA [163]. This raises the oppor-
tunity to further expand our understanding on DNA mechanics through the analysis
atomistic MD simulations of free B-DNA, as infering the exibility properties of the
isolated molecule would shed light into its functionality and potential interactions with
other biomolecules.

1.4 Research aims and objectives

The aims and objectives of this dissertation revolve around studying the structural
and elastic properties of DNA through the detailed analysis of atomistic MD simula-
tions. The motivation behind this work arises from the lack of computational tools
that enable direct comparison between atomistic MD simulations and experimental
assays. To address this gap, a signi cant aspect of this thesis focuses on the creation
of two software tools that will aim to facilitate the integration of experiments and
simulations, enabling comprehensive analysis of local and global structural and elastic
properties of DNA, o ering valuable insights beyond experimental limitations due to
their resolution. Additionally, the parameters provided by our software can be utilised
for mechanistic characterization of the analysed molecules, enabling their comparison
with experimental data as well as validation.

The development of such software tools is crucial as atomistic MD simulations
serve as powerful microscopes with atomistic resolution, making them ideal for study-
ing mechanical properties in detail. Thus, another signi cant aspect of this dissertation
involves studying mechanical properties of DNA through MD simulations, employing
the softwares tools that we developed. Using these tools, we will investigate various
aspects, including the mechanical response of DNA under superhelical stress, DNA-
protein interactions, and the exploration of sequence and length-dependent properties.
Furthermore, this research aims to explore the widely unexplored DNA elastic cou-
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plings. We will employ our software tools to provide a mathematical description of the
elastic couplings. Additionally, essential dynamics analysis will be employed to identify
principal movements that govern DNA exibility, establishing a link between essential
dynamics and DNA exibility. The development of the two software tools as well as
the investigations of di erent aspects of DNA exibility will be distributed into three
results chapters.

1.4.1 SerraLINE

The rst main objective of this thesis is to develop SerraLINE, a software tool that will
mimic measurements from single molecule experiments such as atomic force microscopy
(AFM), where the DNA is visualized in a 2D plane. SerraLINE will incorporate various
vectorial techniques to calculate bending angles at di erent lengths from a simulation

of the molecular contour of a polymer. It will also be able to project the structure
onto a 2D plane, enabling the extraction and analysis of bending angle distributions
and compaction parameters like the aspect ratio. These structural parameters are suit-
able for comparison with experimental techniques used to characterise DNA molecules.

To ensure e cient processing of the large trajectory les utilized in atomistic MD
simulations, SerraLINE will be programmed in Fortran 90. Fortran 90 has fast process-
ing speeds that make it an ideal choice for handling such data, enabling the required
mathematical procedures to be executed within minutes.

In the initial chapter of this thesis, we will be using SerraLINE to analyse MD
simulations of DNA minicircles at various physiological supercoiling levels. By com-
paring the simulation results with AFM experiments conducted at similar supercoiling
levels, we aim to establish a more direct and comprehensive comparison between both
approaches, gaining valuable insight about detailed features that experiments cannot
provide alone while at the same time validating the simulations. The objectives of this
chapter include evaluating the capabilities of SerraLINE in analysing MD simulations
of DNA and acquiring new signi cant insights into the structural characteristics of
supercoiled DNA as the superhelical density increases. Particularly, we aim to uncover
the deformations induced in the DNA structure by supercoiling, which could have
crucial implications in biological processes, such as DNA packaging.

1.4.2 SerraNA

The second main objective is to develop SerraNA, a software tool that extracts struc-
tural and elastic properties in detail from atomistic MD simulations of nucleic acids.
Unlike SerraLINE, which mimics single molecule experiments, SerraNA implements
the LDEM model [114] to calculate structural parameters at di erent length scales to
then use them to infer elastic properties. These parameters provide a more compre-
hensive structural and elastic description of the analysed molecule at the local level.
These local properties will then be used to infer global elastic parameters that evaluate
the molecule overall exibility. Such parameters will be the stretch modulus, twist
persistence length and bending persistence length. These parameters are suitable for
comparison with experimental techniques as well, and can be used for validation and
characterisation of DNA molecules.
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Similar to SerraLINE, SerraNA will be written in Fortran 90 to e ciently handle
MD trajectory les and perform the required mathematical procedures. In the second
chapter, SerraNA will be tested by analysing short fragments of linear DNA, extracting
global elastic parameters and comparing them with literature values to evaluate the
program's capabilities. Furthermore, we will calculate local structural properties at
various length scales from the set of linear DNA simulations, allowing us to observe
the transition from local to bulk exibility. This comprehensive analysis will showcase
the potential of SerraNA in providing detailed insights into mechanistic properties of
MD simulations of DNA, spanning from local to global levels.

Next, we will employ SerraNA to analyse more complex structures, such as DNA
bound by proteins and DNA with sequence mismatches. Through these investiga-
tions, we expect to uncover valuable insights into the changes in DNA exibility under
the in uence of interacting proteins and the impact of sequence mismatches. These
ndings will shed light on their biological relevance in processes like DNA-protein in-
teractions and DNA repair. Additionally, these investigations will further explore the
program's limitations and its ability to provide valuable insights even when analysing
mechanically deformed structures. Furthermore, SerraNA will be used to analyse a
database containing MD simulations of all 136 tetranucleotide sequences [119], study-
ing their exibility at the tetranucleotide level, which has not been explored previously.
This research will provide new insights into sequence and length-dependent mechanical
properties of DNA, which directly in uence various biological processes.

1.4.3 Investigating the DNA elastic couplings

The third main objective of this dissertation focuses on the study of the DNA elastic
couplings, an area that has received limited exploration. To this end, SerraNA will be
able to calculate the twist-bend, twist-stretch, and bend-stretch elastic couplings. In
the third chapter of this thesis, we aim to produce the elastic pro les of these couplings
by analysing MD simulations of free DNA, providing a new mathematical description
and calculating parameters that characterise the overall elastic couplings as a function
of length. The set of elastic parameters including couplings, are particularly important
for estimating elastic energies (see equations 1.6 and 1.3.2) as well as parametrizing
exibility models of DNA [97], considering the DNA exibility is highly sequence de-
pendant.

Next, to study the movements that originate the exibility of DNA, including elastic
couplings, we will employ principal component analysis (PCA) to analyse the essen-
tial dynamics of DNA [138], and obtaining the set of essential movements that cause
most of the variance in the simulations. These essential movements will be associated
with exibility variables based on the deformations they induce. This analysis will be
performed on various sequences and DNA fragments to compare similarities between
essential movements. Furthermore, we will analyse the conformational space accessi-
ble by DNA along these essential movements to study the natural deformations they
induce.

Lastly, the calculated set of DNA essential modes will be used to project relaxed
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DNA structures onto more complex structures, such as supercoiled DNA or DNA-
protein complexes. This analysis aims to expand our knowledge of DNA dynamics
through exibility and essential dynamics analysis, and could have potential impli-
cations in DNA-protein recognition as previous studies have suggested that proteins
deform DNA along its essential modes [163].

Overall, the objectives of this PhD dissertation focus on developing two software
tools, SerraLINE and SerraNA. These tools serve multiple purposes, such as enabling
the comprehensive analysis of structural and elastic properties of DNA at di erent
scales, facilitating the comparison and validation of simulations with experimental data.
These software tools will be employed to characterise the structural response of DNA
under superhelical stress, as well as studying sequence and length dependant prop-
erties of free DNA, DNA-protein complexes and sequence mismatches. Additionally,
SerraNA will also be employed to investigate the widely unexplored area of DNA elastic
couplings, as well as associating 3D deformations with essential dynamics. By achiev-
ing these objectives, this research aims to contribute to the advancement of knowledge
in the area of DNA structure and exibility, and to provide valuable computational
tools to the scienti c community to further expand this particular biophysical eld.
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Chapter 2
Methods

Synopsis

In this thesis, we aim to study the structure and exibility of DNA by implementing
multiple methods. To aid this task, in this chapter we introduce some key processes
that are directly required for our research. For studying the structural properties of
DNA, it is essential to provide a description of the DNA geometry at the dinucleotide
level. We further extend the parameters that describe the geometry between a pair
of bp, by following the procedures of the Length Dependence Elastic Model (LDEM).
This geometric model allows us to study the elastic properties of DNA in detail across
multiple length scales. We then introduce a powerful technique called Principal Com-
ponent Analysis that is used to calculate the essential modes from a trajectory that
capture most of the uctuations from the simulation. This technique can be used to
compress trajectory les, however, here we implement it to associate essential modes
to exibility parameters. Finally, we describe the methods of the WrLINE software,
which we use to calculate DNA molecular contours from simulations that are suitable
for comparison with high resolution experiments such as AFM.
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Figure 2.1: An example of purine (guanine) and a pyrimidine (cytosine) bases forming
a base-pair. Highlighted carbon (black) and nitrogen (blue) atoms participate in the
tting process, where their covalent bonds are colored as cyan. Three hydrogen (white)
atoms maintain the bases paired through their hydrogen bonds (red lines). Oxygen
(O) and nitrogen (N) atoms that are not involved in the tting process are represented
as gray spheres.

2.1 Base-pair Geometry

In this section, we provide the tools for describing the geometry of NA molecules
by following the CEHS scheme [91], which is computationally implemented by the
3DNA program [90]. CEHS describes the geometry of NA molecules through a set
of parameters called the base-pair parameters (BPP), which describe the geometry
between two bases (nucleotides) that compose a bp, and a set of parameters called
the base-step parameters (BSP), which are used to describe the geometry between two
consecutive bp. These two sets of parameters are each composed of 3 translations and
3 rotations, and have been widely used in the literature due to the fact that the CEHS
scheme is mathematically rigorous and reversible [92].

2.1.1 Base ttings

Before calculating the BPP and the BSP, we need to t a standard bas8 to each
observed basde. Standard bases $) are previously de ned and contain the coordi-
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nates of ring atoms from bases which are approximately planar, while observed bases
(E) contain the ring atoms in the atomistic simulation. We will do so by following
the procedures of the 3DNA program [90]. The aim of this process is to calculate a
reference frame for basg which is de ned by a position vectorO; and a orientation
matrix R;.

