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Abstract
Structure and mechanical properties of DNA play a key role

in its biological functioning. A lot of well-established conclusions
about the DNA structure and its sequence-dependent variabil-
ity came from various experimental and computational studies
of the Dickerson-Drew dodecamer (DD), a prototypic B-DNA
molecule of the sequence (5’)CGCGAATTCGCG(3’). In this
study we present a detailed analysis of structural and mechan-
ical properties of DD based on extensive atomistic molecular
dynamics (MD) simulations with explicit representation of wa-
ter and ionic environment. We analyze three simulated systems
covering different ionic conditions and water models. Two MD
trajectories are reported for the first time, one of them being 2.4
µs long. An extensive comparsion with one recent NMR struc-
ture and four recent X-ray structures is made. It is found that
the end basepairs can adopt two different pairing motifs dur-
ing the simulation: the canonical Watson-Crick pair or a non-
canonical trans Watson-Crick/Sugar Edge pair. These states
can significantly influence the structure of DD even at the third
step from the end. A clear relationship is found between the
BI/BII backbone substates and the basepair step conformation.
A model of rigid bases is used to study mechanical properties
of the DNA. The non-local stiffness matrices of the model are
calculated for all of the simulations and compared using the Rie-
mann distance and Kullback-Leibler divergence. The validity
of the nearest-neighbour approximation is also disccussed. It is
found that structural parameters converge very well within 200
ns, while more time may be needed for the convergence of the
BI/BII populations and especially stiffness matrices. There are
rare non-canonical states observed during the simulations, like
broken H-bonds or the so called γ-flips, which can influence the
stiffness properties. A method is proposed to predict changes
in DNA shape and stiffness upon fixing some of the structural
parameters, which can mimic the effect of ligand binding to the
DNA.
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Souhrn

Strukturńı a mechanické vlastnosti DNA hraj́ı kĺıčovou roli
v jej́ı biologické funkci. Velké množstv́ı poznatk̊u o sekvenčně
závislé strukturńı variabilitě DNA pocháźı z r̊uzných experi-
mentálńıch a také výpočetńıch studíı Dickersonova dodekameru
(5’)CGCGAATTCGCG(3’) (DD), který je prototypem konformačńı
rodiny B-DNA. Předložená práce se zabývá podrobnou analýzou
strukturńıch a mechanických vlastnost́ı DD, založenou na rozsáhlých
simulaćıch molekulové dynamiky (MD) s explicitńı reprezentaćı
vody a iontového prostřed́ı. Simulovány jsou celkem tři systémy,
které se mezi sebou lǐśı v parametrizaci iont̊u a v použitém mod-
elu vody. Dvě MD simulace jsou poprvé prezentovány v této
studii, přičemž simulačńı čas u jedné z nich dosahuje 2.4 µs.
Výsledné strukturńı parametry jsou pečlivě srovnány s parame-
try źıskanými z moderńıch krystalografických a NMR studíı. V
pr̊uběhu simulaćı byly u koncových baźı pozorovány dva r̊uzné
typy párovańı, maj́ıćı dlouhé doby života: kanonický watson-
crickovský pár a nekanonický trans Watson-Crick/Sugar Edge
pár. Tyto stavy maj́ı významný vliv na strukturu DD. Dále
byla nalezena jasná souvislost mezi konformacemi BI a BII cukr-
fosfátového řetězce a hodnotami konformačńıch parametr̊u. Tato
práce se zaměřuje také na mechanické vlastnosti DNA, které
jsou studovány s využit́ım tzv. modelu tuhých baźı. Nelokálńı
tuhostńı matice pro tento model jsou vypočteny pro všechny
simulace, k jejich srovnáńı je použita Riemannova vzdálenost a
Kullback-Leiblerova divergence. Diskutována je také oprávněnost
aproximace nejbližš́ıch soused̊u pro potenciálńı energii. Z hlediska
konvergence daných parametr̊u se ukazuje, že simulačńı čas kolem
200 ns je dostačuj́ıćı pro strukturńı parametry, zat́ımco pro kon-
vergenci BII populaćı a předevš́ım tuhostńıch matic může být
potřebný deľśı simulačńı čas. V simulaćıch pozorujeme nekanon-
ické stavy, jako např. přetržené vod́ıkové vazby nebo tzv. γ flipy.
Jejich vliv na strukturńı a tuhostńı parametry je diskutován.
V této práci je také navrhnut postup, jak predikovat změny v
struktuře a tuhosti DNA v př́ıpadě, že jsou některé strukturńı
parametry fixovány na předepsaných hodnotách, což může nas-
tat např. při navázańı ligandu.
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titulu.

V Praze,

Signature

iii



Acknowledgement

Let me gratefully acknowledge the inconsolable help and enthusiasms of my
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Chapter 1

Introduction

DNA is a key biological molecule. It serves as a carrier of genetic informa-
tion consisting primarily of instructions for making proteins, macromolecules
that perform most of cellular functions. Besides the property of DNA to en-
code the protein synthesis, it also carries additional information, which is
read by several proteins that bind to specific sites on DNA [4]. This specific
recognition between the DNA and protein is essential e. g. in gene regula-
tion, transcription or DNA replication. In many cases, the binding site is
recognized by the protein thanks to the variability in the DNA structure
and stiffness, which is dependent on its sequence of bases. Moreover, it has
been shown recently that DNA can also behave allosterically, much like pro-
teins [40], [8]. In case of DNA, this would mean that its affinity for protein
binding can be influenced e. g. by binding of a ligand into the groove, which
causes changes in the DNA structure and stiffness. Thus, the knowledge of
sequence-dependent structure and mechanical properties of DNA is essential
for understanding its functional role in living organisms.

The DNA properties were intensively studied using several experimental
techniques. The most important are the methods of X-ray crystallography
and nuclear magnetic resonance (NMR) spectroscopy, which were able to
provide a huge amount of information about the DNA structrue in crystal
and even in solution (NMR). Nevertheless, there are still not enough high
resolution data available from these experiments for us to be able to com-
pletely investigate the sequence effects in the DNA [30]. DNA is a flexible
macromolecule and its crystal structure can be affected by various packing
forces [33], [60]; DNA is also crystallized in the presence of divalent ions,
which can bind into the grooves and influence its structure [46], [47], [51],
[48]. Information about DNA structure in solution can be obtained from
NMR experiments. Nevertheless, non-local deformations of DNA are dif-
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ficult to analyze using NMR techniques, since the distance and torsional
restraints provide mostly local information about the structure [30].

Computational methods are able to provide a full atomistic picture about
processes on microscopic scale. Atomistic molecular dynamics (MD) sim-
ulation is probably the most useful method for the study of large systems
like biomacromolecules. The reason for this is the relative simplicity of the
MD methods, which enables one to reach long simulation times important
to describe biologically relevant macromolecules. In MD the system of par-
ticles develops according to the laws of classical mechanics using a relatively
simple form of potential energy function, which is parameterized by a set
of empirical constants. Thanks to the long history of development of the
potentials, improved treatment of elctrostatic interactions, development of
explicit solvent models and other factors, the MD method became reason-
ably precise. Recently, several MD studies of DNA have been published, e.
g. [30], [44], which demonstrated the basic reliability of the technique and
its applicability to a wide range of problems. Nevertheless, we have to keep
in mind that MD simulations can be only as good as the potential used. A
careful comparsion of MD data with experiment still remains an important
topic, since it delineates the limits of its use and helps in improving the
potentials and simulation protocols.

A lot of well-established conclusions about the DNA structure and its
sequence-dependent variability came from various experimental and MD
studies of the Dickerson-Drew dodecamer (DD), a prototypic B-DNA molecule
of the sequence (5’)CGCGAATTCGCG(3’). The DD was the first DNA
oligomer whose single crystall structure was determined [16], revealing im-
portant sequence-dependent features of the oligomer. Because of the huge
amount of structural data available for DD, it is an ideal sequence for vali-
dation of MD simulations.

In this study we present a detailed analysis of structural and mechanical
properties of the Dickerson-Drew dodecamer based on extensive atomistic
MD simulations with explicit representation of solvent and ionic environ-
ment. We analyze three simulated systems covering different ionic con-
ditions and water models. Two of the MD trajectories are reported for
the first time, one of them being 2.4 µs long, which is to our knowledge
the longest simulation of this type. We provide extensive comparsion of
the equilibrium structural parameters of DD obtained from the simulations
with those based on a recent solution NMR structure and four recent X-ray
structures crystallized in different symmetry groups. We also focus on the
BI/BII backbone substates and their influence on the oligomer structure.
Besides that we investigate the mechanical properties of DD using a non-
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local harmonic model in which bases are represented as rigid objects. The
model is parametrized from the MD simulations. We also show how the
model can be used to predict changes in equilibrium conformation of DNA
upon fixing some of the structural parameters. This can be used to study
the allosteric modulation in a DNA molecule. We pay particular attention
to the influence of rare non-canonical states observed in MD simulations and
to the problem of convergence of the studied quantities.
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Chapter 2

Background

2.1 DNA

2.1.1 Biological significance

The biological significance of deoxyribonucleic acids (DNA) ceratainly can-
not be questioned. Life of a cell depends on its ability to store, replicate
and translate genetic information, which determines the characteristics of
species and of the individuals within it. The genetic information is stored in
the DNA molecule, which is the fact shown experimentally already in 1940s,
by adding purified DNA to a bacterium, which led to a change of its prop-
erties, that were consequently passed to subsequent generations [1]. The
genetic information consist primarily of instructions for making proteins,
macromolecules that perform most of cellular functions. The proteins serve
as building blocks, as enzymes that catalyze all of the chemical reactions
in the cell and they enable cells to move and communicate. So the prop-
erties and functions of a cell are determined by proteins and because their
structure is coded in the DNA, also by DNA itself. During the cell division
DNA molecules are replicated, the genetic information is copied from cell to
a daughter cell and thus is preserved.

These relations are elucidated in the central dogma of molecular biology
(see Fig. 2.1), which was first stated by Francis Crick in 1958. It describes
the general transfer of biological information, that DNA can be copied to
DNA and also that DNA can be copied to RNA, which consequently serves
as a template for protein synthesis. It was shown more recently that in
some cases special transfers are allowed. The transfer of information from
RNA to DNA, which is known to occur in the case of retroviruses, or RNA
replication, also found in some viruses (are indicated in the Fig. 2.1 by red
arrows).
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Figure 2.1: The central dogma of molecular biology desribing the transfer of biological infor-
mation in the cell. Blue arrows indicate the general transfer found in all cells, while red arrows
indicate a special transfer seen in some viruses.

2.1.2 Structure of DNA

In the 1940s the DNA was indentified as the carrier of genetic information,
however the mechanism how the genetic information is stored and trasmitted
remained unclear until the discovery of its structure in 1953 by Watson and
Crick [58] using an X-ray diffraction method.

DNA is a long polymer (up to 109 baspairs) of four types of basic units
called nucleotides. It is composed of two DNA strands held together by hy-
drogen bonds (H-bonds) which run in opposite directions forming a double-
helix. Nucleotides always consist of cyclic furanoside-type sugar (β-D-ribose
in RNA and β-D-2’-deoxyribose in DNA) substitued with a phosphate group
in the 5’ position and one of the four bases at C1′(C1′-N linkage, see Fig.
2.2). The bases found in DNA can be either thymine (T), cytosine (C),
adenine (A) or guanine (G). The first two are usually clasified acording to
heterocyclic compound pyrimidine as pyrimidines (T, C) and the other two
as purines (A, G) for the same reasons.

Figure 2.2: Nucleotides and their structure. Nucleotides are basic bulding units of nucleic acid
molecules. Thymine can be found only in deoxyribonucleic acids (DNA), while Uracil is found
only in ribonucleic acids (RNA).

The nucleotides are covalently linked together through sugars and phos-
phates, thus forming a backbone of the DNA of alternating sugar-phosphate
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Figure 2.3: DNA is composed of two strands held together by hydrogen bonds of the comple-
mentary bases. The two strands run in opposite directions forming a double-helix. Picture taken
from [1].

structure (Fig. 2.4b). The sugar 3’-hydroxyl group of one nucleotide is co-
valently bound to the 5’-phosphate group of the next one (through ester
bond), thus each strand has a chemical polarity. This polarity is indicated
by reffering to one end of the strand as 3’-end and the other as 5’-end. The
sequence of bases in a DNA molecule is standardly written in the 5’ to 3’
direction, in which way it is also synthesized in the cell.

The three-dimensional structure of the DNA double-helix (Fig. 2.3) is
dictated by the chemical and structural properties of its two strands which
are held together by hydrogend bonds between complementary bases placed
inside the double-helix. The complement of A is always T (connected by 2
H-bonds) and G always pairs with C (3 H-bonds), which means that purines

6



and pyrimidines stand always against each other. The sugar-phosphate
backbone is thus outside of the helix.

Figure 2.4: The structure of the DNA double-helix. Right: The nucleotides are covalently linked
together through sugars and phosphates by a pohosphodiester bond. The complementary bases
are connected through hydrogen bonds. The bases are placed inside the double-helix, while the
sugar-phosphate backbone is outside of the helix. Left: The minor and major grooves. Picture
taken from [1].

The structures which DNA adopts usually belong to one of the major
conformational families A and B. In living organisms, B-DNA is by far the
most common, while A-DNA is only present in some protein-DNA complexes
and can be prepared artificially by lowering the water activity. A particu-
lar DNA form is the Z-form, which is left-handed and occurs for some base
sequences at very high salt concentrations or in complexes with certain pro-
teins. There is an important conformational variability within each family
[50]. The specific DNA conformation is determined by the sequence of bases
and properties of its environment, like ionic strength or pH.

The structure of sugar-phosphate backbone in detail with the numbering
scheme of atoms is depicted in Fig. 2.5. The three-dimensional structure of
an arbitrary molecule can usually be characterised by bond-lengths, bond
angles involving three atoms and torsion angles involving four atoms in a
sequence. The backbone torsion angles depicted in Fig. 2.5 mostly deter-
mine the backbone three-dimensional structure. They can be usually found
in rather certain sterically prefered conformations [56]. Therefore it is often
convenient to describe the structure with some torsion angle ranges. One of
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the convention used is cis (∼ 0◦), trans (∼ 180◦) and gauche± (∼ ±60◦).
In the B-DNA family, two important backbone conformations occur

called BI and BII, while BI is much more common. These conformations
are defined by ε and ζ torsion angles. In BI form ε is in trans and ζ is in
gauche- (t,g-), whereas BII is gauche- in ε and trans in ζ (g-,t).