Then, a close-form solution of absolute orientation using unit quaternions [58] can
be used for the least-squares problem of tting a standard ba&eto an observed bas&.

Purine bases (G & A) are composed of nine ring atoms and pyrimidines (T, C and
U) of six (see gure 2.1). Once matrice$ and E are built, the rst step for tting S
onto E is to calculate the following 3 3 covariance matrixC:

1 T 11 47
= — E — E 2.1
C=yg—5 S SRR (2.1)

Where N is the number of atoms in each base (9 for purines and 6 for pyrimidines),
andJ isaN 1 column vector where each element is equal to one.

Then a4 4 matrix M is calculated using the elements ot :

2
Cp1+ Coot+ Ca Caz  GCap Cz1 Cy3 Cio GCoa
M = Cas  Csp Cu1 G Cas Cio+ Cot Cz1+ Cy3
Cz1 Cy3 Cio+ Cos Cii+ Coo Cas Coz+ Csp
Ci2 Coa Ca1+ Cy3 Cos+ Cap Ciyn Coot (03;3)
2.2

To continue with the tting process, the eigenvector with the corresponding largest
eigenvalue needs to be calculated. There are many approaches to nd the eigenvectors
of matrix M, but here we benet from the fact that M is a real symmetric matrix
(hence diagonalizable) to apply the Jacobi algorithm [102]. Through the Jacobi diag-
onalization algorithm (see section 2.5), we can nd the eigenvectarwith the largest
eigenvalue of matrixM . The elementsy; of this eigenvector are used to calculate the
following rotation matrix:

ViVi+ VoVo  VaVg  VgVg 2(Vovs  ViVa) 2(VaVa + V1V3)
R=4 2(VaVz + V1Vy) ViVi  VoVa + V3V3  VaVy 2(Vavs  V1V2) S
2(VaVv2  V1V3) 2(V4V3 + ViVo) ViVl VoV V3V3 + VaVy

(2.3)
R is precisely the orientation of the base tted to the reference frame, hence we
refer to it as R;. The rst column vector of the matrix R corresponds to the x-axis,
the second to the y-axis and the third to z-axis. Lastly, the position vector of baseas
calculated as:

O=E SR’ (2.4)

Where E are averaged coordinates of ring atoms ik, and S the average coor-
dinates of S. Following this procedure, an orientationR; and an origin vectorO; is
assigned to each base which can be used to calculate the BPP and BSP.
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Figure 2.2: Representation of the six base-pair parameters (BPP). Each red square
represents a nucleic acid base, where the shaded areas indicate the minor grooves.
Blue arrows indicate the direction of the movements.

Lastly, an important thing to note is that the bp index i increases from 5'-to-3'
and that the orientations R are constructed so the x-axes are always pointing towards
the minor groove. In case of a double stranded structure, the directions of the y- and
z-axes of the second strand need to be reversed in order to calculate the BPP and BSP
parameters. With this sign conversion the z-axes point towards 5'-to-3":

Ry = Ry (25)
R,= R, (2.6)

2.1.2 CEHS scheme: base-pair parameters (BPP)

Once the standard base$ have been tted to each observed basg, and each base
has its origin O; and orientation R;, the corresponding BPP can be calculated. The
BPP describes the geometry between two bases that form a bp through a set of param-
eters composed of three translations and three rotations. Figure 2.2 shows these six
parameters, where the shearS;), stretch (Sy) and stagger G,) translations describe
relative movements between bases in they; z directions, respectively, and, similarly,
the buckle (), propeller twist (! ) and opening () angles describe rotations in the
X;y; z directions, respectively. Each pair of bases have their respective x, y and z axes,
which are constructed with a matrix called the mid-base triad (MBT) that will be
described in the following process. Lastly, it is worth pointing out that the BPP can
only be calculated for double-stranded structures.

Given the position vectorsO, & O,, and orientation matricesR, & R, of the base
of the rst strand | and the base of the second strandd , the rst step is to calculate
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the BucklePropeller angle, which is de ned as the angle between the z-axes of these
two bases:

=arccos@@ 2,) 2.7)

Note that 2 = R, for each base, and, from now we will use the same nomenclature
for the other two axes €= Ry & ¥ = Ry). Then the BucklePropeller axis is de ned
as the vector perpendicular to the two zth directions:

Bo= % %, (2.8)

Then, each orientation matrix is rotated by half the BucklePropeller angle around
the BucklePropeller axisba

R|O: Rbo +§ R (2-9)

Ri =R 5 Ri (2.10)

where matricesRpo(+ ) & Rpo( ) are general rotation matrices [54]. The column
vectors of the new matriceRR° represent new directions that we denote as>4® 2°

We refer to these new matriceR} & RY as the triads of the rst and second
strands, and their averaged directions are used to construct the MBT:

1
Tmbt = > (RP+ RY) (2.11)

Same as orientation matrices, each of the column vectors of the MBT represents a
direction, which we denote aX/ft, Ymbts Zmbot -

With these triads constructed R?; RS ; Trnt), We can proceed to calculate the three
angles that compose the BPP. The opening angleis de ned as the angle between the
y0 axes:

= arccos(y® ¢9)
it (90 ) Zwe <O < O (2.12)
it 90 9) Zwe >0 >0

To de ne the other two angles, we need the angle between BuckleOpenningand
the Yot vectors:

= arccos(o Ymot)
if (D0 Ympt) Zmot <O < O (2.13)
if (00 Ympt) Zoo >0 > O
Then, the buckle and the propeller! angles are calculated as:

sin( ) (2.14)
cos( ) (2.15)
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Figure 2.3: Representation of the six base-step parameters (BSP). Each red square
represents a nucleic acid base, where joined squares form a bp. Shaded areas indicate
minor grooves and blue arrows indicate the direction of the movements.

Note that these two angles are components of the angle

Lastly, the three translations are calculated as matrix matrix multiplication of the
displacement of the displacement between the two bases and the MBT:

[SxSS:] =(O1 O ) Trnbt (2.16)

With this process, the six BPP (see gure 2.2) that describe the geometry between
two bases that compose a bp are calculated.

Before moving to the next subsection, the position of the MBT is calculated as the
average position of the two bases:

1
Ombt = 5 O + Oy (2.17)

This position vector describes the average position of a given bp, and will be needed
for the calculation of the BSP of a double stranded structure.

2.1.3 CEHS scheme: base-step parameters (BSP)

Similarly to the BPP, the base-step parameters (BSP) are composed of six parameters
that give a complete description of the geometry between two consecutive bp. Figure
2.3 shows a visual representation of these six parameters, where the parameters shift
(Dy), slide (Dy) and rise (D,) describe the displacements in 3 direction{y;z) and

the angles tilt ( ), roll ( ) and twist () describe rotations around the same 3 axes.
Similar to the BPP, a mid-step triad (MST) is constructed for each pair of consecutive
bp with their respective axes X;y; z).
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In contrast of BPP, BSP can be calculated for single and double stranded structures
and, either way, a vectorO; and a matrix R; are needed for describing the position
and orientation of each base, respectively. In case of single stranded structu@sand
R; correspond to the position vector and orientation matrix obtained from the base
tting process (see subsection 2.1.1 and equations 2.4 & 2.3), and in case of double
stranded structures, the positionsO; and orientations R; are described by the posi-
tion and orientation of the calculated MBT (see subsection 2.1.3 and equations 2.11
& 2.17). For this subsection, we will consider the case of double-stranded DNA and
will be referring to the x; y; z axes of bpi asx}; ;2 (column vectors ofR;) respectively.

The rst step for calculating the BSP is to obtain the bending angle , which is
de ned as the angle between the vectors that are tangent to the curve at position

i =arccos@ 2.1) (2.18)

Then, the roll-tilt axis (1) which is perpendicular to these tangent vectors is cal-
culated:

R=% 2. (2.19)

Then, R; and R;,; are rotated aroundft by + =2 and =2:

Ti = Re *5 Ri (2.20)

Tis1 = Ry é Ri+1 (2-21)

whereR (+ =2) and Ry (  =2) are rotation matrices. The new rotated triads T
& Ti.1) are formed by thex?® 9% 20 axes, being the latter aligned.

Then, the MST is calculated as the average of the two triads:

1
Tmst = > (Ti + Tis1) (2.22)

The x axis (Rynst) of the MST points towards the major groove, while the y axis
(9mst) points towards the backbone of the rst strand and the z axisZ#s;) points to-
wards the molecular axis in the particular mid-step.

With the MST obtained, we can now calculate twist as the angle between the y
axes (or x axes) of the triadsT :

= arccos(’y; Y1)
it (90 9%) Zns <O <O (2.23)
it (90 9%1) Zmst > O; >0

To calculate the remaining roll and tilt angles, we need to rst calculate the angle
' between the roll-tilt axis @ and the Vi :
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' =arccos®  Ymst)
if (I[t 9mst) 2mst < O; '< 0 (2-24)
if (I‘/t Ymst) Zmst > 0; '> 0

Then, roll and tilt angles are calculated as components of the bending angle

sin(" ) (2.25)
= cos() (2.26)

Here, roll indicates the bending component that a ects the major groove while tilt
indicates the bending component towards the backbone.

Similarly to BPP, the three translation parameters are calculated by a matrix mul-
tiplication of the displacement vector between the two consecutive base-pairs and the
MST:

[DnyDz] =(0in1 O)Thst (2.27)

Lastly, the position of the MST is calculated as an average of positions of the bp
and bpi + 1:
1
Omst = > O + Ot (2.28)
This is the process followed by the 3DNA program for calculating the six BSP that
describe the geometry of two consecutive bases/bp.

2.1.4 CEHS scheme: rebuilding algorithm from the BSP

The mathematical process for obtaining the BSP is completely reversible. Thus, given
asetof N 1) BSP that describes the geometry of a molecule made witth bp, the
following "rebuilding algorithm™ is applied to obtain the N vectorsO; and N orienta-
tion matrices R; that represent the respective position and orientation of each base-pair
i.