The conformation of the sugar cycle is usually described by one pseu-
dorotation phase angle P , instead of the five endocyclic torsion angles νi, i =
0, · · · , 4. The phase angle P is calculated from the relation [56]

tanP =
(ν4 + ν1)− (ν3 + ν0)

2ν2 · (sin 36◦ + sin 72◦)
. (2.1)

The relative orientation a base can adopt with respect to the sugar is
described by angle χ (torsion angle O4′ −C1′ −N1−C2 for pyrimidines and
O4′ − C1′ − N9 − C4 for purines). Assuming that χ can go from −180◦ to
+180◦, two ranges are than usually considered, syn (interval [−90◦, 0◦] ∪
[0◦, +90◦]) and anti (interval [+90◦, 180◦] ∪ [180◦, −90◦]), where anti is
prefered in cannonical DNA.

In eukaryotic cells, DNA is stored in the nucleus packed in structures
called chromosomes, which consist of long single linear DNA molecule asso-
ciated with proteins to create more compact structures. Small amounts of
DNA can be also found in mitochondria and chloroplasts. The genetic in-
formation stored in the DNA is determined by the order of the bases (called
sequence of bases), which is a key property of the DNA molecule. This fact
was realized in the time the structure was resolved. The sequence serves as
a prescription for the synthesis of proteins.

2.1.3 Sequence-dependent structural and mechanical prop-
erties of DNA (indirect readout)

Besides the property of DNA basepair sequence to encode the proteins, it
also carries information which is read by proteins that bind to specific sites
(their cognate sites) on DNA with remarkable selectivity. This specific recog-
nition is essential e.g. in gene regulation, transcription or DNA replication,
thus it is important to understant its mechanism. The main contribution to
specific DNA recognition is the interaction between the protein side chains
and DNA bases and backbone in the cognate site (direct readout). Never-
theless, it has been proven impossible to describe such a precise specifity
only by these interactions [4], [59]. The affinity of a protein for binding to
a specific site can be measured by the change in the free energy of the pro-
cess. This complexation free energy depends also on the deformation needed
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Figure 2.5: Backbone torsion angles. Picture taken from [56].

to adjust both the protein and the DNA to the geometries in the complex.
Thus, sequence-dependent structural and mechanical properties of the DNA
can also contribute to specific binding of the proteins, an effect called indi-
rect readout. Computational methods like MD simulations can be used to
study sequence dependence of DNA structure and elasticity and also assess
the importance of indirect-readout in protein binding, taking advantage of
several developed elastic models [4].

2.1.4 Allosteric modulations of DNA

Allostery is a general concept in biochemistry. It is a manifestation of the
thermodynamic coupling of binding reactions to conformational transitions
in macromolecules which lead to modulating the activity of these molecules.
It has been known for a long time that proteins, like enzymes, behave al-
losterically, making it a fundametal mechanism in regulation and comunica-
tion in the cell. In contrast, DNA was often viewed as an inert lattice onto
which proteins assemble due to direct interactions. However, recent works
suggest that DNA behaves allosterically, too [7], [40], [8].

One of the studies that experimentally quantifies the importance of DNA
allosteric forces is the work of Moretti et al. [40], focused on the cooperative
assembly of a multiprotein complex of homeobox and extradenticle tran-
scription factors. The DNA sequence selectivity of Homeobox transcription
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factor (Hox) is known to be influenced by cooperative binding with Ex-
tradenticle transcription factor (Exd). Most of this cooperative interaction
is a result of direct interactions between the proteins. However, the authors
were able to show that the binding of Exd protein lacking the Hox partner
can also be enhanced simply by the docking of a special targeted structural
wedge into the DNA minor groove (Exd binding was enhanced by ∼ 11-fold).

Binding of the wedge has the effect of subtly perturbing the DNA confor-
mation by expanding the minor groove width [8], which mimics the changes
that were seen to be induced by Hox protein binding. Also the wedge was
constructed to have no significant direct interactions with Exd, which en-
abled the quantification of allosteric forces.

The knowledge about mechanism of allosteric modulations of DNA can
be used e. g. for the creation of rationally engineered DNA binding molecules
with enhanced sequence-specifity that can serve as functional regulators of
several processes involving DNA. Consequentely, these can contribute to
developments in molecular medicine or functional genomics [40], [8].

The effect of allosteric modulations of DNA can also be studied compu-
tationally using a model of structure and stiffness of the DNA. In our work
we present an extended rigid base model and we show how it can be used to
predict conformational changes of the DNA in case of ligand binding. We
apply the method to DNA A-tracts, sequences of at least four A·T base pairs
without a TpA step. A-tracts are the most prominent sequences known to
cause global bending of the DNA double-helix [27], and are known to play
an important role in gene regulation and nucleosome formation.

2.2 Rigid base model

In this section we present a model of structure and stiffness of DNA, the
so called rigid base model. We also present a method for obtaining the
sequence-dependent parameters of the model from atomistic MD simulations
of DNA in explicit solvent. The method was described in detail in [26]
or earlier [20]. Parameters of the model are then used in our work for
the description of equilibrium structure of DNA and also its mechanical
properties.

The rigid base model employs a set of generalized coordinates, which
uniquelly describes the three-dimensional structure of DNA. The general-
ized coordinates are defined as relative rotations and translations between
coordinate frames attached to bases, which are considered to be rigid ob-
jects. Assuming a quadratic form of elastic potential energy function, it is
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then shown that the model can be characterised by a vector of minimum
energy shape parameters and a matrix of stiffness constants. It is worth
noting that there is no assumption about locality of potential energy, which
means that coupling terms between all generalized coordinates of the model
are included. For the parametrization of the kinetic part of the energy func-
tion see ref. [26]. The kinetic part is not considered in this work, since we
are interested only in equilibrium structure and elastic properties and no
dynamics is studied.

Among other usefull predictions about biochemical processes, the parametrized
model could potentialy be used for example for estimating the energy of de-
formation of DNA when bound to proteins, energy connected to packing of
DNA in viruses or in chomozomes, to predict equilibrium structure of the
DNA when some of the coordinates are fixed to specific value (e.g. ligand
bound to the groove) or to describe other biological phenomena related to
sequence-dependent mechanical properties of DNA. Many of these phenom-
ena occur within the framework of the harmonic aproximation used. Also
the rigid base model could be a step towards coarse-grain simulations of long
sequences with coarser than atomistic resulution.

We start with the description of how a coordinate frame is attached to
a particular base. In the following subsections the generalized coordinates
are defined mathematically. After that we introduce a harmonic potential
function, model parameters and outline the statistical mechanical properties
of the model. Finally, the model is extended with aditional generalized
coordinates (minor and major groove widths).

2.2.1 Standard reference frame

Before introducing the definitions of generalized coordinates a procedure has
to be described how to uniquelly attach a coordinate frame to a base or a
basepair. Here we consider only the usual right-handed double-helical DNA.
There are two antiparallel backbone strands, and bases bound to them form
only ideal Watson-Crick basepairs. One of the backbone strands is chosen
as a reference with bases ordered in the 5’ to 3’ direction.

Various computational schemes were used in the past for description of
the three-dimensional structure of DNA, leading to conflicting interpretation
of the same structure. Thus in 2001 a standard reference frame convention
was formulated, the so called Tsukuba convention [41]. Following this con-
vention, interpretations of the structure should be almost independent of
the computational scheme. Slight differences, which may arise from dif-
ferent constructions of the basepair middle frame will be discused bellow.
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Models of the ideal Watson-Crick basepairs used to define the standard
frame were generated from crystall structures of free bases, nucleosides and
nucleotides and are taken from [9]. These models have to be fitted to their
real counterparts when the standard frame is constructed.

In the following we assume only rigid ideal Watson-Crick bases. The
base rigidity is a reasonable assumption, since in the real structure the fluc-
tuations of heavy atoms from the base plane are small. The configuration of
an arbitrary base is then specifed by a reference point r and an orthonormal
right-handed reference frame {di} , (i = 1, 2, 3) fixed to the base acording to
the convention (Fig. 2.6). The vector d1 points in the direction of the ma-
jor groove and is perpendicular to the axis connecting the C1’ atoms of the
bases in an ideal Watson-Crick basepair. The vector d2 points in the direc-
tion of the chosen reference strand and is parallel to the C1’-C1’ axis. The
last vector d3 can be calculated using the right-handed rule d3 = d1 × d2.
The d3 vector is perpendicular to the plane of the base and points in the
direction of the next base in the reference strand. Finally, the reference
point r is located at the intersection of the axis defined by the pyrimidine
C6 and purine C8 atoms and the perpendicular bisector of the C1’–C1’
axis. The reference point r and coordinate frame

{
di
}
, (i = 1, 2, 3) of the

Watson-Crick complement of any base (which is denoted by the upperline)
are defined in the same manner and using the same reference strand. In the
case of an ideal Watson-Crick basepair the reference points and frames of
the two paired bases coincide.

Figure 2.6: Idealized basepair with the reference point and the orthonormal frame fixed to a
base. In the canonical Watson-Crick basepair shown here, the reference points and frames of the
two bases coincide. The vectors x, y and z correspond to our d1, d2 and d3 vectors.
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2.2.2 Generalized coordinates

In the framework of the rigid base model, the three-dimensional structure
of a DNA molecule can be described by relative rotations and displacement
between base reference frames and consecutive base pair reference frames.
The rotational matrices and displacement vectors are parametrized by the
generalized coordinates of the rigid base model. In other words, the con-
figuration space of the generalized coordinates describes all possible mutual
configurations of the bases in the DNA.

In the following, ra and {dai } , (i = 1, 2, 3) will denote the reference point
and frame of the a-th base of the molecule counted in the direction from the
5’-end to the 3’-end of the reference strand, ra and

{
d
a
i

}
, (i = 1, 2, 3) will

denote the reference point and frame of the paired base in the complemen-
tary strand. The relative rotation and displacement between bases across
the strands can be written in the general form [26]

daj =
3∑
i=1

Λaijd
a
i , ra = ra +

3∑
i=1

ξai g
a
i (2.2)

where Λa ∈ R3×3 is a rotational matrix describing the orientation of {dai }
with respect to

{
d
a
i

}
, ξa ∈ R3 is a displacement vector describing the po-

sition of ra with respect to ra, and {gai } is a coordinate frame in between
the base frames called the baispair frame (its definition will be discussed in
the next section). The frame {gai } is associated with the basepair a. The
relative rotation and displacement between consecutive basepairs is defined
in the same maner as the one between the bases in a pair and can be written
in the general form

ga+1
j =

3∑
i=1

Laijg
a
i , qa+1 = qa +

3∑
i=1

ζai hai (2.3)

where La ∈ R3×3 is a rotation matrix describing the orientation of the frame
{ga+1

i } with respect to {gai }, ζa ∈ R3 is a component vector which describes
the relative displacement between qa+1 and qa, and {hai } is an orthonormal
frame in between the baispair frames {ga+1

i } and {gai }. It will be referred
to as the junction frame of the consecutive basepairs.

2.2.3 3DNA definition of generalized coordinates

The Euler’s rotation theorem states that any rotation can be expressed as
a composition of rotations about three axis. In other words, an arbitrary
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Figure 2.7: Intra and inter basepair parameters. White boxes correspond to the bases. The
reference frame is oriented so that the x-axis points in the direction towards the major groove,
and the y-axis points towards the reference strand. The parameters are defined in the text. The
picture is from [35]

.

rotation can be defined by only three paratmeters. Thus, the rotation ma-
trix Λa appearing in eq. (2.2) can be parametrized by a coordinate vector,
which we will denote ϑ ∈ R3. Similary the rotation matrix La appearing
in eq. (2.3) is parametrized by a vector θa ∈ R3. These vectors, together
with the displacement vectors ζa and ξa describe the relative rotation and
displacement between neighbouring bases and basepairs. Taken together,
these are the generalized coordinates of the rigid base model. These param-
eters are commonly refered to as (buckle, propeller, opening) for ϑa, (shear,
stretch, stagger) for ζa, (tilt, roll, twist) for θa and (shift, slide, rise) for ξa

(Fig. 2.7). The ϑa and ζa together are also sometimes called intra-basepair
parameters, while θa and ξa are called inter-basepair parameters. The intra
and inter basepari coordinates are shown in Fig. 2.7.It can be shown that
under the outlined convections, the parameters shear, buckle, shift and tilt
reverse sign when different reference strand is chosen.

It is also worth to note here, that there is another commonly used set of
generalized inter-basepair coordinates, which are called helical parameters
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(x-displacement, y-displacement, helical rise, inclination, tip, helical twist)
and which describe the base and basepair configuration with respect to the
helix. Thus, helical twist is the angle of rotation about the helical axis and
so on, for ref. see [35]. There is a regular mapping between the two sets.

Several computer programs use slightly different mathematicall proce-
dures for determining the middle frames {gai } and {hai }. This may some-
times lead to discrepancies between derived values of basepair and basepair
step parameters. The 3DNA program [35] follows the parameter definitions
of El Hassan and Calladine [18] which are implemented also in the program
SCHNAaP [34] but, contrary to these codes, uses the standard reference
base frame described above. Other programs like Curves or FreeHelix are
examples where a different approach is adopted. Thus, one has to be carefull
when comparing structural parameters obtained using different programs.

We will be conserned here only with the definitons used in the 3DNA
program by Lu and Olson [35], which we use in this work for our analysis
of geometries obtained from MD simulations. The 3DNA software package
is able to analyze, reconstruct and also visualize various three-dimensional
nucleic acid structures. Its use is generally not limited to standard Watson-
Crick pairing. The 3DNA program is able to analyze single-stranded struc-
tures, triplexes, quadruplexes and other motifs found in DNA and RNA
structures. It is also able to provide backbone torsion angles, sugar puckers,
groove widths and other structural parameters. The program makes use of
the standard reference frame described above. In the following we outline
the 3DNA procedure in detail.