To rebuild the structure, the origin and orientation of the rst bp needs to be
initialized [90, 92]. Usually,O; is placed at the origin andR; is made parallel to the
global reference framex;y; z):

Ol =0
Ri=1=[%;¥;2]
Then, following with bpi =1;2;3;::;;N 1, the procedure is to iteratively describe
the position O;;; and orientation R;,; of bp i + 1 with respect the current bpi. Thus,

given the BSP Dy;Dy;D,; ; ; ] that describe the geometry between bpi and bp
I +1, the bending angle is calculated as:

(2.29)

= 24 2 (2.30)
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Then, the RollITilt axis is equal to:

= —Ymst ¥ —Rmst (2.31)
Here, the MST betweeni and i + 1 is unknown but we can suppose it is equal
to the identity matrix Tmee = | = [X;¥;2]. This supposition is valid because at the

moment we are only interested in the magnitude of the bending angleand the angle
' between the RollTilt axis & and the MST y-axis Vs = ¥:

' =arccos®  Ymst)
if (B Pmst) Zmst <O '< O (2.32)
if ({t Ymst) Zmst >0, "> O

Then the MST, the orientation and the position of bpi + 1 with respect bp i are
calculated as:

Tr%st:RZ 2 "Ry 2 R.(")

R = R, > Ry(OR, §+I (2.33)

0%, =[DxDyD,][To% 1"

Where R,( ) are general rotation matrices around the unit vectou with angle
Lastly, the triad and position of bp i + 1 with respect the global reference frame are
calculated as:

Riv1 = RiRiO+1
Oiv1 = O+ O Rf

This process can be applied to either double or single stranded structures. In case
of double stranded structures, the calculated positions and triads are equivalent to
the position and orientation of the MBT (see subsection 2.1.2 and equations 2.17 &
2.11), whereas, in case of single stranded structures, the resulted vectors and matrices
correspond to the tted bases (see subsection 2.1.1 and equations 2.4 & 2.3). Once
the positions and triads of the MBTs are obtained, an analogous process can be imple-
mented to obtain the positions and orientations of the nucleotides that compose each
base-pair (see [90] & [92] for more details of the process).

(2.34)

2.2 The Length-Dependence Elastic Model (LDEM)

The Length-Dependence Elastic Model (LDEM) [114] further extends the CEHS scheme
to describe the structure of NA at lengths beyond the dinucleotide level (beyond the
nearest neighbor description). Its methodology is particularly useful for describing the
average structural and elastic properties of DNA, and can translate these properties
from a local to a global perspective, where bulk parameters are obtained for evaluat-
ing the molecule overall exibility. The LDEM is also useful for visualizing how the
structural/elastic parameters evolve as the length increases. The exibility of DNA is
evaluated in terms of the elastic parameters, which correspond to the stretch modulus,
twist elastic constant and the persistence length. These elastic properties emerge from
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Figure 2.4: Visual representation of the implementation of the LDEM by theSer-
raNA program to calculate the structural parameters at di erent length scales. Here,
transparent rectangular blocks represent base-pairs, and their shaded sides represent
the minor groove. (a) The displacement between bpand j, is characterised by the
end-to-end distance (red) and the contour length (blue). (b) A mid-base triad (fist)
positioned between bp and bpj, is calculated to measure the twist and bend angles
between both bp. (c) The unit vectorsz*and 7 de ne the bending angle (blue) and
the RollTilt axis }. (d) The #%and y°directions lie in the Xinst  Ymst Plane, where the
twist angle (blue) is de ned as the angle betweenyjﬁ and y*. and ¥ points towards
half . (e) The RollTilt axis 1t also lies in thexX}.s: Ymst plane, and the anglé (blue)

is used to de ne the bending components, tilt and roll. (f)-(h) Mid-base triads st
calculated from bp (red) at the legths ofl = 5;9; 13, respectively. Note that the roll
component points towards the grooves, while tilt points towards the backbone a the
mid-point. This image was taken from [157].

bp uctuations sampled by numerical simulations of DNA. While the LDEM can also
calculate the elastic couplings, it does not provide a methodology for estimating their
bulk value.

In this section, the methodology of the LDEM is provided in detail. We begin for
describing the process to obtain the structural variables that quantify the geometry of
NA molecules at longer lengths. Then, we move on to explain how these structural
variables are used to calculate elastic parameters. We then describe the process for
evaluating the global exibility in terms of the stretch modulus, twist modulus and
bending persistence lengths.

2.2.1 Geometry between bp at longer lengths

Similar to the CEHS scheme, the LDEM calculates mid-step triads to describe the ge-
ometry between bp separated by an increasing number of nucleotides (see gure 2.4b).
To this end, the LDEM uses a set of 9 structural parameters: added shift, added
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slide, added rise, tilt, roll, twist, bending angle, contour length and the end-to-end
distance [157]. The LDEM adapts the twist parameter to measure angles bigger than a
helical DNA turn as the length increases ( gure 2.4d). This directly a ects the bending
angle components of roll and tilt, since their relative orientation is now dependant of
the twist parameter (gure 2.4e). The end-to-end distance is mainly a ected by ver-
tical displacements and is associated with stretching deformations, while the contour
length is included to provide a more complete structural description of the molecule
(see gure 2.4a). The added parameters can be interpreted as pseudo-components of
the contour length, and at the dinucleotide level they are equivalent to the translation
parameters of the BSP. One of the limitations of the algorithm is that, in contrast
to the twist angle, the bending angle cannot capture angles greater than 180 degrees.
This limitation will be discussed in detail later in this sub-section.

The LDEM describes the geometry between base-padirand base-pairj by using
the position vectorsO; and O; and the orientation matricesR; and R; with column
vectors Ki;¥; 2] & [%;;¥);2] respectively. Here,j >i andj is associated with the
length (1) between both bp asj = i + |I. When | = 1 bp, the process is reduced to
the dinucleotide level which is equivalent to the BSP process (see sub-section 2.1.3).
Notice that the LDEM can be applied to either double- or single-stranded structures.
For double-stranded structures, the process starts after the BPP process afy/ R;
correspond to the MBT position and orientation respectively (see sub-section 2.1.2).
For single-stranded structures, the process begins right after the bases are tted (see
section 2.1.1).

Then, the rst structural parameter to be calculated is the bending angle;; be-
tween bpi and | (see gure 2.4b):

ij =arccos@ %) (2.35)
And similar to the BSP process, the RollTilt axistt is then calculated as:

R=% 2 (2.36)

With this, we can rotate the triads R that indicate the orientation of bp i and |,
around the RollITilt axis by half of the bending angle:

Ti

Ri +% R (2.37)

T;=Rx 2 R (2.38)

We denote the column vectors of the new triad; as K% 92 29, which indicates its
respective orientation. If we were to follow the CEHS scheme [91], we would obtain
the MST by averaging both triads. However, the LDEM rst needs to estimate a
provisional twist angle ( 9 that will support the evaluation of the correct twist ()
when it is greater than 180 degrees. To this end,’is obtained as:

o =arccos(’ 9°)
if (9'|0 910) 2mst < O |OJ <0 (2.39)
if (9|0 9]0) Znst > 0 |OJ >0

54



2.2. THE LENGTH-DEPENDENCE ELASTIC MODEL (LDEM)

The twist angle ; is calculated by summing the provisional twist angle with the
number of turns N that were covered by the previous twist angle j; 1:
g = it N2 (2.40)
After, we can calculate how many half turnsN ° the molecule has covered from bp
i to bp j:

NO= 1 (2.41)

Notice that N °is an integer, and now we can use it to calculate the rest of the MST
components:

Rust = 2 (4 %) (D) (2.42)
Pt = 591+ 3) (D 243)

This operation is equivalent to rotating the x and y axes by half of the twist an-
gle. Figure 2.4d shows a visual representation of the twist angle calculation, where
the number of half turns between bpi and j is being considered, and the} s /4mst
point towards half of the twist angle. Notice that the column vectors of thel,s are

[kmst ; 9mst ; 2mst]-

The position of the MST is then calculated as an average of the triads of bpand

Omst = O + G (2.44)

And similarly to the BSP process, the anglé between the RollTilt axis and the y
component of the MST (see gure 2.4e), is calculated as:

" =arccos®  Ymst)
if (B Pmst) Znst <0 '< O (2.45)
if (I[t 9mst) 2mst > O; "> O

This angle ' is indirectly connected to the twist angle due to the fact that the
direction of ¥\,st depends on the twist angle, and the components of the bending angle,
tilt and roll are calculated through ' :

ij = i sin() (2.46)
ij = i cos() (2.47)

Roll and tilt angles point towards the grooves and backbone, respectively at the
position of the MST which is the molecular mid-point. Panels (f)-(h) of gure 2.4
show examples of the MSTX y components as well as positions, calculated from bp
separated by 4, 8 and 12 bp, respectively.

The rest of the translation variables in the BSP, are extended at longer lengths as:

55



2.2. THE LENGTH-DEPENDENCE ELASTIC MODEL (LDEM)

X 1
Xiy Yy Zigl=  [Xi Yi Zi] (2.48)
I
We refer to these three parameters as the added shift, added slide and added rise,

respectively. In the case of a double-stranded structure, the parameteis; [Y; Z;] =
[Dx Dy D,] correspond to shift, slide and rise parameters of bip(see equation 2.27),
while in the case of a single stranded structureXf Y; Z;] =[S Sy S;] correspond to
shear, stretch and stagger parameters of bas€¢see equation 2.16).

Then, the end-to-end distancel;; between bpi andj is simply calculated as the
distance between bpg and | :

L = Oj O (2 .49)

While the contour length is calculated as the sum of all the consecutive distances
that connect bpi to j:

X 1
Lt = Ows1 Ok (2.50)
k=i
The added parametersX;; Y;; Z;;] can be interpreted as the three pseudo compo-
nents of the contour length. Panel a) of gure 2.4 shows an ilustration of the end-to-end
distance (red line) and contour length (curved blue line) calculated between the two
bp represented as red blocks.

One of the limitations of the LDEM is that it cannot accurately measure rotation
parameters (; & ) at lengths in which 180. In these cases, the RollTilt
axis points towards the wrong direction, which results in an incorrect calculation of
twist, roll and tilt.

2.2.2 The length-dependent elasticity model of DNA

Given a structural variable X, uncorrelated to other variables and which distribution
of values spawns a Gaussian distribution, the corresponding elastic const&ntcan be
calculated from its varianceV ar(X) [114,116]:

1
K = kBTle(X) (2.51)
Here, b= 0:34 nm and corresponds to the average bp rise in B-DNA [140], ahd
speci es the length of the oligomer in base-steps, which ranges from 1 to N-1 bp, with
N being the number of bp in the molecule. Notice thabl indicates the length of the
oligomer in nm.

In the LDEM, the exibility of NA is evaluated by four elastic parameters. The
stretch modulus measures the resistance to stretching deformations and is evaluated
through the variance of the end-to-end distanck (see gure 2.5b). The twist modulus
guanti es the resistance to deformations along the twist angle ( gure 2.5c), while the
bending deformations are quanti ed through the two bending components, tilt and
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Figure 2.5: An elastic rod representing the four type of deformations in the LDEM.
The stretching, twist, and two bending deformations of the rod, are characterised by
changes in the structural parameters of the end-to-end distanceL, twist angle ,

tilt angle and roll angle , respectively. Structural changes of the rod are colored
in blue, while the direction of the deformations are drawn as red arrows.

roll  to account for the bending anisotropy [98] (see gure 2.5d-e). However, these four
structural variables (L; ;; ) are non-orthogonal. The LDEM addresses this issue by
calculating the covariance matrixV of the four structural parameters, then replacing
the fraction in equation 2.51 with the inverse of the covariance matri¥ ! to obtain
the elastic matrix F [118]:

F=kgThlV ! (2.52)

The reasoning behind this approach, is that the diagonal components f ! are
equivalent to the reciprocal of the partial variances 3V ar,(X ), and the partial vari-
ancesV ary(X) measure the residual variance oK after removing the linear e ects
caused by the other variables itV [114,166]. Hence, the diagonal elements©fcorre-
spond to the four elastic constants without the contributions of other variables, while
the non-diagonal elements correspond to the coupling terms between the elastic vari-
ables.

Therefore, for every sub-fragmenk composed of + 1 bp, an elastic matrix Fy. is
calculated:

2 3
Bk Dy Hy A N =By
_ Dy Cx Gy A =G
Feg = Hy Gy A A=A (2.53)

Ax=B Ax=CG Ax=Ax  Ax

Notice that each element of matrixFy. is calculated with equation 2.52 and derived
from thermal uctuations of bp (the variance and covariances of structural variables).

Here, the diagonal components correspond to the stretch modulBs twist elastic
constant C, roll and tilt elastic constants A & A ; and the o -diagonal components
correspond to the elastic couplings being twist-stretch, roll-stretch H, twist-roll G,
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Figure 2.6: Representation of the twist modulu€ as a function of length as observed
in [114]. The curve reaches a plateau around 11 bp (oligomer composed of 12 bp) which
is approximately the length in which a DNA turn is completed.

tilt-stretch A =B, tilt-twist A =C and tilt-roll A =A .

Each of these elastic parameters highly depend on the temperature at which the
simulation production time was executed (see equation 2.52), and in the MD simula-
tion conditions such as ion atmosphere [9,52,169], force elds [63] (parametrization of
MD simulation) and the overall quality of the MD simulation.

One of the limitations of the LDEM is that the validity of the model can only be
achieved when the analysed DNA is weakly deformed as analysing systems in which
the DNA is severely deformed might yield untrustworthy exibility estimations as the
system might not comply with the harmonic approximation [118] (see equations 2.51
& 2.52).

Lastly, notice that the matricesV and F are real symmetric matrices.

2.2.3 Estimation of the twist elastic constant

The twist elastic constantCy, of a particular sub-fragmentk, corresponds to a diagonal
element of matrixFy,,. The LDEM calculates the twist elastic modulusC, as a function
of length | as an average of all sub-fragments composed of the same number of bp
|+ 1.

1 X«
C=— Ck (2.54)
L

whereny is the number of sub-fragments composed lof1 bp. Then, the bulk elastic
constant C that globally quanti es the molecule resistance to torsional deformations is
calculated as:

c= (2.55)
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Figure 2.7: ldeal representations of the curves observed in [114] to obtain estimations
of the persistence length. (Top panel) Linear ts of equations 2.57 2.58 2.59, where the
black line corresponds to the directional decay of tangent-tangent correlations, and the
blue line represents the linear t. (Bottom panel) Second estimation of the dynamic
persistence lengthAJ as a function of length. The curve reaches a plateau around 11
bp (oligomer composed of 12bp).

whereN, <N, N. The LDEM suggests that the lengthN, should be of at least
11bp (N, = 11), which corresponds to the length of oligomers composed of 12bp. The
reasoning behind this length selection is because in the study [114], they observed that
the transition from local to global elastic behaviour occurs within one helix turn, then
for longer lengths the molecule would behave as an elastic rod with the twist sti ness
constant. Hence only oligomers of at least 12bp of length should be considered to
capture most of the bulk behaviour (see gure 2.6). Notice that the analysis in [114]
was performed for naked DNA molecules, hence equation 2.55 wiNh = 11 is ensured
to work for free DNA.

2.2.4 Estimation of the bending persistence length

The LDEM estimates the persistence length using two methods. One of the methods
consists in obtaining the bending persistence length as a linear t of the directional
decay. According to the worm-like chain model (WLC) [153], the orientation of the
polymer is quanti ed through the directional correlation of two tangent vectors sepa-
rated by a discrete lengthbl, which decays exponentially with decay constant=A:
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bl
<2 2 >=<cos >=exp A (2.56)
Where b= 0:34 nm is the average bp rise in B-DNA, andl is the oligomer length
in bp units. Then, expanding the cosine component of the equation into a Maclauren
series of degree two and expanding the exponential component as a power series of
degree one, we obtain the following equivalency [114]:
1 bl
t2a b A
This equation is a suitable approximation when applied to sub-fragments shorter
than the DNA persistence length, since at greater lengths, the tangent-tangent corre-
lations would decay in a exponential form rather than linear.

(2.57)

It was previously observed that local tangent correlations do not decay uniformly
as the length increases, and that they present oscillations with a period of approxi-
mately one helical turn (see top panel of gure 2.7) [114]. In fact, it was observed
that the directional memory is lost faster for oligomers with lengths between and
n+ % turns than oligomers with lengths betweem + % and n + 1 where they be-
have as sti er polymers. The LDEM is capable of obtaining the persistence length
through a linear t of equation 2.57 where the periodicity is Iltered out (see gure 2.7).

The persistence lengthA from equation 2.56 is usually referred to as the "apparent
persistence length”, as it can be partitioned into two quantities: the static persistence
length A originated from the DNA intrinsic shape, and the dynamic persistence length
A4 caused by the DNA sti ness [104]. Following this idea, the quantit 2> has a
static and dynamic contribution, which are linked through< 2>=< 2> + < 3>,
being < 2 > caused from random sequence-dependant static bends and 3 >
is originated from thermal uctuations. The static bends< 2 > can be obtained
through the average structure while the thermal components 3 > can be obtained
after subtracting the static component< 3>=< 2> < 2> Putting these terms
in equation 2.57, the static and dynamic components of the bending persistence length
are obtained through linear ts of the following expressions:

1 bl

1 = 2 1 — 2.58
2 S As ( )
1 |

123 1 Ab—d (2.59)

The top panel of gure 2.7 shows an ideal representation of the linear ts of equa-
tions 2.57 2.58 2.59 as observed in [114], where the black line represents the left hand
sides of the equations, and the blue line represents the tted line.

Once that the static and dynamic persistence lengths have been obtained, they can
be mixed into A with [104]:

= =+ (2.60)

1 1
As Ad

|-
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The resulting A, should be compatible with the persistence length obtained through
the linear t of equation 2.57.

The second method for estimating the persistence length relies on the inverse-
covariance analysis, which provides the opportunity of calculating a second estimation
of the dynamic persistence lengtiAS. The tilt (A ) and roll (A ) elastic constants
can be combined to obtain the dynamic persistence length of fragmet

1 1 1 1
— = 4+ 2.61

Then, the dynamic persistence length at lengthcan be obtained through an average
of all oligomersk with same lengthl:

0 1 X
Agy = n Adx (2.62)
K k=1

Finally, the second estimation of the dynamic persistence length is obtained through
an average from lengthN, to Ny

AO—)tdb Ad 2.63
4= N. N. (2.63)

The bottom panel of gure 2.7 represents the ideal curve that spawns§ as a
function of length. Similar to the twist curve (gure 2.6), AJ presents a plateau at
| = 11bp indicating that the bulk behaviour has been reached. Due to this fact, the
LDEM suggest to setN, = 11bp. Since this method only takes into account the par-
tial variances of tilt and roll (1=V ar,( ) and 1=V ar( )), the linear e ects of twist
and the end-to-end distance ( and L) are removed resulting in a sti er estimation
of the persistence length compared to the one obtained through the linear AQ > A 4).

The persistence lengthA, and both its static A and dynamic Ag contributions
can be easily estimated from ensembles obtained by numerical simulations and using
equations 2.56, 2.60 & 2.63. The persistence lengthcan be extracted experimentally
with the WLC model (from equation 2.56) using single molecule techniques such as
cryo-EM [10], AFM [103] and optical/magnetic tweezers [9, 56, 85, 165], and is esti-
mated to be around 50nm. However, it is experimentally challenging to estimate the
dynamic Ag/ AJ and the static As contributions as in vitro experiments su er from
limited sampling. The dynamic persistence length have been estimated experimentally
from intrinsically straight DNA sequences, where the apparent persistence lenggh
should be approximately equal to the dynamic persistence lengthy (because £Ag
from equation 2.60 is small) [10]. Nonetheless, cryo-EM experiments in combination
with MC simulations have managed to estimate the three quantities of a natural DNA
sequence (phage lambda DNA), witlA = 45nm, Ag = 130nm and A4 = 80nm [10].