When evaluating basepair and basepair step parameters, 3DNA starts
with a least-squares fit of the observed structure to standard base geometries
with an embeded reference frame. As a result, the position and orientation
of each base in a structure is uniquelly defined and rotation matrices and
displacement vectors can be calculated. Information about the pairing is
generated automatically by finding residues in close contact.

The next step is a parametrization of intra-basepair rotation matrix Λa

and inter-basepair rotation matrix La. 3DNA uses the following relation for
La:

La = R3

(
1

2
ωa − ϕa

)
R2 (λa)R3

(
1

2
ωa + ϕa

)
, (2.4)

where R3 and R2 are matrices of rotation about the h3 and h2 axes of the
junction frame respectively. They are defined as
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R3 =

cosα − sinα 0
sinα cosα 0

0 0 1

 , R2 =

 cosα 0 sinα
0 1 0

− sinα 0 cosα

 (2.5)

where α is the rotation angle. The angles λa, ϕa and ωa in eqn. (2.4) are
related to the components of θa by the relations

λa cosϕa = θa1 , λ
a sinϕa = θa2 , ω

a = θa3 . (2.6)

Analogous relations can be obtained for Λa.
The last thing that needs to be covered is how the junction frame is

calculated in 3DNA. First, the unit hinge vector ua,a+1 is calculated from the
formula ua,a+1 = ga3 × ga+1

3 , where {gai } and
{
ga+1
i

}
are frames in between

the bases of consecutive basepairs. Vector ua,a+1 geometricaly represents
the intersection line of the basepair planes, assuming that reference points
coincide. Then the two frames are symetrically rotated about the hinge
vector by the angle λa/2 and −λa/2, where λa is angle between ga3 and ga+1

3 ,
which consequently leads to their alignment. The λa angle is calculated
according to

λa = arccos

( ∣∣ga3 · ga+1
3

∣∣
|ga3 | ·

∣∣ga+1
3

∣∣
)
. (2.7)

Vectors of the junction frame {hai } are then simply calculated as respective
averages between vectors of the rotated frames {gai } and

{
ga+1
i

}
.

Definitions and nomenclature of generalized coordinates outlined above
is consistent with guidelines suggested at an EMBO workshop held in Cam-
bridge in 1989 [14] (the so-called Cambridge convention). This justifies the
coordinate names buckle, propeller, opening for ϑa, shear, stretch, stagger
for ζa, tilt, roll, twist for θa and shift, slide, rise for ξa.

2.2.4 Harmonic aproximation, configurational space

The potential energy function of the DNA can have a very general form. In
the rigid base model outlined here, we consider a harmonic aproximation for
the internal potential energy U (w) of DNA with n basepairs, which takes
form of

U(w) =
1

2
(w − ŵ) ·K (w − ŵ) (2.8)
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where w =
(
θ1, ϑ1, ξ1, ζ1, θ2, ϑ2, ξ2, ζ2, · · · , θn, ϑn, ξn, ζn

)
∈ R12n−6 is

the vector of generalized coordinates, K ∈ R(12n−6)×(12n−6) is symmetric,
positive-definite matrix of stiffness parameters and ŵ ∈ R12n−6 is the vector
of shape parameters defining the energy minimum.

Notice that in the above expression, there is no assumption of locality
unlike in various other studies, where internal energy is for example consid-
ered to be a sum of energies associated with particular basepair or basepair
step, either in general form considered in [10] or using harmonic aproxima-
tion like e.g in [28]. Thus, our description is complete in the sense that it
takes into account all the coupling terms between all bases and basepairs.
The data from molecular dynamics (MD) simulations used to parametrize
models with all the coupling terms can be thus used to verify various local
aproximations. It is shown in [26] that assumptions of base rigidity and
locality of interactions hold better for the local base model, but not for the
local base pair model. These models consider couplings only between the
nearest-neighbour bases or base pairs. Moreover, in [29] it is suggested,
that we have to go beyond nearest-neighbour effects to sufficiently predict
sequence-dependent properties of DNA.

Nevertheless, it is necessary to keep in mind that harmonic approxima-
tion is valid only for rather small deformations of DNA. This condition is
reasonably fullfiled in our simulations, since there are no strong fluctuations
of the DNA duplex.

To study the statistical properties of the rigid base model, we have to
write down the corresponding Hamiltonian, which takes the form

H = U (θ, ϑ, ξ, ζ) + Φ (θ, ϑ, ξ, ζ, Iθ, Iϑ, Iξ, Iζ) , (2.9)

where Φ is kinetic energy function and (Iθ, Iϑ, Iξ, Iζ) are the cannonical
momenta associated with the generalized coordinates. The statistical prop-
erties of the model in contact with a heat-bath at temperature T can then
be described by standard canonical measure

µ =

∫
Ω

(1/N) e−H/kBTdθdϑdξdζdIθdIϑdIξdIζ (2.10)

where kB is Boltzmann constant, N is the normalizing constant and Ω de-
notes the phase space associated with the generalized coordinates of the
model. However, for our purpose, we would like to have kinetic part Φ of the
Hamiltonian written in the form which is independet of configuration. It can
be shown [26] that by mapping the canonical set of variables to a specific non-
canonical set, with associated momenta replaced by linear and angular ve-
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locites, the Hamiltoninan takes a simple separable form. The kinetic energy
then becomes a function of velocities alone and the canonical measure can be
decomposed into three independent measures µ = µvelocity · µintconfig · µextconfig,

where µextconfig is a measure associated with coordinates defining absolute ori-
entation of whole dodecamer with respect to a lab frame. For the internal
part we have

µintconfig =

∫
Z

(
1/N int

config

)
e−U(w)/kBTJdw (2.11)

where J is the Jacobian associated with the transformation of coordinates
introduced above and w is a vector of generalized coordinates. From now on,
we will consider only the internal configuration part of the measure, because
we will be interested only in functions of internal coordinates. Moreover, we
will assume the Jacobian to be constant, which makes the measure Gaussian.
This is a reasonable assumption since the gradient of J is sufficently small
and the measure is suffincently concentrated. This condition is tested in
[28].

For any function f (w) of only internal coordinates, the statistical aver-
age can than be calculated according to the formula

〈f〉 =

∫
f (w) e−U(w)/kBTdw∫
e−U(w)/kBTdw

, (2.12)

where 〈· · · 〉 denotes averaging over the canonical ensemble.
Finally we describe the method of how to obtain the parameters K and ŵ

of the rigid base model from MD simulations. Since we consider the measure
to be Gaussian (mulidimensional normal), the parameters are simply given
by mean and covariance of the distribution and can be calculated using the
relations

ŵ = 〈w〉 , kBTK−1 = 〈∆w ⊗∆w〉 , (2.13)

where the matrix on the right-hand side of the second equation is the co-
variance matrix of the distribution, given by the averaging of ∆w ⊗ ∆w,
where ∆w = w − ŵ. Here ⊗ stands for the usual tensor product, defined
by [∆w ⊗∆w]pq = ∆wp∆wq. Assuming the ergodic hypothesis, we replace
the ensemble averaging by time averaging over the set of snapshots from the
MD simulation.
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2.2.5 Nearest-neighbour model

The expression (2.8) can be written in the equivalent form

U(w) =
1

2

2n−1∑
α,β=1

(wα − ŵα) ·Kαβ(wβ − ŵβ), (2.14)

where wα ∈ R6, ŵα ∈ R6 and Kαβ ∈ R6×6(α, β = 1, · · · , 2n − 1) denote
block entries of w, ŵ and K. The odd-numbered blocks in w correspond to
the intra base pair coordinates, which we denote ya (w2a−1 = ya) and the
even-numbered blocks correspond to the intra base pair coordinates, which
we denote za (w2a = za). We can see that the general quadratic internal en-
ergy in 2.14 allows coupling between all bases in the molecule. Nevertheless,
we may asume that couplings between distant bases are negligible and con-
sider only interactions between neighbouring bases. By a nearest-neighbour
internal energy for rigid base model we mean internal energy in the form

U(w) =

n−1∑
a=1

Ua(ya, za, ya+1), (2.15)

where Ua can be interpreted as a local energy associated with the central
junction between basepairs

(
X,X

)
a

and
(
X,X

)
a+1

.

2.2.6 Extension of the rigid base model

The rigid base model can be easily extended by introducing additional de-
grees of freedom related to backbone motions. Here we will consider minor
and major groove widths as the additional generalized coordinates for the
model. Strictly speaking this cannot be called rigid base model anymore,
since the additional coordinates have nothing to do with base configurations.
So we will refer to it as extended rigid base model. Since the groove widths
depend on the positions of phosporus atoms in the backbone, which are not
included in definitions of the rigid base coordinates, this doesn’t lead to
overparametrization of the model.

The derivations in previous sections hold also for the extended model,
thus in the following, we only establish the mathematical notation to have a
proper background prepared for the next development. The extended model
will be then used in our work e.g. to investigate the effect of minor groove
narrowing (mimicking a ligand binding) to the equilibrium configuration of
DNA bases.
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Let a ∈ Rk, b ∈ Rl be the vectors of minor and major groove widths
respectively. The widths are measured by P-P distances (The definition
same as in [17]). We denote N = 12n − 6 + k + l the overall number of
generalized coordinates. The potential energy function takes the same form
as in eqn. (2.8)

U (m) =
1

2
(m− m̂) · S (m− m̂) , (2.16)

where m = (w, a, b) ∈ RN will denote the new vector of generalized co-
ordinates and S ∈ RN×N will denote the stiffness matrix of extended rigid
base model. It is important to realize that the entries of matrix S can be in
principal completely different from that in matrix of the rigid base model K.
From here, one could follow the derivations presented in previous sections, to
see that all the formulas hold. We only show here the resulting relations for
the extraction of model parameters from MD simulations, exactly analogous
to eqn. (2.13):

m̂ = 〈m〉 , kBTS−1 = Σ, Σ = 〈∆m⊗∆m〉 . (2.17)

2.3 Reduction of generalized coordinates

We have shown in section 2.2.4 that the statistical distribution for structural
parameters of DNA (generalized coordinates) in contact with a heat bath
has the form of a multidimensional normal (Gaussian) distribution. As de-
scribed in section 2.2.6, the same applies to the extended rigid base model
with the corresponding model parameters. We can now ask the following
question: if we fix some of the internal coordinates at particular nonequi-
librium values, what will be the distribution for the remaining unrestrained
coordinates? This problem arises when, for example, a ligand binds into
the groove, which leads to fixing the groove width at that location. This,
in turn, changes the mechanical properties of the DNA, i. e. its minimum
energy structure and stiffness. It can be shown, as we will explain below,
that the distribution of the remaining unconstrained coordinates is again a
multidimensional normal, with shifted mean and covariance.

2.3.1 Multidimensional normal distribution

The vector of generalized coordinates of extended rigid base model m ∈ RN
has a multivarite normal distribution in analogy with (2.11),
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p (m) =
1

(2π)n/2 |Σ|1/2
exp

(
−1

2
(m− m̂)T Σ−1 (m− m̂)

)
, (2.18)

where the vector m̂ ∈ RN is the mean and the symmetric positive-definite
matrix Σ ∈ RN×N is the covariance matrix of the distribution.

Without a loss of generality we can assume that the last N−k generalized
coordinates are fixed at particular values, assembled in the vector x ∈ RN−k.
All the other choices of the constrained coordinates can be easily mapped
to this one by a simple reordering of the generalized coordinates and the
entries in the stiffness matrix. Then, if we partition m̂ and Σ as follows

m̂ =

(
m̂1

m̂2

)
, Σ =

(
Σ11 Σ12

Σ21 Σ22

)
(2.19)

where m̂1 ∈ Rk, m̂2 ∈ RN−k, Σ11 ∈ Rk×k, Σ22 ∈ RN−k×N−k, Σ12 ∈
Rk×N−k and Σ21 = ΣT

12, it can be shown, after tedious manipulations,
that the conditional distribution of m1 given m2 = x, i. e. the distribution
p (m1|x) = p (m1,x) /p (x) is again a multidimensional normal with the
mean

m1 = m̂1 + Σ12Σ
−1
22 (x− m̂2) (2.20)

and the covariance matrix

Σ = Σ11 −Σ12Σ
−1
22 ΣT

12, (2.21)

where the matrix Σ is the so called Schur complement of Σ22 in Σ. Just as
in eqn. (2.17), the new stiffness matrix S is obtained as the inverese of the
covariance matrix

Σ = kBTS
−1
. (2.22)

The relations (2.20), (2.21) and 2.22 provide the equilibrium structural pa-
rameters m1 and the stiffness matrix S corresponding to the unrestrained
coordinates m1, provided that the coordinates m2 are fixed at x.

We see that fixing m2 to x leads to a different covariance matrix for m1

which nevertheless doesn’t depend on x.
On the other hand, if we consider the distribution of m1 with no par-

ticular assumption on m2 (i. e. the marginal distribution), it can be easily
derived that the parameters of the coorresponding distribution are simply
m̂1 and Σ11.
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2.4 Measures of nearness of stiffness matrices

To be able to compare two different stiffness matrices, e.g. matrices esti-
mated from two different MD simulations, some kind of measure of nearness
of the two is needed. We outline in this section the approach proposed by
Moakher [39] originally for symmetric positive-definite tensors, where the
measures we are interested in were used for defining the averages of the
tensors. Two measures of nearness are considered: the Riemann distance,
being the metrics defined in the space of symmetric positive-definite matri-
ces, and the symmetrized Kullback-Leibler divergence, which is a divergence
used originally in information theory to measure the difference between two
probability distributions. As shown in [39], both measures have important
properties, like being invariant under inversion and being invariant under
congruent transformations, as will be explained in more detail bellow. An-
other important property of the Riemann distance is, that it is intrinsic to
the space of symmetric positive-definite matrices, thus taking advantage of
the two important properties of stiffness matrices.

Before defining the distances, we recall the following:

1. A symmetric matrix P ∈ Rn×n is positive-definite, if the quadratic
form xTPx is positive for all x 6= 0.

2. The exponential of a matrix P is defined by the convergent power
series exp P =

∑∞
k=0 Pk/k!

3. The solution of the matrix equation exp X = P is called the principal
logarithm and is denoted Log P. If, for a given matrix norm ‖·‖,
‖I−P‖ < 1, where I is identity matrix, we can write the principal
logarithm as a convergent power series Log P = −

∑∞
k=1 (I−P)k /k

[38].

2.4.1 Riemann metrics

We consider a space of symmetric matrices of dimension n, which will be
denoted S (n). The subset of S (n) which include all positive-definite ma-
trices will be denoted by P (n) := {A ∈ S (n) , A > 0} where by A > 0
we understand the positive-definiteness of the matrix. There is a one to one
correspondence between S (n) and P (n). The exponential of any symmetric
matrix is a symmetric positive-definite matrix and the principal logarithm
of a symmetric positive-definite matrix is a symmetric matrix.

The subset P (n) is a differentiable mainfold and the tangent space TP
at any point P can be indetified with S (n). On TP we can define an inner
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product of two matrices A and B and the corresponding norm which depend
on point P

〈A, B〉P = tr
(
P−1AP−1B

)
, ‖A‖P = 〈A, A〉1/2P , (2.23)

where tr is the trace of a matrix and 〈·, ·〉 denotes the inner product. These
relations induce in P (n) the so called Riemann distance between two points
P1 and P2, which is given as an infimum of length of curves connecting
these two points. It can be shown [38] that such distance is given by

dR (P1, P2) =
∥∥∥Log

(
P

1/2
2 P−1

1 P
1/2
2

)∥∥∥
F

=

[
n∑
i=1

ln2 λi

]1/2

, (2.24)

where λi, i = 1, · · · , n are the eigenvalues of P−1
1 P2 and ‖·‖F is the usual

Frobenius (or Euclidean) norm defined as ‖A‖F =
[
tr
(
ATA

)]1/2
.

The Riemann distance is invariant under inversion,

dR
(
P−1, Q−1

)
= dR (P, Q) , (2.25)

which means that the distance between two stiffness matrices is equal to
the distance between the corresponding covariance matrices. The Riemann
distance is also invariant under congruent transformations

dR (P, Q) = dR
(
STPS, STQS

)
, (2.26)

where S is a non-singular matrix.

2.4.2 Kullback-Leibler divergence

The Kullback-Leibler divergence is used to measure the difference between
two general propability distributions. In particular, for a pair of Gaussian
distributions with the same mean and with covariance matrices P and Q it
takes the form

KL (P, Q) = tr
(
Q−1P− I

)
− log det

(
Q−1P

)
, (2.27)

where I is the identity matrix. The Kullback-Leibler divergence is not sym-
metric, which means that generally KL (P, Q) 6= KL (Q, P). It also does
not satisfy the triangle inequality, therefore it is not a metrics. Nevertheless,
it can be symmetrized,
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KLS (P, Q) =
1

2
[KL (Q, P) +KL (P, Q)] (2.28)

which yields

KLS (P, Q) =
1

2
tr
(
Q−1P + P−1Q− 2I

)
. (2.29)

This quantity behaves as a square of distance, [38] thus we use the square
root of it

dKL (P, Q) =
√
KLS (P, Q). (2.30)

The Kullback-Leibler divergence also satisfy the invariance relations (2.25)
and (2.26).

2.5 Molecular dynamics simulations

Molecular dynamics (MD) is a term used for the solution of the classical
Newton equations of motion for atoms and molecules [2]. Unlike in other
methods of computational chemistry, which are usually at least partially
based on quantum mechanics (ab intio or semiempirical methods), in MD
there is no need to compute a wave function, which is usually very demand-
ing even for small systems. The potential energy function adopts a rather
simple form parametrized by a set of emipirical constants, obtained e.g. from
fitting to experimental data or QM calculations. This approach, in connec-
tion with the relative simplicity of Newton equations, has the advantage that
MD simulations are feasible even for relatively big systems of biological sig-
nificance. Moreover, with the long history of development of the potentials,
simulation protocols and methods for treatment of long-range electorstatics,
molecular dynamics has proven to be able to describe a lot of important
properties of these systems, which is why it became a very popular tool of
computational chemistry studies of large and flexible biomolecules.

MD simulations provide us with full atomistic picture about processes
at microscopic scale which for various reasons cannot be accessed by ex-
perimental methods. Thanks to the relations known from statistical ther-
modynamics, MD can be used to probe the equilibrium and even transport
properties of many-body systems. The elastic properties of DNA molecule
investigated in our work may serve as an example. Nevertheless, it should
be kept in mind that the results obtained from MD simulations can be only
as good as the interatomic potential used, assuming of course that any quan-
tum effects are negligible. Therefore, the choice of the right potential is very
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important and experiment still has to play an essential role in validating the
simulation methods. The quality of a simulation may also depend on many
other aspects like the degree of sampling or even the simulation software
[54].

2.5.1 Basic principles

Molecular dynamics describes the develompent of a system of particles ac-
cording to the laws of classical mechanics. This is a good approximation
for a wide range of materials, when there are no significant quantum effects.
Molecular dynamics experiment starts with a preparation of the model sys-
tem and the corresponding potential energy function. Then we solve New-
ton’s equations of motion until the properties of the sytem no longer change
with time (we equilibrate the system). Before the equilibration phase, the
system energy is also minimized to avoid close contacts between particles
(especially in dense systems), which may lead to an unexpected heating of
the system. After that, the actual ”production” simulation is performed
until the observables of interest are reasonably converged [19].

Equations of motion

Assuming a continous potential, the force acting on partice i in a system
composed of N particles can be calculated as

fi =
∂U (r)

∂ri
, i = 1, · · · , N. (2.31)

The calculation of forces is usually the most time-consuming part of almost
all MD simulations. Considering that some non-bonded interaction is in-
cluded in the potential, it means that we have to include contributions from
all other particles to calculate the force acting on particle i.

Having the forces prescribed, the positions of all N particles ri (t) , i =
1, · · · , N at any time t can be obtained by integrating Newton’s equations
of motion in the form

∂2ri
∂t2

=
1

mi
fi, i = 1, . . . , N. (2.32)

Eqn. (2.32) represents a system of 3N differential equations of the second
order. To solve them, the initial conditions have to be prescribed (positions
and velocites of particles at time t = t0). These equations can be integrated
analytically only for the simpliest cases like two particles in a potential of
central force, so usually numerical methods have to be used.
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Verlet propagator

The Verlet method is one of the numerical methods used to integrate New-
ton’s equation of motion. It is one of the simplest but also very often the
best choice. It can be derived by writing the Taylor expansions for r (t+ ∆t)
and r (t−∆t)

ri (t+ ∆t) = ri (t)+vi (t) ·∆t+ fi (t)

2mi
·∆t2 +

∂3ri (t)

∂t3
·∆t3 +O

(
∆t4

)
(2.33)

ri (t−∆t) = ri (t)−vi (t) ·∆t+ fi (t)

2mi
·∆t2− ∂

3ri (t)

∂t3
·∆t3 +O

(
∆t4

)
(2.34)

and summing these two to get

ri (t+ ∆t) + ri (t−∆t) = 2ri (t) +
fi (t)

mi
·∆t2 +O

(
∆t4

)
, (2.35)

which by neglecting the last term can be rewriten into the final form

ri (t+ ∆t) ≈ 2ri (t)− ri (t−∆t) +
fi (t)

mi
·∆t2. (2.36)

We see that the position at time t + ∆t is calculated from the position at
previous times t and t −∆t and the force at t. ∆t is usually chosen small
enough to keep the simulation stable, but also large enough to be able to
sample long intervals of time. Notice that the Verlet algorithm does not use
velocity to compute the new position, nevertheless velocities can be obtained
from the relation

vi (t) =
ri (t+ ∆t)− ri (t−∆t)

2∆t
, (2.37)

if the trajectory is known.
Since the Verlet method is time-reversible (eqn. (2.36) is invariant with

respect to the exchange of ∆t for −∆t), it is good for the conservation of
energy and, together with its simplicity, that could be the reason why it is a
very popular choice for molecular dynamics simulations of big systems, like
biomolecules.
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2.5.2 Force field

The term MD force field refers to the form of the potential energy function
as well as to the set of empirical constants used to parametrize it. The
basic functional form comprises bonded terms which are related to atoms
connected by bonds, and non-boded terms which describe electrostatic and
van der Waals interactions. The specific decomposition depends on the par-
ticular force field. Some of the modern force fields consider also polarization
effects, but these are still under development and not ready for routine
use. Moreover, they are computationally much more expensive than non-
polarizable ones, preventing one to reach long simulation times important in
studies of biomolecules. The empirical parameters of a force field are usually
obtained by fitting to high-level quantum mechanical data or to reproduce
various experimental data, like interaction energies, vibrational frequencies,
energies of solvation, radial distribution functions and others.

In the following we discuss in more detail the AMBER force field which
we use in our simulations (the simulations are using the AMBER software
package [42]). The parametrization of ions is also briefly discused.

Basic non-bonded pair potentials

The most commonly used potential for the desricption of interaction between
two unncharged particles i and j is the Lennard-Jones potential

uLJi,j (r) = 4εij

[(σij
r

)12
−
(σij
r

)6
]
, (2.38)

where σ is the finite distance at which the potential is zero and ε is the
depth of the potential well. This potential is simple and also rather realistic.
The Lennard-Jones potential decreases fast with increasing distance between
the particles. The coefficients σij and εij are calculated from one-atom
parameters using a combining rules. Specifically, AMBER uses the Loretz-
Berthelot combining rules

σij =
σi + σj

2
, εij =

√
εiεj . (2.39)

If there are charged particles in the system, the Coulombic interaction has
to be added

uC(r) =
1

4πε0

q1q2

r
, (2.40)
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where ε0 is the vacuum permitivity, q1 and q2 are charges of the particles.
This potential is nevertheless decreasing very slowly with distance, which
may lead to some complications and inaccuracies. Therefore, in periodic
boundary conditions, electrostatic interactions are usually treated by the
particle-mesh Ewald method described below. The partial charges of the
particles are usually derived from quantum mechanical calculations by elec-
trostatic potential (ESP) fitting procedures.

The AMBER force field

AMBER is a suite of programs used for MD simulations and analysis [42].
The acronyme is also used in connection with a family of force fields, which
are used in the program for simulation of proteins, nucleic acids and organic
molecules. The basic AMBER force field has the following form, which is
aditive, non-polarizable, with electrostatic and Lennard-Jones non-bonded
potentials

V (r) =
∑

bondsKb (b− b0)2 +
∑

anglesKθ (θ − θ0)2

+
∑

dihedrals (Vn/2) (1 + cos [nφ− δ])

+
∑

nonbij

(
Aij/r

12
ij

)
−
(
Bij/r

6
ij

)
+ (qiqj/rij) ,

(2.41)

where the bond term represents the harmonic potential energy of bond
stretching, the angle term represents the harmonic energy due to the ge-
ometry of electron orbitals involved, the dihedral term represents energy of
twisting a bond which is expressed as a Fourier series and the last two terms
represent non-bonded interactions involved (Lennard-Jones and Coulomb
interactions). The empirical parameters in eqn (2.41), which have to pre-
scribed, are Kb, b0, Kθ, θ0, Vn, δ, Ai,j , Bi,j , qi and qj .

The non-polarizable AMBER force field for proteins, nucleic acids and
organic molecules was originally developed by Kollman and co-workers [11]
in 1994 (the parm94 force field). In 1999 some corrections were made in
torsional parameters resulting in parm99 [57] force field. Very important
corrections specific for nucleic acids were made more recently (the parmbsc0
force field [43]) after longer simulations appeared on the scene. Varnai and
Zakrzewska [55] first observed irreversible transitions (flips) in backbone
torsion angles α and γ, occurring mostly after a simulation time of tens of ns.
These flips are coupled to reduced twist and to other conformational changes
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and eventually lead to unwound, ladder-like structures in longer simulations.
These artifacts were corrected in the parmbsc0 [43] modification in 2007.
The latest improvement for AMBER force field specifically designed for RNA
has been proposed by Banas et al. [3].

The simulations of nucleic acids using parm99 together with the parmbsc0
correction proved to be able to relatively reliably represent biologicaly rel-
evant DNA oligomers in water [44]. In this work we want to further in-
vestigate this issue by comparing our simulations with various experimental
data.

Ion parametrization

Alkali and halide ions play an important role in biological systems. They
have a significant influence on stability and dynamics of biomacromolecules,
especially for highly charged systems like DNA. Thus it is necessary to
properly model all ionic interactions, including interactions with other ions
and with water.

Several ion models are currently available and widely used (e.g. Aqvist,
Dang, Jorgensen, Doux, Cheatham...) [24]. Nevertheless, not all of them
always give expected results. For example, the combination of Smith and
Dang Cl− anions [49] and AMBER-adapted Aqvist cations often caused
a creation of salt crystals well below their solubility limit, most probably
because of unbalanced ion-ion inteactions (for further details see [24]). With
the exception of this pathological combinations, it has been shown that
current parametrizations represent the ionic atmosphere generally well.

We use two different parametrizations in our simulations. The older,
widely used parametrization by Dang [12](K+ ions) and Smith and Dang
[49](for Cl− ions) and recently developed parametrization by Joung and
Cheatham [24](K+ and Cl− ions). The aim of Joung and Cheatham’s work
was to reach a better balance between properties of both crystal and solution
phases and to avoid the unexpected salt creation during the simulations.

The parametrizations of all of the above mentioned ions were prepared to
be compatible with the SPC/E water model which is used in our simulations.

2.5.3 NpT statistical ensemble

Molecular dynamics of an isolated system describes natural time evolution
of the system of particles in a box of a specified volume. In such simulations,
the total energy is a constant of motion. If we assume that the system is
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ergodic, which means that time averages are equivalent to ensemble aver-
ages, the averages obtained from such MD simulations will correspond to
microcanonical (constant-NVE) statistical ensemble averages [19].

However, it is often more convenient to perform simulations in other en-
sembles, like in NpT ensemble with constant pressure and temperature (the
NpT ensemble corresponds to the conditions under which most experiments
are carried out). Therefore we need to include some kind of barostat and
thermostat coupled to the system of interest.