Lastly, bulk elastic constants of tilt A and roll A can be similarly obtained through
averages:
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Figure 2.8: (a) The top graph shows the stretch moduluB as a function of length,
where the red region indicates the length of oligomers that are included in the global
stretch calculation obtained through the linear t of the partial variance of the end-to-
end distanceV ary(L) shown in the bottom graph. (b) On the left the average structure
of a 42bp DNA and on the right the stretching mode that causes end-e ects resulting
in an apparent softening in the stretch modulus curve.

Xb A .
A= 1 .
NN (2.64)
I=Na
X A
A = i 2.65
I=Na Nb Na ( )

Where A, and A, have previously been calculated by an analogous of equation
2.62.

As stated by Marko and Siggia [98], we can only consider the asymmetry between
the minor and major grooves in the calculation of the dynamic persistence length
through the introduction of the twist-roll coupling G in equation 2.61 [111,142]:

1 1 1 1

- = — + 2
Ag‘ok 2 A;k A;k GE=Ck ( 66)

WhereAg?k is a estimation of the persistence length of oligomdrwhere the e ect
of twist has been speci cally removed.

2.2.5 Estimation of stretch modulus

Similar to the twist, roll and tilt elastic constants, the stretch modulusB at length |
is calculated as an average over oligomers madel ef1 bp:
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B| - — Bk (267)

In contrast to the twist elastic constantC and the second estimation of the dynamic
persistence lengthA (see gures 2.6 & 2.7), the stretch modulu8 does not tend to a
plateau. Instead, the stretch modulus follows a complex behaviour (see the top graph
of gure 2.8a): it rst hardens due to the prevalence of strong base stacking interactions
on oligomers shorter than 9bp, then it presents a rst softening due to the coordinated
motion of base pairs in oligomers of 6-11bp of length, and then it presents a second
softening due to extended end-e ects that act on at least one helical turn of each end
(see gure 2.8b) [114]. To overcome these di culties, the LDEM relies on the partial
variance of the end-to-end distance\( ary(L)) as a function of length. To Iter stacking
interactions and end-e ects, central oligomers longer than 9bp are considered in the
linear tof Var,(L) (see bottom panel of gure 2.8a).V ar,(L) increases exponentially
as the length increases, indicating that the stretch modulus would be close to zero at
longer lengths, but the t forces a plateau in which the stretch modulus would converge
after Itering the stacking interactions and removing the end-e ects. Thus, through
the linear t of the partial variance, the global stretch modulus is obtained.

2.2.6 Error estimation and con dence levels of elastic con-
stants

The processes described in this section are not part of the LDEM [114] but they are
implemented in the SerraNA program (see results 4) to estimate errors and establish
con dence intervals of the calculated DNA elastic constants. Given a random variable
X, with multiple n observationsxi; X»; Xs; :::X,, the standard error on the means, is
calculated as [3]:

S= P (2.68)

where , is the standard deviation andx is the mean of variablex. The standard
error on the means, also known as the standard error, which tells us how accurate is
the estimation of the meanx.

Returning to the LDEM model, the global elastic constants of twistC, tilt A ,
roll A and the dynamic persistence lengti & AS%are calculated through averages
over a range of lengths (from equations 2.55, 2.64, 2.65, 2.63 & 2.66, respectively),
hence to quantify the accuracy of these estimations we use equation 2.68 to obtain the
corresponding standard errors, where the sample size is the range of lengths in which
the means were obtainesh = N, N,. Notice that these ranges might di er between
elastic constants.

It is worth mentioning that the cause of randomness considered in the structural
parameters are due to thermal uctuations, however, the number of random observa-
tions taken for the estimation of bulk elastic constants are elastic constants measured
at distinct lengths |I. Hence, the estimated bulk elastic constants are elastic constants
averaged across multiple length-scales determined by the rand& [Ny]. These ranges
must be carefully chosen as the elastic constants mainly present two distinct behaviours:
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one at short length scale$ < 11bpand the other one when bulk exibility is reached
at| 1lbp(see the torsional stinessC as an example 2.6). Because the magnitude of
elastic constants at lengths in which bulk exibility is reached is so similarl( 11bp),

it is recommended that the range Nl,; Np] is set within this behaviour. Calculating
elastic constants over lengths which cover both length scales would result in a greater
standard error s,, which would indicate a low accuracy in the estimated elastic con-
stant.

For the parameters obtained through a linear t, we need to follow a dierent
procedure to estimate their accuracy. Givem data pairs of observationsX;;y;), their
relationship can be described by the following simple model [18]:

Vi X+ (2.69)

where and correspond to the intercept and slope of a ling = + x and
i corresponds to the error/residual component, which in other words is the distance
between the line and the coordinateX;;y;). In a simple linear regression or linear
t, the objective is to estimate the parameters and that provide the best t, so
the tted line minimizes the sum of squared residuals. Implementing a least-squares
approach, we construct the following objective function [128]:

: :)@ 2:)@ A )2
2 )= (i X i) (2.70)

Then, the objective is to minimizeZ by varying both two parameters (@Z=@= 0
& @Z=@= 0). The solutions to this minimization problem is:

=y X (2.71)
_ Cov(x;y)
=TV (2.72)

wherex & y are averagesy (X) is the variance ofx and Cov(x; y) is the co-variance
of x andy.

To measure the accuracy of both estimated parameters, we can use con dence
intervals [18]. Assuming that the residuals; are normally distributed, we can construct
the t-value t, , which has a Student's t-distribution with n 2 degrees of freedom.
This t-value is used to construct the following con dence intervals at con dence level

@

2 [ o+ ] (2.73)
2 o+ ] (2.74)
where =st, ,& =st, ,. Here,t, ,isthe (1 =2)-th quantile of the

Student's t-distribution t, ,, and parameterss & s are the standard errors of the
intercept and slope :
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U
1 X
s = sy o Xi (2.75)
i=1
> LP_”l.Z
= P = 2.7
° YL (279

Returning to the LDEM, the stretch modulus B is obtained through a linear t of
the partial variance of the end-to-end distance/ ar,(L), hence the partial variance as
a function of length is approximated by:

Varp;|(|_) = g+ sl (277)

where g istheinterceptand g the slope. Assuming that the intercept is very close
tozero ( g 0) and using the diagonal component of equation 2.52 that corresponds
to the end-to-end distance, we get the global stretch modulus:

_ksTh
B

To quantify the accuracy ofB, the con dence interval of g cannot be directly used

since the relation betweerB and g is not linear (y = f (x)). In other words the error

does not propagate linearly and the uncertainty/error y can be approximated by [70]:

_ @lx)

@x

and then, the uncertainty of the stretch modulus is measured by the con dence
interval:

B

(2.78)

(2.79)

B = kBIb 5 (2.80)

B
In the case of the estimation of the bending persistence length as well as its
static As and dynamic A4 contributions, the linear t has an additional condition. At
length zero ( = 0) the tangent vectors 2 are parallel, hence the directional correlation
is exactly onez* 2 = 1. Thus, the tis forced to pass through the y-axis at 1, or in
other words the intercept is set to = 1. Consequently, when minimizing the function
Z the slope of the linear model becomes:

_ hxyi h xi
a3
where the symbolshi indicate averages. Then, equations 2.57, 2.58. 2.59 are ap-
proximated by the linear model:

(2.81)

5 _ bl

1
1 5 f =1+ =1 ¢ (2.82)
1 bl
1 E §;| =1+ ASI =1 A—S (283)
1 bl
1 > 5o=1+ A l=1 A (2.84)
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Then, isolating the persistence length#; Ag; Ay we get:

A

A= P (2.86)
As

A= P (2.87)
Ag

Similarly to the stretch modulus, once obtained the con dence intervals of the
slopes , the expression 2.79 is used to obtain the uncertainty in the estimations of
the persistence lengths in terms of the con dence intervals:

A= 32 N (2.88)
A

Aoz 2 (2.89)
A2
b

Ay = N (2.90)

A

an

These are the methods for performing simple linear regressions and obtaining the
corresponding con dence intervals to quantify the accuracy of the estimated parame-
ters.

2.3 WILINE Molecular Contour

The molecular contour of a NA molecule is described by a set of points that each
represents a bp position. There are multiple de nitions of the molecular contour, and
softwares such as 3DNA [90,91] and CURVES+ [76] are able to calculate the molec-
ular contour from MD simulations of DNA. However, these molecular contours fail to
capture the global shape of the molecule as they present a local periodicity that im-
pairs measurements of writhe. The WrLINE method/software [150] o ers a solution to
this problem, where it Iters out local irregularities by implementing a sliding-window
averaged over individual DNA turns, resulting in a smooth molecular contour without
the helical periodicity providing more accurate estimations of Writhe. WrLINE was
developed by Sutthibutpong, Harris, and Noy published in [150], and it was rst devel-
oped with the objective to provide better estimations of writhe. In this thesis project,
the WrLINE molecular contour is utilized to calculate global measurements of DNA
that can be compared with images from AFM experiments. In this section we brie 'y
review the WrLINE method with its original nomenclature which is independent of the
rest of the content of this thesis.

A schematic description of the WrLINE method is shown in gure 2.9, where the
DNA molecular contour is de ned as a set of position vector; associated with thei
bp step, where the main idea is to smooth the local irregularities froiy by averaging
a helical turn around bp stepi. The method begins by de ning a midpointt; that is
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obtained by averaging the positions of C1' atoms of the four bases (A, B, C, D) that
compose the bp step (see gure 2.9c):

tcioa + Foiog + Feroc + Foio
ci1%A c1%B i ci1%c c1%D (291)
where fc 04 iS the coordinate of the C1' atom in base A. A-B forms a bp and its
position is at the middle of the line that connects the C1' atomsag = (fcioa +
tc10g)=2. Both +a5 and +c.p are used to de ne a local helical axig (see gure 2.9a):

‘F—IZ

2= tan  fop (2.92)

The helical axisz de nes a perpendicular planeZ (see gure 2.9b). The vectors
yas and ¥c.p point to the C1' atoms of bases B and D from the midpoint; (respec-
tively). These two vectors are then projected to the plan& (¥as.z & ¥c.p.z) and the
angle between them is precisely the twist anglg (see gure 2.9b):

i =arccos(yag:z ¥cp;z) (2.93)

Then, for smoothing the helical periodicity these twist angles; are used to con-
struct the |, parameter de ned as a sum of (&) twists around bp stepi:

xXn

m= i (it i« (2.94)
k=1

where the integerm is chosen so that ,, is approximately a complete turn:

Here, . can be written in terms of , 1:

m= m1t(i+m* i m) (2.96)

A weighting factor w is then introduced to force the condition ,, =2 , wherew
acts on the two ending bp steps:

2 = m1tW(istt im) (2.97)
And solving this last equation we get the value oiv:
2 2
w = m = L (2.98)
i+m i m m m 1

Finally, each bp stepi is associated with the position vectof; which is obtained as
an average of the (Bh + 1) midpoint positions + around bp stepi, where the weighting
factor w acts on the ending bp stepsf{.m & f+m) (See gure 2.9d):

|
1 X 1 '
= W i+ WEem+ 5 m)+ k:1(‘|°|+k"“|°| k) (2.99)

lf

The complete set of pointdy; represents the DNA molecular contour. This molec-
ular contour passes through the center line of double stranded DNA, where the local
irregularities caused by the helical periodicity have been lItered.
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2.3. WRLINE MOLECULAR CONTOUR

Figure 2.9: Visual representation of the WrLINE molecular contour. (a,b) Bases A, B,
C, D with their respective C1' atom coordinateso. Base-pair coordinatesag & fc.p

de ne the local helical axisz which is normal to the planeZ. The twist angle ; is the
angle between the vectorsag .z & ¥c.p:z that point to C1' atoms from the midpoint

+ on the planeZ. (c,d) Side views of a helical turn represented by a cylinder, with
all the midpoints (black dots), bases on each strand (red and blue), bases in current
iteration (green and yellow) and anking midpoints ., & ¥  which are weighted
to correct the excess of twist in j+m & i m. The molecular contourh; (red cross) is
obtained by averaging the midpoints over a complete turn.
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2.4. PLANE FITTING

2.4 Plane tting

In this section, the mathematical tools for tting a plane to a set of coordinates is
provided. To nd the plane that best ts a set of 3D coordinates composed o
elements and expressed in matrix fornX with dimensions 3 N centered at the
origin, it is necessary to minimize the squared sum of orthogonal distance@) from
each elemeni to the plane [2]:

X\l 2
()= (X 2= XTA (2.100)
i=1
where the unit vector it is normal to the plane. Matrix X can be factorised by
implementing singular value decomposition (SVD) [46]:

X = UsVv’ (2.101)

Here, U and V are unitary matrices of dimension 3 3 andN N respectively.
Given that X is a real matrix, U and V are real orthogonal matrices, which have the
property of UUT = UTU = | , wherel is an identity matrix with same dimension
as U (the same case applies t&). Sisa 3 N rectangular matrix, where all of its
o -diagonal elements are zero, and some of its diagonal terms are non-zero and are
called “singular values' ; of matrix X. Using the SVD form ofX 2.101 in equation
2.100 we get:

()= vsSUTA ? (2.102)

And STUTA can be written in the form of:

1 N
>0 A
303 A

P=S"U'n= 0 (2.103)
0

The resulting vectorP has a dimension o, with the particularity that only three
elements are non-zero. The unit vectors &re the column vectors that compose matrix
U. Taking advantage thatV is an orthogonal matrix with the property of kV & = kzk
8 2 RN and pluggingP in equation 2.100, we get:

2
()= VP =P = 09 n)2+ 303 A2+ 303 NZ+0+ +0 (2.104)

Given that vectors ) form an orthonormal basis forR, the normal vectorr can be
expressed as a linear combination @f "

i = a0 + axls + azliz (2105)

P
And given that fi is unitary, then the sum of projections is equal to one (; g =1).
Since all singular values are positive; > 0, then the following equation must be true:
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2.5. JACOBI ALGORITHM

t(y= xTa? 2 (2.106)

where ; corresponds to the minimum singular value oK. In other words, the
distance' () is minimized whenr* = 4;, being u; the eigenvector associated with
eigenvalue ;.

These set of equations show that for nding the plane that best ts a set of coor-
dinates X, it is enough to implement a SVD decomposition and nd the eigenvalue
matrix S and eigenvector matrixU. In practice, it turns to be dicult to nd the
SVD form of X since it is a non-square matrix. The covariance matriXX ' is a real
symmetric matrix and therefore diagonalizable which is also associated wighand U:

XX T =(USV)(VSUT)= USSTUT = US?U™ = USU’ (2.107)

Note that the identity VTV = | was used and thatS°= SS™T = S?2isa3 3
square matrix where its diagonal is composed by the squared eigenvalugsFrom this
last expression, matrices) and S° can be approximated by implementing the Jacobi
algorithm, which is used for calculating the eigenvalug/ and eigenvectorG matrices
of a real symmetric matrix M with the form M = GWG' (see section 2.5). Then,
equation 2.107 can be solved by implementing the Jacobi method, whé&reorresponds
to a 3 3 orthonormal matrix calculated from a series of rotationd) (see equation
2.112) andS® would be approximately diagonal. OnceJ and S° are calculated, the
plane that best ts X with normal vector A would correspond to the column vector of
U with the corresponding minimum eigenvalue;; .

2.5 Jacobi algorithm

The Jacobi algorithm is used for the diagonalization of matriXM [124]. The Jacobi
algorithm consists of an iterative process that aims to factorise matrid into the form:

M= GWG' (2.108)

whereW is a real symmetric matrix andG corresponds to a Givens rotation matrix
with the form:

2 3
1 0 0 0
0 cos sin 0
G(@i )= §: P : (2.109)
0 sin Ccos 0
0 0 0 1
Here both indicesi & j are xed andi >j . ElementsG;; = G;; = cos( ) and
Gji = Gj = sin . The rest of all other diagonal elements are equal to one and

all o -diagonal elements are equal to zero. Then, the Jacobi algorithm consists of
performing several rotations with the aim of eliminating the o -diagonal elements of
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2.6. PRINCIPAL COMPONENT ANALYSIS (PCA)

W until it is approximately diagonal. The algorithm is initialized with W = M, and
before constructing matrixG, the angle is de ned as:

-1 arctan 2Wij
2 Wi Wi
whereW;; corresponds to the o -diagonal element with the largest absolute value.
In the case thatW;; = Wi, then:

(2.110)

=2 (2.111)

The process nishes whenVV becomes approximately diagonal and the diagonal
elements of W are precisely the eigenvalues of matrisM. The eigenvectors ofM
correspond to the column vectors of matrixJ, which is de ned as them rotations
performed in order to diagonalizeV:

yn
U= Gs(isijs; s) (2.112)

s=1

Notice that eachGg is a Givens rotation matrix.

2.6 Principal Component Analysis (PCA)

Principal Component Analysis (PCA) is a popular technique for capturing the essen-

tial modes of molecular systems typically obtained by MD simulations. The technique

focuses on obtaining and selecting the minimum number of eigenvectors that explain
the maximum amount of system variance. This allows to greatly compress the trajec-
tory size, where a few essential modes recreate most of the original trajectory without
a ecting the overall behaviour.

Given a MD simulation of N atoms andK frames, the 3N 3N covariance matrix
V is calculated. Then,V is diagonalized in order to obtain the corresponding eigenval-
ues and eigenvectors. The eigenvectors are the essential modes, and their associated
eigenvalues are the quantities that explain the amount of system variance. The total
amount of variance is obtained by summing all the eigenvalues. Once the eigenvectors
and eigenvalues have been obtained, the coordinat€g at frame k can be written in
terms of their principal components as a linear combination:

X = P+ Pee+ Pees+  t et A (2.113)
where g is the eigenvector of modg, p{( is the projection of modej on frame k

and A is the average structure. Note that each frame of trajectorX is described as a
vector of dimension Bl and therefore, there exist Bl principal modes.

We use PCAsuite [138] to perform PCA to a given trajectory in which it then sorts
the essential modes according to the amount of variance they contribute to the system.
Usually, just a few essential moded/1 are responsible for most of the trajectory’s
dynamics. Then the trajectory can be rebuilt using any modg (1 j M) as:

Xl =pg+A (2.114)
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2.6. PRINCIPAL COMPONENT ANALYSIS (PCA)

Similarly, we can rebuild the coordinatesXy using a combination ofM modes
((FHPHERSIVD

X = pie, + P, + pie, +  +ple, +A (2.115)
Lastly, the percentage proportion of system variance, explained by eigenvector
can be computed through the related eigenvalue:

= P (2.116)
j=1 i P
where N is the number of eigenvectors. Notice that j321 j corresponds to the

total system variance.

2.6.1 Comparison of principal components

One of the main applications of PCA is to compress a trajectory to a certain fraction
(percentage) of its original size, by calculating the essential modes that capture most
of the system variance. However, the technique has also been used in the past to study
the nature of the principal modes [39,116]. Following the procedures of Noy et al. [116],
the principal modes of two structures can be compared between them through their
dot product ( ):

uw =8 & (2.117)
where€" corresponds to the eigenvectadr of structure U .

One of the main aws of the previous equation is that both structures require to
have the same number of atoms. Notice that even if A and B have the same number
of bp, their number of atoms could still be di erent due to their sequences. To allow
the comparison between two structures U and V with same number of bp and not
necessarily same sequence, we propose the following pre-process:

A

For both U and V, atoms that do not form part of the DNA backbone are
removed. This ltering is performed to both average structuresAY & AV) and
eigenvectors. This pre-process ensures that all mathematical objects have the
same dimension.

A 3x3 rotation matrix ( RY)) is calculated from the average structure. This rota-
tion matrix minimises the root-mean square (RMSD) in 3D space when taking
the average structure of U as reference and rotating around the average structure
of V.

Each eigenvectorqV is then rotated in the 3D space by applying the rotation
matrix R} to it.