Weak-coupling methods

There are several methods how to ensure the constant pressure or temper-
ature during the simulations. One of them is the weak-coupling method
introduced by Berendsen [5], which can be used for both purposes. This
mehtod is also implemented in AMBER.

In the Berendsen formulation, to maintain the system at temperature
T0, the velocities are scaled at each step such that the rate of change of
temperature at time t is proportional to the difference between temperature
T (t) and temperature of the heath bath T0,

dT

dt
=
T − T0

τT
, (2.42)

where τT is a coupling constant which determines how tightly the system is
coupled to the heath bath. It can be shown that the corresponding velocity
scaling factor can be calculated as

λ2 = 1 +
∆t

τT

[
T0

T − (t−∆t/2)
− 1

]
, (2.43)

where ∆t is the time step. This method only ensures that the total kinetic
energy agrees with the desired temperature, the Berendsen method doesn’t
lead to proper sampling of the canonical ensemble. Nevertheless, in a big
system with a lot of degrees of freedom and using a loose coupling τT , the
difference is usually negligible.

A similar method is applied to maintain the constant pressure. In this
case, it is the positions of the particles and volume of the simulated box that
are properly scaled.

2.5.4 Periodic boundary conditions, Ewald summation

Periodic boundary conditions (PBC) are a set of boundary conditions used
in MD simulations to model an infinite periodic system by simulating only
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a small part of it. First, a simulation box (unit cell) of a geometry which
can perfectly fill three-dimensional space is defined, then this unit cell is
virtually repeated indefinitely in space with all the particles in it. When
a particle passes through one face of the cell it reappears immediately on
the opposite face with the same velocity. Only the particles in the original
unit cell are propagated, the particle copies follow the same dynamics. The
copies of the unit cell are called images.

PBC are often used in conjuction with the Ewald summation method for
treatment of long-range electrostatic. It is an approximate method in which
we account also for very distant interactions (we account for interactions of
particle with its real neighbours and all the images of all particles). The
Ewald method is briefly explained in the following.

The number of all noncovalent pair interactions in the system of N par-
ticles is proportional to N2, which means that for big systems it would be
computationally very demanding to explicitly compute all of them. One of
the solutions is simply to truncate the interaction at some specific distance,
which is a rather drastic way. This issue is particularry relevant for elec-
trostatic interactions, because the electrostatic potential decays as 1

r and
thus even long-range interactions contribute significantly to the interaction
energy. The eletrostatic potential at position of ion i, if we assume a cube
unit cell, is computed as

φ (ri) =

′∑
j,n

qj
|rij + nL|

, (2.44)

where n ∈ N3 and where the prime indicates that the sum is over all periodic
images and over all particles j, except j = i if n = 0, L denotes cube
diameter. This sum is poorly convergent.

probably the most widely used method to solve this problem is the Ewald
summation, originally formulated in 1921 for crystalls. In the Ewald method,
the electrostatic potential is calculated as follows. First, all the point charges
of all particles (both real and images) are screened by diffuse Gaussian charge
distributions of opposite overall charge. In that case the electrostatic po-
tential due to particle j is exclusively due to the point charge qj which is
not screened. The contribution due to the set of these screened charges
can be easily computed by direct summation, which is rapidly convergent
in this case. We then have to correct for the fact that screening clouds were
added. This is done by the addition of compensating Gaussian distributions
of opposite sign again to the positions of the particles. We thus have a
system of screened point charges for which the contribution to the potential
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is computed by direct summation, and a periodic system of compensating
Gaussian charge distributions. A periodic system of functions can be repre-
sented by Fourier series, thus the contribution of the compensating charge
clouds can be calculated by summation in reciprocal space, which is also
rapidly convergent.

The Ewald summation method scales as N3/2, which is still expensive
for big systems. To overcome this restriction, an alternative algorithm has
been proposed called particle mesh Ewald [13], which scales as N log (N).

2.5.5 MD simulations of nucleic acids

To our knowledge, the first molecular dynamics study of a macromolecule
of biological interest was published about 35 years ago by Karplus group
and was concerned with the protein bovine pancreatic trypsin inhibitor [36].
Although the simulation was done in vacuum with only a crude potential
and lasted for only 9.2 ps, the results showed the protein as quite a flexi-
ble structure in contrast to what was commonly belived (see discussion in
[25]). Of course, some experimental data were also pointing in this direc-
tion. A few years after, the first DNA simulation was performed by Levitt
[32]. Artificial restraints had to be used in the early simulations to keep
the macromolecules stable. This problem was overcome when several force
field improvements were introduced such as that by the Kollman group [11]
in 1995. The development of methods for treatment of long-range electro-
statics also played an important role [13]. In the next years simulations of
biomacromolecules recieved a reasonable attention and have been applied
to a wide range of problems. The usual timescale of the studies of oligonu-
cleotides in explicit water were 1 − 10 ns and significantly increased in the
past few years, which also resulted in some recent force field refinements [43]
making the simulations more reliable, as described in section 2.5.2. As an
example of important studies reaching longer time scales, we mention simu-
lations of the Ascona B-DNA consortium (10−20 ns, [6]) or the simulations
by Varnai, Zakrzewska (50 ns, [55]) and Perez et. al. [44]. More recently,
1.2 µs long trajectory of the Dickerson dodecamer was published by Orozco
and co-workers [44] which seems to reliably represent a biologicaly relevant
piece of DNA even at such long time scales. Data from this trajectory are
included in our analysis.

Although molecular dynamics studies cannot provide a complete theoret-
ical explanation of biological processes, they represent a great contribution
to our understanding of these processes [25]. For example, they help us
understand how flexibility and dynamics of a macromolecule influence its
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functionality. It can be expected that the role of MD simulations of nucleic
acids will even increase, as it has been increasing during the last 30 years
together with the computer power, better protocols and force fields.

2.5.6 Convergence in MD simulations

One of the most important questions concerning MD simulations of biomacro-
molecules is how long we should simulate to obtain reliable averages of the
system properties of interest. In general the averages can be representative
only when the sampling time τsample is much longer than the relaxation time
τrelax (X) of a property X, thus we can write [54]

τsample >> τrelax (X) . (2.45)

In the case the condition (2.45) is not fulfilled, the averages 〈X (t)〉 will
display a drift in time. The relaxation time τrelax can be estimated as a
decay time of the autocorrelation function 〈X (t′)X (t′ + t)〉.

One of the reasons why the relaxation time can be very long is that the
system may jump rapidly but rarely between relatively stable states on the
potential energy surface. In this case the trajectory averages are sensitive
to the number of jumps and thus may converge slowly.

2.6 Experimental methods used to study DNA

2.6.1 Dickerson dodecamer

A lot of accepted conclusions about the DNA structure and its sequence-
dependent variability came from various experimental and also MD studies
of Dickerson’s dodecamer (5’)CGCGAATTCGCG(3’). Its atomic structure
in B-form was first resolved by Dickerson’s group ([15], [16]) in 1979 by
single crystall x-ray diffraction. It provided a great insight into the local
variability of the structure throughout the sequence. After that the Dick-
erson dodecamer (DD) was further studied by several other groups, mostly
using crystalography and NMR.

Dickerson’s sequence contains the binding site for the EcoRI restriction
endonuclease (G↓AATTC, cleavege site is denoted by the arrow) which is
an enzyme of the E.coli bacteria that binds and cleaves the DNA with
remarkable specifity. DD is thus a good candidate for studies of DNA-
protein interactions [53]. The huge amount of information known about the
DD also makes it an ideal sequence for validation of MD simulations.
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2.6.2 X-ray structures of DD

After the first structure of DD, many other structures of the same oligomer
and related sequences alone or associated with drugs were studied under var-
ious ionic conditions. Most of them were crystallized in practically identical
unit cells of the symmetry space group P212121 (orthorombic space group)
with the asymmetric unit being both strands of the duplex, and with no
exact symmetry relating the two strands. Among all of these sructures we
name the studies by Williams and co-workers [46], [47], by Tereshko et al.
[51], [37] and Sines et al. [48] that were mostly concerned with the effect of
hydration and counterion association.

Besides the otrhorombic space group P212121 it was shown by Liu et al.
[33] that in the presence of Ca2+ ions DD crystallizes in a different space
group H3 (rhombohedral) with a different packing motif, where the central
basepairs were stacked in columns in the crystal and the end nucleotides were
found in extra-helical conformations. The last important crystal structure
mentioned here was prepared by Johansson et al. [23] in space group P3212
(another rhombohedral space group). This structure has the special feature
that the oligomer is situated on a crystallographic 2-fold axis, thus in this
case the exact crystal symmetry reflects the palindromic nature of DD.

All of the independent X-ray studies had shown some important distinc-
tions in structural properties of DD, which consequently led to extensive
discussions about the importance of the crystall packing and ion binding
(see section 2.6.5). Nevertheless, some of the features of DD, like narrowing
of the minor groove in the central A-tract or the presence of highly ordered
hydration water molecules, remain valid in all cases. Some of the indepen-
dent strucutres discussed here were used for comparsion with our results.

2.6.3 Nuclear magnetic resonance (NMR) structures of DD

The DD has also been studied extensively using the NMR method. Many
early works are known which appeared soon after the Dickerson’s crystal
structure, nevertheless only more recent methods, which enable e. g. the
measurement of residual dipolar couplings (RDC) or 31P chemical shift
anisotropy, can provide us with reliable secondary structures (see discus-
sion in [60]). Among these we discuss here only the solution structure of
Wu et al. [60] from 2003, which in this work represents the most important
experimental reference for comparsion with MD structures.

The solution structure of Wu et al. was determined on the basis of a
large set of residual dipolar couplings (RDC), 31P chemical shift anisotropy
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(CSA) and other restraints. Both RDC and CSA measurements provide
us with quantitative orientational information relative to the alignment of
macromolecules with respect to the magnetic field. RDC data yield also dis-
tance information. The number of restraints exceeds the number of degrees
of freedom, which is a unique feature of this study.

2.6.4 BI/BII transitions

The proces of protein-DNA recognition depends also on the DNA backbone
dynamics. The important part of this indirect readout is the conformational
equilibrium between the BI and BII substates in the backbone [53]. Several
NMR studies investigate the sequence-dependent BI/BII equilibrium using
slightly different approaches. It is belived that NMR data cannot be ascribed
to a single structure, but an ensemble of structures should be used. The
resulting ensemble then gives a view of the conformational space sampled
by the oligonucleotide. The approach of ensemble refinement against several
NMR restraints and also large-angle X-ray scattering data is used in the work
of Schwieters et al. [45] to analyze the BI/BII backbone equilibrium of DD.

Another approach was employed in the studies of Tian et al. [53] and
[21] A relationship between the 31P chemical shift and the population of BII
has been found [21] and consequently used to study the BI/BII equilibrium
ratio and dynamics [53].

2.6.5 Comparsion of X-ray and NMR structures

Crystallography was the first method which provided us with a detailed
atomistic picture of DNA structure. It has not only elucidated the main
conformational forms known (A, B and Z) but also provided the evidence of
conformational heterogenity within the DNA. Nevertheless, the picture we
obtain from crystallography is static in nature and affected by the packing
forces. On the other hand, NMR methods can give us an insight into the
structure of DNA in solution and its dynamics.

The NMR and X-ray structures of DD give a rather consistent descrip-
tion of the inner part of the dodecamer, like the minor groove narrowing
and the high negative propeller in A/T tract. In contrast, the GC rich ends
of the structures of DD in the two environments have more variable local
geometries [60], [33]. Moreover, the palindromic nature of DD dictates a
complete symmetry of the helix with respect to the 2-fold axis in the plane
mid-way between the central basepairs [23]. This symmetry is usually not
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very well satisfied in the X-ray structures. On the other hand, NMR struc-
ture of Wu et al. satisfies this relation with high precision.

The explanation of the differences between the NMR and X-ray struc-
tures, and even between the various X-ray structures, is not always com-
pletely clear. The geometries in the crystal state can probably be strongly
affected by intermolecular interactions, which doesn’t occur in solution.

For example, the average twist of the DD structures crystallized in
P212121 space group corresponds to aproximately 10 base pairs/turn, while
the number found for the solution structure (NMR) or structure obtained
in the different, H3 space group, is significantly higher (about 10.5 base
pairs/turn). The H3 structure has less extensive stacking interactions be-
tween neighbouring duplexes, thus the discrepancies can be attributed to
packing interactions in the crystal [33], [60] Also, it was suggested by Jo-
hansson et al. [23] that the packing effects are probably responsible for the
lack of symmetry typical for structures crystallized in other than the 2-fold
symmetric P3212 space group.

Another important question is the effect of ions present in the crys-
tall structures. Some of the authors observed divalent metal ions localized
in both the major and minor grooves of the high resolution DNA crystal
structures [46], [47], [51], [48] which can also have impact on the overall
conformation of the dodecamer. The influence of ions was also tested in
the NMR study of Wu et al. [60] and no significant changes in chemical
shifts were observed for monovalent and divalent ions up to physiological
concentrations.
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Chapter 3

Methods

3.1 The system

In this section we describe in detail the preparation of the studied systems,
which were the starting points for our simulations. Two systems were built,
each containing the double-stranded Dickerson dodecamer
(5’)CGCGAATTCGCG(3’) in aqueous solution of KCl, with either Dang
parametrization of the ions [49](KCl Dg) or Cheatham and Joung parametriza-
tion [24](KCl JC). We used the SPC/E model of water with periodic bound-
ary conditions applied. The systems were prepared using AMBER Tools 10
software package and the parmbsc0 modification of the parm99 force field
[43].

3.1.1 Preparation of the system (LEaP)

An MD simulation starts with a choice of initial configuration of the sytem
(coordinates and velocities of all atoms), in other words we have to specify
the initial conditions for the Newton equations of motion. Moreover, since
we use the force field in the form of eqn. (2.41), we have to give information
about the charges, atom types and conectivity (the topology of the system).
The files containing this type of information can be created and modified by
the program LEaP (AMBER Tools). LEaP also enables us to add various
residues, water molecules and ions, to specify periodic boundary conditions
and force field and to perform other actions if needed. The initial config-
uration of the DNA oligomer can be read by LEaP in pdb (protein data
bank) format. Our initial structure was canonical B-DNA created using the
program nucgen. In the following we give a list of all particular steps applied
to build the system as an input for equilibration and production phases.
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First, the files containing force field data were loaded into LEaP, compris-
ing the file of parm99 parameters and the force field modifying files (frcmod
files) with parmbsc0 parameters and prepared ion parameters. Then the B-
DNA structure was read. Some of the hydrogen atoms were missing in the
pdb file, thus they were added by LEaP. To avoid any close contact of any
atoms with these hydrogens, a short minimization in vacuo was performed
to relax them with positional restraints on all nonhydrogen atoms using the
AMBER module sander. By the restraints we mean additional harmonic
potentials acting on chosen atoms to keep them in place. The force constant

was k = 100 kcal ·mol−1 · Å−2
. The minimization started using a steepest

descent algorithm (250 steps), which has the ability to quickly remove the
largest strains, and was then switched to conjugated gradient (250 steps),
which is able to converge faster when close to minimum. This methodology
is used in all cases of minimizations performed in this study.

The next step was the solvation of the minimized DNA duplex with the
SPC/E model of water. We used one of the possibilites in LEaP, which
enables one to create a periodic solvent box around the solute in the shape
of a truncated octahedron. The closest distance between any atom of the
solute and the edge of the periodic box was chosen to be 10 Å which leads to

the addition of ∼ 5000 water molecules with a total volume of 185.4 ·103 Å
3

and initial density 0.887 g/cc.
The solvated DNA molecule was than neutralized with 22 K+ ions, using

either Dang or Joung and Cheatham ion parameters. This was done by
LEaP, which places ions around the DNA into local minima of Coulombic
potential. If an ion has a steric conflict with a water molecule, the latter is
simply deleted. After that, we added extra 14 K+ and 14 Cl− ions to attain
physiological salt concentration (∼ 150 mmol/dm3).

Since LEaP adds ions at particular positions around the DNA, the ion
positions were subsequently randomized to avoid any positional bias. The
randomization was performed using the program ptraj (AMBER Tools) with
the command randomizeions, which swaps the position of a randomly cho-
sen water molecule and a single atom ion. The predefined closest distance
between the ions was chosen to be 3.5 Å and the closest distance between
ions and the DNA molecule was 5 Å.

As a result we obtained initial configurations of two solvated systems
with the same DNA oligomer, the SPC/E water molecules and the same
number of K+ and Cl− ions, using two different ion parametrizations. Taken
all together, the systems consist of ∼ 16000 atoms.
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3.2 Simulation protocol

3.2.1 Equilibration

Prior to the production run, we conducted a series of minimization steps
with positional restraints of decreasing strength, with an initial minimization
followed by a slow heating of the system and each of the next minimization
steps followed by a short equilibration MD run (the equilibration procedure
established by the ABC consortium [6] was employed). This was done using
the AMBER module sander.

The initial minimization was performed with 25 kcal ·mol−1 · Å−2
posi-

tional restraints on DNA for 500 steps of steepest descent followed by 500
steps of conjugated gradient. Constant volume periodic boundary condi-
tions were applied with a nonbonded cutoff distance of 9 Å and the direct
sum nonbonded list updated every 10 steps, which is a higher frequency
than the default value of 25 steps in AMBER (the cutoff is specified as a
limit for the direct space sum in particle mesh Ewald method).

The next equilibration step was a 100 ps MD simulation at constant

volume with the same positional restraints (25 kcal · mol−1 · Å−2
). Dur-

ing the first 10 ps the system was heated from 100 K to 300 K and then
kept at 300 K for the remaining 90 ps, with the Berendsen weak-coupling
algorithm [5] for the temperature regulation. All the bonds containing hy-
drogens were constrained using the SHAKE procedure. Since fast stretching
of the bonds including hydrogens is thus prohibited, this enables us to use
a longer timestep of ∆t = 2 fs. Again, the interaction was calculated with
a 9 Å cutoff.

In the following steps, the restraints applied to the DNA oligomer were
gradually decreased using the force constants of 5, 4, 3, 2, 1 and 0.5 kcal ·
mol−1 · Å−2

. Each minimization was followed by a short MD run at the
same value of restraint constant. The same conditions were applied for these
minimizations as they were for the initial minimization described. The MD
runs were done for 50 ps (∆t = 2 fs) at 300 K and 1 atm, with temperature
and pressure coupling using the Berendsen weak-coupling algorithm with
coupling constants of 0.2 ps.

The last step of the equilibration phase was a 50 ps MD run without
restraints, at the same conditions, only with coupling constants of 5.0 ps.
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3.2.2 Production phase

The production phase was performed using the AMBER program pmemd,
which is an MD simulation program written with the goal of improving the
performance of the most frequently used MD methods of sander. Having the
two systems properly equilibrated at the desired conditions, the trajectories
were extended to 600 ns in the case of Joung and Cheatham ions and to
2.4 µs in the case of Dang ions, the latter being as far as we know the
longest trajectory of this type. Both trajectories were produced at constant
temperature (300 K) and pressure (1 atm) with coupling constants 5.0 ps,
leading to a set of configurations sampling NpT statistical ensemble. The
periodic boundary conditions were applied and nonbonded cutoff for particle
mesh Ewald method was set to 9 Å. The bonds containing hydrogens were
treated with SHAKE constraints. Trajectory snapshots were saved every 10
ps to be used for analysis of equilibrium properties. The translational center
of mass motion was removed every 5000 steps.

3.3 Parameter estimation

Trajectories from molecular dynamics were processed using the ptraj mod-
ule (AMBER Tools). A pdb file for each snapshot was produced. Water
molecules and ions were stripped off and the center of mass of DNA was
moved to the coordinate origin. This gives a total of 60 000 pdb files for the
KCl JC trajectory and 240 000 pdb files for the KCl Dg trajectory, which
are the starting data of our analysis.

The snapshots were further processed by the 3DNA software [35] that
computes the intra and inter basepair parameters according to the formulas
given in section 2.2.3. Moreover, 3DNA gives the values of backbone torsion
angles, sugar puckers, major and minor groove widths and other structural
parameters of the DNA molecule. H-bond lengths were calculated in the
ptraj program.

3.3.1 Filtration

Among other analysis, we investigated the influence of several filtration pro-
cedures, applied to snapshots from the trajectories, on the values of shape
and stiffness parameters of the model. The reason for this is that some long-
living non-canonical states may appear during the simulations which are not
seen in crystal structures, e. g. unusual backbone angles, end-structures or
broken H-bonds in the inner part of the duplex. Thus we can ask, what is
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the influence of these states, regardless if they really occur in the solution or
not. In the following we describe the criteria used to recognize these states.

H-bonds

H-bond lengths were calculated as distances between the heavy atoms of the
complementary bases for each of the 32 H-bonds occurring in the Dickerson
dodecamer. In case of the usual Watson-Crick pairing these are the O4-
N6, N3-N1 distances for AT basepairs and O6-N4, N1-N3, N2-O2 distances
for CG basepairs (see Fig. 4.1). H-bonds with distances higher than 4 Å
were considered to be broken. This value is found to allow for sufficient H-
bond length fluctuations while capturing all the important opening events
[27]. It has been found that broken H-bonds can influence the propability
distributions of the intra basepair parameters [26]. The snapshots with at
least one broken H-bond except terminal pairs were excluded during the
H-bond filtration.

α/γ flips

The usual values of the backbone torsion angle γ observed in crystallographic
structures are roughly 60◦ (g+). In MD simulations they can undergo rare,
temporary ”flips” to roughly 200◦ (t). These γ flips are usually accompanied
by flips in the α backbone torsion, they are rare and reversible, nevertheless
they can last for up to∼ 100 ns and more. The γ flips have not been observed
in X-ray crystallographic structures of naked B-DNA [50]. It has been shown
that they can perturb the helical structure [43]. As a criterion for recognition
of the γ flips we choose the value of 110◦. Flips corresponding to non-
canonical states were recognized by values higher than that. The snapshots
with at least one γ flip anywhere were excluded during the filtration.

3.3.2 Shape and stiffness parameters

As already stated in section 2.2.4, by replacing the statistical averages with
time series averages obtained from MD, we are able to estimate the shape
and stiffness parameters of the rigid base model. Let N be the total number
of snapshots extracted from a given trajectory. As an output from the 3DNA
program, we have a series of vectors of generalized coordinates w(k), k =
1, · · · , N (intra and inter basepair parameters), each corresponding to one
snapshot. Further by I we denote the set of snapshots which passed through
a chosen filtration procedure. Considering equations (2.13) we can estimate
the shape vector corresponding to minimal energy configuration as
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ŵ =

∑
k∈I w(k)

NI
(3.1)

and the stiffness matrix K can be calculated from the relation

kBT [K]−1 =

∑
k∈I ∆w(k) ×∆w(k)

NI
(3.2)

where ∆w(k) = w(k) − ŵ, T is the simulated temperature, and NI is the
number of snapshots in I. We have calculated condition numbers for the
covariance matrices C = [K]−1 to ensure that they are well-conditioned and
thus easily invertible.

3.3.3 Matlab environment

To be able to efficiently compare a large series of shape and stifness param-
eters estimated from sets of snapshots subjected to different combinations
of filtration conditions, we have developed a simple MATLAB environment,
which is depicted in Fig. 3.1. Among other things, this environment en-
ables us to plot backbone torsions, equilibrium intra and inter basepair
parameters, stiffness matrices and their eigenvalues, eigenvectors, diagonal
elements, and matrix distances. We can also plot data used to study conver-
gence. Moreover, data using different filtration conditions can be efficiently
compared in this environment.

Figure 3.1: The Matlab environment
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Chapter 4

Results

In this chapter we present and discuss the results of our study. The results
were obtained from two extensive MD simulations of the Dickerson dode-
camer (DD) immersed in an aqueous solution of KCl, with either Dang and
Smith [12] ion parametrization (it will be refered to as KCl Dg) or Joung
and Cheatham parametrization [24](KCl JC). The former system, KCl Dg,
was propagated for 2.4 µs (it corresponds to 1.2 · 109 steps of MD simula-
tion), whlie the other one (KCl JC) for 600 ns. We have also included to our
analysis the data from MD simulation of DD performed by Perez et al. [44]
which was done in solution containing Na+ ions only (default parm99 ion
parametetrization) at the same simulation conditions, only with TIP3P wa-
ter model, while we use SPC/E model. The simulation by Perez et al. will
be refered here as Na Bsc (according to Barcelona supercomputing center,
where the simulation was performed).

In case of all three simulations, the base pairs in the inner part of the
dodecamer keep their cannonical Watson-Crick pairing all of the time, whith
only occassional disruptions, while the end basepairs are either broken or
adopt one of two different pairing motifs. One of them is the canonical
Watson-Crick pair (W), which is somewhat unstable during the simulation.
The other one, which is also found in RNA structures [31], is the so called
trans Watson-Crick/Sugar Edge pairing motif (T) (see Fig. 4.1). During the
switch from W to T pairing, the end cytosine turns around the glycosidic
bond from anti to syn conformation to form the non-cannonical T pair.

We have estimated the equilibrium shape and stiffness parameters de-
pending on the pairing of the end basepairs. We consider two states: in the
WW state, each end is either WC paired (W) or unpaired; in the TT state,
both ends are in T. The T and W states were recognized by measuring the
length of the H-bonds corresponding to these states as depicted in Figure
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4.1. We consider the existence of a H-bond for the distances between heavy
atoms being lower than 4 Å. The populations of WW and TT states in the
simulations are in Talbe 4.1. In case of the KCl JC simulation there is no
TT state observed. A specific feature of the KCl Dg simulation is that one
of the ends is mostly found in T state (colored in yellow in the picture),
while the other one in W (green).

System: WW [%] WW [ns] TT [%] TT [ns]

KCl Dg 11 265 16 381

KCl JC 55 330 0 0

Na Bsc 19 225 54 643

Table 4.1: The simulation times the end base pairs spent forming the canonical Watson-Crick
base pair or being unpaired (WW) or trans Watson-Crick/Sugar Edge base pair (TT).

In Figure 4.1 we see the influence of the two states on the value of twist
in KCl Dg simulation. We see that, considering the inner decamer, in the
CG steps the difference between the two states in Twist can be up to 7◦.
This is reflected by the asymmetric profile of twist calculated from the whole
trajectory, since one of the ends is almost completely in T state, while the
other in W. In the AT tract the difference is negligible. A similar pattern can
be seen also in case of some other internal coordinates like rise, tilt, buckle
or propeller, generally with the most significant differences also in CG steps
of the inner decamer. Thus we see that the end-strucutres can significantly
influence the structure of DD even at the third step from the end of the
sequence. These states are also very long-lived, there are only 2-3 flips in
case of Na Bsc and 1 to 2 flips in KCl Dg and KCl JC. For these reasons
we decided to investigate the shape and stiffness parameters separately for
the two cases of the end-structures. Moreover, since the end base pairs are
often completely broken, we decided to use only the inner octamer of our
12-bp DNA oligomer for further estimation of the shape vector and stiffness
parameters.