Because elements were removed from each eigenvector, they are no longer nor-
malised. Therefore, we re-normalise each of the eigenvectors once mipeg € 1).

After this pre-process, the essential modes of two structures with the same number
of bp can be compared using equation 2.117.
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2.6. PRINCIPAL COMPONENT ANALYSIS (PCA)

It is worth pointing out that if we were to rebuild the trajectory using this method,
we would lose valuable structural information as only the backbone atoms would re-
main, and it would not be possible to calculate parameters such as BPP, BSP and
LDEM related variables. However, the primary objective of this pre-process is not to
reconstruct trajectories or extract the aforementioned parameters. Instead, it serves
as an approximation that facilitates the comparison of two principal modes calculated
from DNA structures with the same number of base-pairs but di erent sequences.
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Chapter 3
SerraLINE

Synopsis

SerraLINE is a program we developed for the analysis of MD simulations. Ser-
raLINE uses the molecular contour calculated by the WrLINE program to calculate
bending angle distributions at di erent lengths. Additionally, the program can project
the molecule to a plane and calculate global quantities like the aspect ratio or deviation
from planarity that can be used to directly compare with single molecule experiments
such as AFM, where the molecules are visualised in a 2D plane. In this chapter, we
present the proceedings and general work ow followed by SerraLINE as well as results
that have been obtained with the program and have been proven to be extremely use-
ful in the analysis of supercoiled DNA. By comparing the results of distinct levels of
supercoiling in DNA minicircles with corresponding AFM experiments, we successfully
studied the response of DNA to torsional stress. The remarkable agreement between the
computational and experimental approaches underscores the signi cance of developing
computational tools for the comprehensive analysis of DNA simulations and experi-
ments. Furthermore, our multi-approach analysis using SerraLINE has provided novel
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insights into the structural response of DNA when subjected to DNA supercoiling,
which has great biological relevance in essential processes such as DNA packaging.
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3.1. TANGENT VECTORS

(a) Tangent vectors at resolution d = 1. (b) Tangent vectors at resolution d = 3.

Figure 3.1: Representation of the direction of tangent vectors (black arrows) assigned to
each bp (black squares) constructed with 2 di erent resolutiond, where the red curve
represents the molecular contour. The magnitude of tangent vectors are exaggerated
in (b) for visualisation purposes, but they are normalised in SerraLINE (see equation
3.1).

3.1 Tangent vectors

Given a snapshot of a molecular contouX represented as a 3N matrix and composed
of N bp where each element represents a bp with coordinatess, SerraLINE assigns
tangent vectorsf} to each bp to describe their direction (see gure 3.1). These tangent
vectors are parallel to the line that connects bp with the bp at index i + d:

£ = (Xi+d %) (3.1)
L (%ied %]
where,d is the resolution of the tangent vectors (in bp steps), which can be adjusted
in order to mimic experimental techniques such as AFM. Notice that whed = 1, the
vectors are approximately tangent to the molecular contour as shown in gure 3.1a.

3.2 Bending angles in 3D space

Once tangent vectors are assigned to each bp, SerraLINE proceeds to calculate the
bending angle of every possible oligomer whose length is composeldtdf bp, where
ranges from 1 toN 1 bp. SerraLINE calculates the bending angle between bgand

j in 3D space as:

ij = arccos fi fj (3.2)

Figure 3.2 shows a 2D representation of two bending angles being calculated at two
di erent length-scalesl. SerraLINE calculates bending angles at each time frame and,
then, it computes averages and standard deviations for each oligomer formed. Finally,
these quantities are written in an output le.

3.3 Plane projection

Similar to single molecule techniques where molecules are projected and visualised in
a 2D space, SerraLINE can project each trajectory fram¥ to the plane that best

ts the whole structure, or to a substructure Y indicated by the user and composed of
Ny bp. The coordinates of the substructureél are made out ofX , and its number of
points needs to be higher or equal than 3 bgN( Ny  3) in order to perform the
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3.3. PLANE PROJECTION

Figure 3.2: Representation of bending angles calculated for a structure at two di erent
length scaled, one at 6 bp and the other one at 3 bp. In this example] = 1.

tting process.

The tting procedure consists of two main steps: a global plane is rst calculated,
and then the structure is projected onto it. To calculate the global plan&, SerraLINE
rst translates each coordinate; of the input trajectory, so the substructureY is
centred at the origin:

%= % € (3.3)

o=y < (3.4)

where X % is the translated structqu with coordinatesx; © Y©° the translated sub-
structure with coordinatesy; ®and €=, ¥%=Ny.

Once the whole structureX ° has been translated, by following the methods in sec-
tions 2.4-2.5, SerraLINE ts a plane to the selected substructur¥® which can be the
whole structureY = X or a part of Y  X. As a result, the normal vectorny that
de nes the planeG that best ts coordinates Y is calculated.

The nal step of the tting process consists in projecting the whole structurex °
to the just calculated planeG:

0 ’Xio r;‘G
kAgk?

where the structureZ is the projected structure with coordinatesz. Notice that
in equation 3.5, a component normal to the plane is being subtracted.

Z = % gl (3.5)

Figure 3.3 shows two examples of plane ttings witly = X (top panel) and with
Y X (bottom panel). For both cases, the same tting process is applied and in
either caseY X.

77



3.3. PLANE PROJECTION

(a) Global plane tting

(b) Speci c region plane tting

Figure 3.3: The top gure shows a global tting, where a plane is tted to the whole
3D structure (in blue) and projected to a plane. The bottom gure shows the second
type of tting, where the plane is tted to a particular region (green) from the 3D

structure.
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3.4. COMPACTION MEASUREMENTS

3.4 Compaction measurements

Single molecule experiments such as AFM, are abl6e to visualise molecules in 2D and
often describe the observed shapes in terms of compaction parameters such as the
aspect ratio or the radius of gyration. The radius of gyration is a great tool for de-
termining the spread or mass concentration in a polymer, and can be calculated with
programs such as cpptraj which is a software for analysing MD simulations part of Am-
berTools [16]. However, even though the radius of gyration can provide information
regarding the compaction of structures, we consider it is not the adequate technique
for our case of study as we are interested in investigating how the shape of the DNA
changes at distinct levels of torsional stress. For this reason, we choose to use the
aspect ratio as the suitable technique for this thesis, as this parameter can be used
to describe the proportion of sizes of a structure. Nonetheless, we recognize that the
radius of gyration is a useful technique that will be worth adding as a new feature in
future versions of SerraLINE, as this will allow our software to provide a more complete
descriptions for the analysis of MD simulations.

Continuing with SerraLINE procedures, in the case that the structureX has been
projected forming Z, SerraLINE calculates compaction measurements such as the as-
pect ratio, width, height and deviation from planarity.

Being calculated the projected structureZ, SerraLINE rst nds the height axis
as:

f= 3 % (3.6)
17 3
where| and i, are the two elements whose separation is the largest in the given
time frame. In other words, the height axish is parallel to the largest distance inX .
In combination with the normal vector g, the height axis is used to de ne the width
axis v

w=hhg Hh (3.7)

The axis v is perpendicular tofi and lies in the planeG as well. Once these axes
have been calculated, heighH and width parametersW, which describe the sizes of
the box that would surround structure Z, are calculated as:

=& 2N h (3.8)
f
_ (B Z) W
W= R (3.9)

Here, i and j form the largest distance when projected ifi and p and g form
the largest distance projected inv’(see gure 3.4). Height and width have the same
distance units as the trajectory coordinates, which is usually angstron#s These dis-
tances, are also the sizes of a rectangle with the minimum area that can enclose the
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Figure 3.4. Representation of widthW (pink) and height H (green) calculated from a
structure (blue) projected (red) into the best tted plane (black grid).

projected structure Z.

Once calculatedH and W, the aspect ratioA is simple calculated as:

A = W=H (3.10)

This global geometric parameter is dimensionless and is particular useful since it
explains how rectangular a structure is, and can be compared with experimental results.

Besides, SerraLINE can calculate the deviation from planaritp) which we de ne
as the distance to the plane:

1 X (%9 Ng
p=~- X7 ¢ 3.11
N kngk? (3.11)

i=1

Notice that the translated structure X °is used rather thanZ, and each distance to
the plane is precisely the normal component of each bp coordinate® Another very
useful parameter to measure the planarity is the distance between the plane and the
farthest point in X ¢

%) N
Dmax = Max () Ne

i o (3.12)

wherex; °is the farthest element along the perpendicular componeniz?

Lastly, SerraLINE can calculate the relatives of distance® and D, With respect
the height parameterH:
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D= 100%5 (3.13)

Dnax = 100%% (3.14)

This measure is very important to support AFM experiments because it indicates
if the molecule will strongly be deformed from the fact of being in a 2D surface.

In general, these set of parameters allow us to globally quantify how compact and
planar a structure is, and are suitable for comparison with experiments.

3.5 Bending angles in 2D space

When the structure is projected into a plane, SerraLINE calculates the tangent vectors
fi using the same equation 3.1 but using the projected structui rather than X , and

in contrast of the 3D structure the bending angle is calculated di erently. Basically,
having the structure Z lying on a plane allow us to associate a directionality with the
bending angle. To de ne the direction of the bending angle between the consecutive
elementsi andj = i +1, we rst introduce the following vector T

b=f f (3.15)

Then, with the help of normal vectorry, we de ne the scalard:

d=D fg (3.16)

which allows us to add the directionality of bending angle;:

i =arccos ) if d O (3.17)
4 = arccosf ) if d< O (3.18)

In general,d indicates if bpi+1 is bent to the left or right of i, which is indicated by
the sign of ;. Once all consecutive bending angles are calculatdd=1), SerraLINE
proceeds to calculate the bending angle for higher lengths 1.

i = Kok +1 (3.19)

Notice that j = i+ | and that bending angles ;; have direction and can be greater
than 180. Figure 3.5 shows an example of 2D bending calculations, where bending
angles are rst given direction/sign at the lengthl = 1 bp (gure 3.5a), and then at
longer lengthsl > 1 bp (gure 3.5b). This is particularly useful for keeping track of
how many turns the contour travels, which can later be used to characterise important
events such as the e ect of supercoiling, protein binding, etc...
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(a) Example of a positive bending angle (j;+1) and negative angle (j; +1) taken from con-
secutive tangent lengthsfi=fi.; and fj ={j.1, respectively.