4.1 Shape parameters compared with experiment

In this section we compare the structural parameters obtained from the MD
studies for WW state with one NMR and four recent X-ray experimental
structures of DD, which are taken from the PDB database. From the X-
ray structures we choose two representatives of the P212121 symmetry space
group, the high-resolution structures of Tereshko et al. [52](1.1 Å) and Sines
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Figure 4.1: Top: Two different base pairing motifs adopted by the end base pairs during
the simulations. The two motifs were recognized by measuring the lengths between the heavy
atoms involved in the H-bonds, which are denoted by black dashed lines. The non-canonical
trans Watson-Crick/Sugar Edge pair can be found in various RNA structures. Lower left panel:
Analysis of the pairing motifs adopted by individual base pairs in the dodecamer during the
simulations. Columns represent the individual base pairs. The x-axis indicates the sequence and
on the y-axis is the simulation time in ns. Three different states of a base pair were recognized,
canonical Watson-Crick pair (W - green), trans Watson-Crick/Sugar Edge pair (T - yellow) and
broken pair (red). Lower right panel: The influence of the end states on the average values of
inter base pair parameter twist. The green line corresponds to a structure where both of the end
pairs are in W or are broken (the WW state), while the yellow to a structure with T end pairs
(the TT state). The red line is the average obtained from the whole trajectory.

et al. [48](1.2 Å). Besides that, we consider the structure of Johansson et
al. [23](1.8 Å) crystallized in the two-fold symmetric group P3212 and the
structure of Liu et al. [33](1.45 Å) crystallized in the H3 group. The NMR
structure is the structure of Wu et al. [60], which was described in detail in
section 2.6.3.
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4.1.1 Intra and inter basepair parameters

The values of the intra basepair and inter basepair (or step) parameters for
both experimental and MD structures are shown in Figures. 4.2 and 4.3 and
Tables 4.2 and 4.3. Generally, we see a good qualitative correspondence of
the structures in a lot of important features. All of the structures show high
positive roll, small slide and small propeller in the G/C regions and zero
or negative roll, negative slide and high negative propeller in the A/T part.
The MD simulations are close to each other in all cases, with the largest
differences between KCl JC and the other two MD structures.

Nevertheless, the structures also show some important distinctions. First,
there are significant differences between the individual crystal structures
and, except the structure of Johansson [23], none of them shows the sym-
metry in the base pair parameters dictated by the palindromic nature of the
DD sequence. The possible reasons for this differences, like the effects of
crystal packing or ion binding, are discussed in section 2.6.5, together with
the symmetry related issues. The NMR structure and MD structures shows
almost perfect symmetery. Generally, NMR also shows less variations in the
structural parameters.

Considering the important conformational parameter twist, our data in-
dicate that with respect to NMR the MD simulations underestimate Twist in
all the steps except GA. An interesting feature is the difference in CG steps,
where the MD twist is around 25◦ whereas the twist of the NMR structure
is 34◦. Interestingly, all the X-ray structures show values close to the MD
ones. Similary, slide is underestimated in the A/T region of the oligomer.
However, no such generall statement can be found for the parameter roll.

One of the important conformational base pair parameters is also pro-
peller. All the structures show high negative propeller in the center, which
is a characteristic feature the DNA A-tracts [27]. Nevertheless, MD slightly
underestimates the negative propeller with respect to NMR.
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Figure 4.2: The profiles of inter base pair parameters of four X-ray and one solution NMR
experimental structures, and three MD simulation structures (denoted by different black lines).
From X-ray structures there are two representatives of the P212121 symmetry space group, one of
the two-fold symmetric group P3212 and one of the H3 group. The MD simulations were performed
with different water models and ion parameterizations, corresponding profiles represent simulation
averages from the trajectory filtered to keep only the WW end states (i. e. each end WC-paired or
unpaired). The x-axis indicates the sequence of the inner octamer, written in the 5’-3’ direction.

4.1.2 Minor and major grooves

The major and minor groove profiles are shown in Figure 4.4. All the struc-
tures show the minor groove narrowing in the central A/T region, which is
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P 212121_T er P 212121_S in P 3212 H3 NMR
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Figure 4.3: The profiles of intra base pair parameters. Structures, symbols and color coding are
the same as in Figure 4.2

a typical feature for A-tracts, already seen in the first crystall structure of
DD. Besides that, there is narrowing also in case of major groove, where
the crystal structures show somewhat higher variablility. Considering the
MD simulations, the AT step groove narrowing is most significant in the
case of KCl JC simulation, suggesting that ion parametrization can play an
important role.
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System Tilt Roll Twist Shift Slide Rise

CG KCl Dg 1.13(0.07) 9.36(0.12) 24.62(0.41) 0.05(0.00) -0.13(0.00) 3.07(0.02)

Na Bsc 1.33(0.14) 8.29(0.06) 25.49(0.38) 0.08(0.03) -0.12(0.02) 3.10(0.00)

KCl JC 1.45(0.23) 8.30(0.38) 23.04(1.55) 0.11(0.01) -0.01(0.07) 2.98(0.02)

NMR 2.00(0.41) 6.58(0.92) 33.13(0.73) 0.10(0.10) -0.08(0.09) 3.42(0.03)

GA KCl Dg 0.25(0.04) 2.63(0.07) 36.65(0.26) -0.29(0.02) -0.24(0.03) 3.44(0.00)

Na Bsc 0.07(0.04) 2.91(0.16) 36.04(0.42) -0.35(0.03) -0.20(0.04) 3.46(0.00)

KCl JC 0.20(0.15) 1.96(0.08) 38.97(0.26) -0.45(0.05) -0.07(0.06) 3.47(0.02)

NMR -0.46(0.29) 5.45(0.13) 36.67(0.14) -0.38(0.05) -0.17(0.05) 3.20(0.02)

AA KCl Dg -2.28(0.00) 1.82(0.16) 35.08(0.01) -0.08(0.00) -0.58(0.01) 3.35(0.00)

Na Bsc -2.22(0.19) 2.21(0.02) 34.70(0.06) -0.07(0.01) -0.67(0.02) 3.38(0.00)

KCl JC -2.19(0.02) 1.38(0.08) 35.97(0.03) -0.05(0.01) -0.54(0.01) 3.37(0.01)

NMR -0.55(0.20) -0.13(0.59) 37.87(0.17) -0.46(0.02) -0.23(0.03) 3.10(0.02)

AT KCl Dg 0.09(0.01) -0.73(0.01) 31.92(0.02) 0.00(0.01) -0.97(0.00) 3.33(0.00)

Na Bsc -0.03(0.01) -0.40(0.07) 32.19(0.04) 0.00(0.01) -1.06(0.00) 3.35(0.00)

KCl JC 0.04(0.02) -1.82(0.11) 31.92(0.06) -0.01(0.02) -0.94(0.01) 3.30(0.01)

NMR 0.01(0.06) -2.61(0.53) 34.59(0.17) -0.01(0.02) -0.63(0.03) 2.97(0.06)

TT KCl Dg 2.22(0.03) 1.68(0.20) 35.28(0.19) 0.11(0.01) -0.57(0.01) 3.36(0.00)

Na Bsc 2.33(0.04) 2.19(0.02) 34.31(0.08) 0.06(0.00) -0.67(0.01) 3.37(0.00)

KCl JC 2.16(0.01) 1.44(0.03) 36.12(0.03) 0.05(0.02) -0.53(0.01) 3.38(0.00)

NMR 0.64(0.32) -0.04(0.56) 37.90(0.15) 0.44(0.03) -0.20(0.03) 3.10(0.01)

TC KCl Dg -0.43(0.05) 2.46(0.15) 36.14(0.07) 0.24(0.01) -0.28(0.02) 3.46(0.00)

Na Bsc 0.02(0.04) 2.81(0.14) 36.28(0.08) 0.41(0.00) -0.21(0.00) 3.44(0.00)

KCl JC 0.09(0.01) 2.10(0.07) 38.90(0.66) 0.51(0.08) 0.01(0.02) 3.45(0.00)

NMR 0.33(0.15) 5.42(0.37) 36.71(0.20) 0.37(0.05) -0.14(0.07) 3.21(0.01)

CG KCl Dg -1.21(0.19) 8.53(0.03) 25.64(0.64) -0.04(0.02) -0.06(0.00) 3.07(0.00)

Na Bsc -1.21(0.11) 8.44(0.30) 25.34(0.91) -0.13(0.03) -0.16(0.03) 3.11(0.02)

KCl JC -1.78(0.11) 7.83(0.07) 22.47(1.40) -0.11(0.06) -0.06(0.04) 2.98(0.04)

NMR -1.90(0.33) 6.54(0.87) 33.22(0.67) -0.09(0.07) -0.05(0.09) 3.43(0.01)

Table 4.2: Average values of inter basepair parameters obtained from the simulated systems
and from the solution NMR experiment. Each block corresponds to a particular step in the
inner octamer of the Dickerson dodecamer. All the numbers are supplemented with their error
estimations. In case of MD simulations the errors were estimated as the average of the absolute
differences between the whole trajectory values of base pair coordinates and the values obtained
from the first and second half of the trajectory. In case of NMR the standard deviations are
shown. Data were calculated from the trajectories filtered to keep the WW end state only.

Another general feature is that MD simulations seem to generally widen
both the minor and major grooves with respect to experiment. The differ-
ence is slightly higer in case of major groove.
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System Buckle Propeller Opening Shear Stretch Stagger

C KCl Dg -3.25(0.63) -4.17(0.43) -0.68(0.04) 0.14(0.01) -0.06(0.00) 0.16(0.01)

Na Bsc -2.26(0.49) -3.97(0.14) -0.89(0.01) 0.10(0.00) -0.05(0.00) 0.16(0.00)

KCl JC -3.73(1.27) -2.57(0.40) -0.52(0.07) 0.12(0.01) -0.05(0.00) 0.23(0.01)

NMR -3.69(0.43) -14.18(1.53) 0.81(1.09) 0.41(0.08) -0.47(0.04) -0.05(0.11)

G KCl Dg 8.51(0.21) -7.81(0.12) -0.03(0.01) -0.13(0.00) -0.05(0.00) 0.03(0.00)

Na Bsc 8.69(0.52) -6.96(0.08) 0.09(0.01) -0.12(0.00) -0.04(0.00) 0.04(0.01)

KCl JC 11.98(0.36) -7.58(1.17) 0.37(0.10) -0.13(0.01) -0.04(0.00) 0.09(0.02)

NMR 0.32(0.35) -13.36(1.10) -1.26(0.98) -0.19(0.08) -0.39(0.02) 0.01(0.04)

A KCl Dg 4.81(0.30) -17.76(0.13) 0.31(0.05) 0.11(0.00) 0.01(0.00) -0.08(0.00)

Na Bsc 5.20(0.39) -17.24(0.10) -0.15(0.21) 0.14(0.01) 0.02(0.00) -0.09(0.00)

KCl JC 6.81(0.61) -19.20(0.37) -0.19(0.06) 0.12(0.00) 0.01(0.00) -0.08(0.01)

NMR -3.89(0.31) -19.64(0.14) -1.13(0.76) -0.20(0.05) -0.27(0.05) -0.18(0.04)

A KCl Dg 0.92(0.08) -17.98(0.17) 0.30(0.04) 0.11(0.00) 0.01(0.00) 0.09(0.00)

Na Bsc 0.97(0.17) -17.91(0.16) 0.29(0.02) 0.11(0.00) 0.01(0.00) 0.05(0.00)

KCl JC 0.90(0.47) -19.94(0.01) -0.34(0.12) 0.14(0.00) 0.01(0.00) 0.08(0.00)

NMR -1.81(0.83) -22.94(0.17) -2.76(0.55) -0.06(0.01) -0.23(0.06) -0.24(0.05)

T KCl Dg -0.87(0.02) -18.04(0.16) 0.34(0.10) -0.11(0.00) 0.01(0.00) 0.08(0.00)

Na Bsc -1.19(0.12) -17.75(0.14) 0.22(0.05) -0.11(0.00) 0.01(0.00) 0.05(0.00)

KCl JC -1.48(0.29) -19.97(0.06) -0.35(0.08) -0.14(0.00) 0.01(0.00) 0.07(0.00)

NMR 1.76(0.77) -22.96(0.10) -2.68(0.64) 0.07(0.02) -0.24(0.06) -0.24(0.05)

T KCl Dg -4.85(0.10) -17.86(0.02) 0.36(0.27) -0.11(0.01) 0.01(0.00) -0.08(0.01)

Na Bsc -5.12(0.25) -16.89(0.05) 0.08(0.06) -0.13(0.00) 0.02(0.00) -0.09(0.00)

KCl JC -7.63(0.41) -18.89(0.10) -0.16(0.08) -0.12(0.00) 0.01(0.00) -0.07(0.01)

NMR 3.97(0.47) -19.47(0.35) -1.00(0.99) 0.20(0.05) -0.27(0.06) -0.19(0.05)

C KCl Dg -8.83(0.01) -7.43(0.29) 0.08(0.05) 0.12(0.00) -0.04(0.00) 0.03(0.01)

Na Bsc -8.14(0.26) -7.15(0.39) 0.13(0.12) 0.11(0.01) -0.04(0.00) 0.04(0.00)

KCl JC -11.95(0.44) -6.86(0.38) 0.32(0.06) 0.13(0.00) -0.04(0.00) 0.06(0.01)

NMR -0.34(0.19) -13.31(1.03) -1.33(0.92) 0.18(0.07) -0.39(0.02) 0.03(0.03)

G KCl Dg 3.47(0.17) -2.34(0.44) -0.76(0.01) -0.14(0.00) -0.05(0.00) 0.16(0.01)

Na Bsc 2.19(0.66) -3.80(0.11) -0.71(0.02) -0.11(0.00) -0.05(0.00) 0.15(0.01)

KCl JC 4.00(1.02) -2.14(1.21) -0.58(0.27) -0.11(0.01) -0.06(0.00) 0.22(0.03)

NMR 3.72(0.53) -14.32(1.57) 0.77(0.88) -0.40(0.07) -0.46(0.03) -0.05(0.08)

Table 4.3: Average values of intra basepair parameters obtained from the simulated systems
and from the solution NMR experiment. For detailed description see Tab. 4.2

The values of the minor and major groove widths for all of the simu-
lated systems and the NMR structure are summarized in Table 4.4 and are
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supplemented with the error estimations. We see that the averages are well
converged after 200 ns and thus the differences between the simulations and
NMR are well defined.
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Figure 4.4: The profiles of minor and major groove widths. Structures, symbols and color coding
are the same as in Figure 4.2. All the structures show the typical minor groove narrowing in the
central A/T region as well as a significant major groove narrowing in the AT step.