(b) Example of bending angles at longer lengthd > 1 bp, where the angle between bp and
j, is calculated as a sum of consecutive angles (see equation 3.19).

Figure 3.5: Visual representation of positive and negative bending angles in a 2D
plane at the lengthl = 1 bp (3.5a) and at longer lengthsl > 1 bp (3.5b), where the
contour almost completes a turn. Notice that for both examples, a bending to the left
corresponds to a positive angle, whereas a bending to the right to a negative angle.
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3.6 General work ow

Figure 3.6a) shows the general work ow, where the required input trajectory must
have an Amber crd format [16] or the format outputted by the WrLINE program [150].
SerraLINE can work without a topology le, but the sequence speci city is lost if this

le is not given, hence it is treated as an optional input. SerraLINE is separated into
two programs: a main program calledSerraLINE and a secondary program called
Extract . SerraLINE processes the inputs and calculates the 3D bending parame-
ters. In case that the projection method is selectedserraLINE calculates the 2D
bending angles as well as the compaction measurements and the projected trajectory.
The main programSerraLINE creates the output le SerraLINE.out, which contains
information regarding the structure, the selected method, compaction measurements if
it is the case, and bending angles sorted by length The secondary progranExtract

is used to process the bending angles, ltering them at a speci c lengthgiven by the
user. A le called subfragment$l.out is then created whose name depends on the input
length | and which is ready to be plotted.

The SerraLINE program comes with an example trajectory contour created by Wr-
LINE that corresponds to a 336 bp supercoiled DNA minicircle with 8 frames. Panel
b) of gure 3.6 shows the top lines of the output leSerraLINE.out, where informa-
tion regarding the system and user options (in this case, correspond to the projection
method and tangent lengths constructed from consecutive bp with resolutiah= 1) is
printed together with the averages and standard deviations of compaction and bend-
ing parameters. The width, height and aspect ratio shown in pandl) agree with
the shape of the projected structure (panet), where height is about 4 times larger
than width. The relative average of distances to the plane tells how planar is the 3D
structure compared to height, which for this trajectory has a value of:37% indicating
that the 3D structure is mostly planar throughout the simulation. Finally, paneld)
of gure 3.6 shows the plot of the bending angles at the lengtHs=1;6;11; 16, where
it can be seen that at the positions of 50 and 230 along the DNA, the bending angles
reach values higher than 60 These two highly bent regions correspond to the U-turns
shown in the projected structure of panet).

In general, the work ow of SerraLINE is really simple and easy to use, and pro-
vides the necessary tools for data analysis and visualisation which greatly facilitates
the interpretation of results. SerraLINE is written in Fortran and is a free access pro-
gram, which is available under version 3.0 of the GNU Lesser General Public Licence
at agnesnoy/SerraLINE GitHub repository. We chose this particular licence as it has
little restrictions and allows users as well as developers, to add and integrate software
components to their own libraries, and in the case of modifying SerraLINE, they are
required to publish their own modi cations under the same licence.

For detailed information on accessing and installing SerraLINE, please refer to
section E.1. Furthermore, speci c instructions detailing the usage of SerraLINE are
provided within its accompanying manual (see section F).

* https://www.gnu.org/licenses/gpl-3.0.en.html
» https://github.com/agnesnoy/SerraLINE
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Figure 3.6: (a) General SerraLINE work ow. (b) Information from the output le
SerraLINE.out created by the SerraLINE main program. (c) Projected molecular
contour. (d) Bending pro les at the lengths of 1, 6, 11 and 16 bp.
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3.7 Results and discussion

We now proceed to demonstrate the valuable that SerraLINE o ers by analysing a set of
MD simulations of DNA minicircles with di erent levels of supercoiling as well as di er-
ent lengths. This set consists of two DNA minicircles composed of 260 and 339 bp, and
the level of supercoiling is indicated by the linking di erence Lk beingQ 1; 2 and

0 1, 2 2, 3, 3; 6,respectively, where repeated numbers indicate replica simu-
lations. The results are compared with high-resolution AFM images of DNA minicircles
of 251 and 339 bp. Figure B.1 shows a visual comparison of the observed structures
from AFM and MD simulations, which demonstrates good agreement between the two
approaches and the variety of conformations adopted by supercoiled DNA. More in-
formation regarding the sequences and structures can be found in the sections A.1 & B.

In this results section we aim to study the e ect of negative supercoiling on the
structure/ exibility of DNA minicircles. We use SerraLINE to characterise bending
angles that correspond to B-form DNA as well as bends associated with DNA defects.
Compaction and planarity parameters were also obtained to study the DNA minicircles
overall response to negative torsional stress. This analysis supported the comparison
between AFM and MD and is published in [125].

3.7.1 Bending angles in negative supercoiled DNA minicircles

For measuring bending angles, we selected the maximum resolutiar1) for de ning
the tangent vectors (see gure 3.1a), and structures were projected onto the best t
plane to mimic the AFM 2D perspective to allow comparison between both approaches.

From analysing the curvature of both high-resolution AFM images and atomistic
MD simulations of DNA, we were able to determine the maximum bent that B-DNA
can sustain, being larger bends associated with disrupted DNA such as kinks, melt-
ing bubbles and other types of DNA defects. Regarding AFM, gure B.2 shows the
process for measuring bending angles, where red triangles indicate detected defects in
the double helix. Regarding simulations, bending pro les allow us to observe strong
bent regions and by visual inspection, we identify whether they are caused by the rup-
ture of the B-DNA structure, which are characterised by the lost of base pairing or by
a disruption to the base stacking (see gure 3.7). By analysing bending pro les, we
classify bend angles as defective DNA (red triangles) or B-DNA (blue circles), and by
comparing both AFM images and simulations, we see a clear cuto between the two
types, deducing that B-DNA can sustain bending deformations up to around 70 degrees
(74 in the case of simulations and 76 in the case of AFM, see gure 3.8) in regions of
approximately one and a half DNA turns of length (16 bp 5.3 nm). Assuming that
this is the maximum bend B-DNA can sustain, to loop a DNA (bend 180 without
causing defects, the minimum length required is 39 bp or 4 turns, which highly
agrees with results from coarse-grained simulations [100].

Figure 3.7 shows the bending pro les at the critical length of = 16 bp as well
as the average structures of three DNA minicircles of 339 bp with di erent levels of
supercoiling, where the zoomed regions provide visual representation of DNA defects.
The relaxed minicircle (see gure 3.7a) presents two high bends that are less than the
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critical angle (< 75) by preserving B-form [125]. The bending pro le of the minicircle
with 3 turns removed (gure 3.7b) presents three main peaks which are associated
with defects. The rst defect corresponds to a type Il kink [75] (zoomed in red around
position 50), which is characterised by the breaking of the hydrogen bonds of two con-
secutive bp and which bases are stacked on the 5' neighbour bases; the second defect
located around position 215 corresponds to a denaturation bubble with a size of two bp
(zoomed in red), in which the hydrogen bonds of the two bp are broken and each strand
becomes single stranded; and the third defect corresponds to a type | kink [75] located
around position 240 (zoomed in blue), where due to the strong bent the stacking in-
teraction is loss but the base-pairing remains (unbroken hydrogen bonds). Similarly,
the bending pro le of the minicircle with Lk = 6 presents multiple peaks ( gure
3.7c), where the high bends correspond to three defects, which are associated with
denaturation bubbles in which the base-pairs are ipped out of the duplex. All the
defects contain averaged bend angles that exceed the Zouto demonstrating that
they behave as exible hinges where the DNA can relax the accumulated bend and
torsional stress. These hinges/defects allow single helical turns to sustain bends of
180 agreeing with previous coarse-grained results [100].

Figure 3.8 shows bending angles &t= 16 bp for the whole set of 339 bp minicir-
cle simulations, where 10 high bent regions correspond to defective DNA while 23 to
B-DNA (31 and 5, respectively, in case of AFM). The highest averaged bend angle with-
out associated defects is 74purple dotted line) and is observed for the -3 topoisomer,
which is similar to the highest bend angle associated with B-DNA observed by AFM
being 76 (black dotted line). The averaged bend angle classi ed as B-DNA is 579 ,
while the averaged bend angle associated with DNA defects is 1282 , where in case
of AFM measurements correspond to 695 and 106 15, respectively. A tendency
observed is that increasing the level of negative supercoiling increases the magnitude
of bending angles, which then, combined with the untwisting of the double helix can
provoke DNA defects. These defects have been previously observed in small super-
coiled minicircles (60-100 bp) by MD simulations [75, 105, 151] and by experimental
approaches such cryo-electron microscopy [27,83] and biochemical analysis [35], where
enzymes were used to selectively cut disrupted DNA regions. More recently, supercoiled
minicircles of 336 bp were analysed by cryo-electron tomography [62], where enzymes
also probed the structures and detected defects in minicircles withLk = 2; 3; 6,
which agrees with our observations (see gures 3.7 & 3.8). Furthermore, we observe
that the onset of defectsisin Lk = 1, 2( 0:03 0:06), which is in the range
of the superhelical density in vivo ( 0:06) [57]. This indicates that in vivo DNA is
found in a negative superhelical state, which makes it relatively common to nd defects.

It is important to emphasise that in the case of MD simulations, the shape of
structures as well as bend angles of highly curved regions were quite stable, and de-
fects remained in the same locations. Nevertheless, uctuations in bend angles were
observed throughout the simulation, and it was observed that some bend angles clas-
si ed as B-DNA may overlap with the angles classi ed as DNA defects in the range
of [69;86 ] (indicated by the shaded area in gure 3.8). An interesting observation
was made regarding the topoisomerase -3, where it was noticed that the bend between
positions 200 and 250 in replica 2 of topoisomerase -3 was classi ed as B-DNA, which
coincided with the position of two defects in replica 1 of the same topoisomerase (as
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