Minor groove

Structure CG GA AA AT TT TC CG

KCl Dg 13.75(0.01) 12.77(0.02) 11.26(0.02) 10.67(0.04) 11.15(0.11) 12.76(0.11) 14.09(0.17)

Na Bsc 13.46(0.05) 12.57(0.03) 11.09(0.01) 10.60(0.01) 11.18(0.02) 12.59(0.08) 13.42(0.01)

KCl JC 13.55(0.04) 12.28(0.03) 10.48(0.08) 9.98(0.01) 10.59(0.02) 12.31(0.05) 13.49(0.09)

NMR 11.94(0.08) 11.04(0.08) 10.28(0.10) 9.96(0.08) 10.26(0.08) 11.08(0.04) 11.96(0.05)

Major groove

Structure CG GA AA AT TT TC CG

KCl Dg 19.13(0.06) 19.79(0.01) 19.51(0.04) 18.07(0.11) 19.49(0.14) 20.11(0.12) 19.57(0.15)

Na Bsc 19.67(0.00) 20.09(0.05) 20.05(0.17) 18.28(0.04) 19.85(0.04) 20.00(0.10) 19.73(0.07)

KCl JC 19.21(0.05) 19.71(0.05) 19.34(0.09) 17.01(0.00) 19.59(0.00) 19.52(0.01) 19.52(0.21)

NMR 18.18(0.10) 17.74(0.08) 17.88(0.13) 17.20(0.13) 17.84(0.08) 17.66(0.05) 18.14(0.14)

Table 4.4: Average values of minor and major groove widths obtained from the simulated
systems and from the solution NMR experiment. For detailed description see Table 4.2

4.1.3 Sugar pucker, χ angles

In Figure 4.5 we show profiles of the sugar puckers and chi angles. The values
are the averages over the two strands, since there were only slight differences
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between them. We see that the chi angles are all in anti conformation, with
the range of values from 230◦ to 270◦. Generally the values of the chi angles
are lower for the central A/T region. The sugar puckers are mostly in south
to southeast region in range from 100◦ to 180◦, with generally lower values
for pyrimidines. Notice that the values of pucker in the C3 nucleotide for
X-ray structures crystallized in P212121 is much lower than in the case of
the other two X-ray structures, which may be caused by different packing
effects, which are probably more significant in case of P212121 symmetry
group [33].

PuckerdegChideg
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Figure 4.5: The profiles of sugar puckers and χ angles. Structures, symbols and color coding
are the same as in Figure 4.2. The profiles shown represent averages over the two strands of the
dodecamer. The chi angles are all in anti conformation, whlie the sugar puckers are mostly in
south to southeast region.

4.2 Convergence of base pair parameters

In Figure 2.45 we show values of important base pair parameters twist, roll,
slide and propeller derived from the MD simulations filtered to WW end
pairing state. Solid lines denote averages obtained from the whole filtered
trajectory, while the + signs denote averages calculated from the first and
second half of the trajectory, which are used in this work to estimate the
error. The values are also outlined in Tables 4.3 and 4.2 together with the
values from NMR. All the numbers are supplemented with error estimations.

We see that the averages from MD simulations are almost perfectly con-
verged after roughly 200 ns (this is approximately the length of simulations
filtered to WW state). In generall, we can conclude that there are small but
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statistically significant differences between the individual simulations. From
the Table 4.2 we also see that for most of the cases the error estimations
of the simulations are lower or comparable as those from NMR (standard
deviations for the five NMR models). Since the differences between NMR
and MD simulation averages are higher we can conclude that they are also
statistically significant.

The KCl JC simulation with recent Joung and Cheatham ion parametriza-
tion shows slightly more negative values of propeller in A/T region, slightly
lower value of roll in AT step and higher value of twist in GA step than the
other two MD simulations. On the other hand there is almost no difference
between KCl Dg and Na Bsc, despite the different ions and water models.
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Figure 4.6: Average values of some of the base pair parameters estimated from the MD simu-
lations. The x-axis indicates the sequence of the inner octamer, written in 5’ to 3’ direction. The
solid lines represent the simulation averages from the whole trajectory filtered to WW end state,
while the + signs denote averages calculated from the first and second half of this trajectory and
are used to estimate the error.
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4.3 Broken H-bonds and their influence on base-
pair parameters

The average and maximum lifetimes of the broken H-bonds in the inner
octamer are outlined in Table 4.5 for the KCl Dg simulation. Nevertheless,
the following conclusions apply also for the other two simulations. The
average lifetimes are usually smaler than 50 ps with a few exceptions, while
the values of maximum lifetimes are in the range from quite low around 50
ps up to 410 ps in case of KCl Dg or 790 ps in case of Na Bsc. Also the
H-bonds closer to major groove usually break more often.

Generally, we see that at the 2.4 µs timescale the inner octamer is very
stable with respect to the base pairing. The end base pairs are broken much
more often.

We have also investigated the influence of the filtration of broken H-
bonds on the intra and inter base pair parameters. In case of all simulations
and all base pair parameters the differences are very small, usually less than
0.01 Åand 0.01 deg with only one exception in case of opening where it is
less than 0.1 deg. Also there are only a few broken H-bonds in the inner
octamer.

Broken H-bonds (KCl Dg)

Average lifetimes [ps] Maximum lifetimes [ps]

C 11.29 14.29 10.00 70 40 20

G 15.81 50.00 28.00 260 180 90

A 10.63 5.00 – 30 10 –

A 10.27 7.50 – 50 10 –

T 10.29 0.00 – 30 0 –

T 10.90 8.00 – 50 10 –

C 12.76 25.56 10.00 240 150 20

G 27.68 34.29 6.67 410 110 10

Table 4.5: The average and maximum lifetimes in ps of broken H-bonds in the KCl Dg sim-
ulation. The values are calculated for each H-bond in the inner octamer of the dodecamer and
ordering from left to right in the table corresponds to the direction from major to minor groove.
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4.4 Backbone torsion angles

4.4.1 α/γ flips and their influence on base pair parameters

The average and maximum lifetimes of γ flips can be found in Table 4.6.
Generally there are short γ flips with average lifetimes shorter than 1 ns.
These can be found usually in A/T region of the DD. Besides that, there
are few long-living γ flips, 114 ns long flip in case of the KCl Dg, 148 ns and
107 ns in case of the KCl JC and 79 ns in case of the Na Bsc. These can
be found usually in the second step from the end of DD. Notice that in case
of the KCl JC system there are more of the γ flips when compared to the
other two simulations, this nevertheless can be a coincidence.

Just as for broken H-bonds, we have also investigated the influence of
the filtration of the γ flips to the intra and inter base pair parameters.
The differences are more significant than that for broken H-bonds filtration,
nevertheless they are still rather small. All the differences are within 0.1
Åin case of translational parameters and within 1 deg in case of rotational
parameters.

Analysis of the γ-flip lifetimes

Average lifetimes [ns]

System Strand CG GC CG GA AA AT TT TC CG GC CG

KCl Dg StrI 2.20 16.31 0.17 0.60 0.81 0.00 0.01 0.01 0.41 0.26 5.58

StrII 1.42 2.88 0.36 0.49 0.01 0.01 0.85 0.51 0.05 0.08 0.88

KCl JC StrI 2.25 38.86 0.36 0.19 0.06 0.00 0.00 0.33 0.01 0.52 0.32

StrII 2.15 12.02 0.01 0.13 0.01 0.00 4.33 0.06 0.08 53.50 0.22

Na Bsc StrI 2.26 7.95 0.30 0.56 0.01 2.12 0.40 0.15 0.10 0.53 1.42

StrII 1.98 1.01 0.01 0.16 0.52 0.37 0.01 0.39 0.06 2.64 0.14

Maximum lifetimes [ns]

KCl Dg StrI 22.02 114.12 1.83 21.36 9.99 0.00 0.02 0.01 11.90 1.14 11.15

StrII 8.22 14.65 4.07 15.24 0.07 0.01 1.46 2.41 1.44 0.64 12.20

KCl JC StrI 8.32 148.58 2.25 2.59 0.23 0.00 0.00 0.65 0.01 4.26 1.65

StrII 23.05 48.04 0.01 2.75 0.01 0.00 8.67 0.12 0.68 107.00 1.57

Na Bsc StrI 11.97 79.32 4.34 19.19 0.01 3.43 1.59 0.74 4.54 5.25 8.57

StrII 17.53 5.31 0.03 7.43 7.76 0.95 0.01 0.77 5.36 31.40 0.40

Table 4.6: The average and maximum lifetimes in ns of the γ-flips for the simulations. The
values are calculated for each step of the dodecamer and for both strands.
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4.4.2 BI/BII conformations

In this section we compare the population of BI and BII states from MD
simulations in WW state with experimental data. We consider three recent
NMR studies, particulary the study of Schwieters et al. [45](2007), the
study of Heddi et al. [22](2009) and the study of Tian et al. [53](2009).
The influence of the BII state on the average values and the distributions of
the intra and inter base pair parameters is discussed.

Transition from BI to BII state is defined as a correlated change of ε/ζ
angles from t/g- (BI) to g-/t (BII) values. Acording to the symmetry of a
palindromic sequence, the populations of BI and BII states should satisfy
the same pattern when we go in the 5’-3’ direction along both strands. These
flips are observed also in experimental X-ray crystallographic structures but
are very rare.

In the Figure 4.7 we show profile of BII population for both strands
with an error estimated from the first and second half of the trajectory in
case of the MD simulation. The differences can be considered statistically
significant since their error estimates are separated.

The experimental data are are reported as averages between the two
strands, and only Schwieters et al. [45] published the error estimations.
Several observations can be made from the picture. First, the so-called BI-
BII flips (transition between BI and BII state of B-DNA) are common during
the simulations, especially in the C/G rich sequences of the dodecamer.
A–T steps in the middle of molecule usually persist in the BI state. This
qualitative observations hold also for the experimental data. In particular,
the data of Schwieters et al. [45] are in best correspondence with the MD
simulations. The statistically significant differences are only in the C-G
steps and the A-A step. On the other hand, in C9-G10 there are huge
differences between the experiment and the MD simulations, but also among
the experiments. We note that the data of Heddi et al. [22] are not in the
sequence contex, thus the values are the same for e. g. all C-G steps.

From Figure 4.7 we see that indeed the BII population profiles along the
two strands in case of the MD simulations are rather close to each other,
with the biggest difference for the KCl JC in G-A step, which is nevertheless
still within the error. In the G-A step with the highest BII populations, we
also see the biggest differences among the MD simulations. Generally, the
data converge slower than the basepair parameter averages do, thus more
time would be probably needed to get precisely defined values.
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Figure 4.7: Populations of the BII state obtained from the MD simulations filtered to WW end
states and from NMR experiments. The NMR profiles represent the averages over the two strands
of the oligomer, for the MD simulations we show both profiles. One of the strands is represented
by the solid line and the other one by the dashed line. Because of the palindromic nature of the
Dickerson dodecamer the two should coincide for the completely converged data. The + signs
denote error estimations, which are the numbers calculated from the first and second half of the
trajectory in the case of MD simulations. The data are shown only for the inner octamer of the
dodecamer.

Influence of BII states on equilibrium averages of the base pair
parameters

In Figure 4.8 we show averages of the basepair step parameters calculated for
the case where the backbone angles in the both strands in the given step are
in BI state (solid lines) and for the mixed case where one of the strands is in
BI and the other in BII state (dashed lines). There are only a few snapshots
were the both backbone angles are in BII state so the corresponding data
are not shown. Nevertheless, in the steps where there was enough data,
the trends discussed below for particular inter base pair parameters were
confirmed.

From the Figure 4.8 we generally see that there is a clear relationship
between the BI/BII backbone substates and the base pair step conformation.
For example, we see a significant decrease of roll, increase of slide or increase
of twist (up to 10◦!) for the mixed BI/BII state compared to the BI/BI
state. Thus we can conclude that also the balance between BI and BII
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Analysis of BII state lifetimes

Average lifetimes [ps]

System Strand CG GC CG GA AA AT TT TC CG GC CG

KCl Dg StrI 228.20 126.51 41.07 268.81 45.05 39.17 13.33 33.61 48.05 366.85 22.65

StrII 25.87 318.32 31.91 23.96 79.23 45.00 56.20 255.90 89.04 152.79 612.74

KCl JC StrI 410.02 273.12 61.31 523.92 46.93 86.57 19.29 36.14 73.87 745.59 32.41

StrII 18.07 708.93 62.70 53.97 34.09 63.90 61.07 609.64 42.58 493.49 265.56

Na Bsc StrI 293.99 188.72 45.37 226.50 48.59 66.44 26.25 40.81 56.29 346.72 171.40

StrII 24.66 372.55 63.59 39.39 30.00 51.85 44.33 206.54 54.42 188.78 302.97

Maximum lifetimes [ns]

KCl Dg StrI 34.2 4.5 0.8 4.9 0.4 0.3 0.1 0.5 0.6 7.7 0.5

StrII 0.35 7.99 0.31 0.20 0.60 0.78 1.46 3.79 1.94 4.32 80.20

KCl JC StrI 27.6 4.1 0.8 8.4 0.6 0.6 0.1 0.5 1.1 6.9 0.8

StrII 0.20 7.59 1.17 0.39 0.29 0.33 0.95 7.57 0.37 8.24 22.39

Na Bsc StrI 34.1 2.3 0.4 3.5 0.7 0.4 0.2 0.5 0.6 3.8 12.5

StrII 0.38 3.66 0.61 0.29 0.20 0.31 0.60 2.14 0.56 1.30 22.51

Table 4.7: The average in ps and maximum lifetimes in ns of the BII state in the simulations.
The values are calculated for each step of the dodecamer and for both strands.

conformations can significantly influence the overall structure and thus it
can be important to reproduce the populations correctly when developing
new force fields for nucleic acid simulations.

Influence of BII states on distributions of the base pair parameters

For the WW end state to which we limit our analysis, all the base pair step
parameters show to a high precision unimodal distributions which are com-
positions of Gaussian like components corresponding to the BI/BII backbone
states (see Figure 4.9). In the first histogram we show the distribution of
twist for the G4-A5 step, with high BII population. The distributions cor-
responding to BI/BII backbone states of the same step are shown. In the
second histogram we show the distribution of twist in the C3-G4 step. The
distribution corresponding to BI/BI backbone substate (green) was further
decomposed into two distributions (green dashed line and green dash-dot
line) according to backbone states of the neighbouring step G4-A5. The
same feature is seen in case of C9-G10 twist which is symmetricaly influ-
enced by the backbone conformation of the T8-C9 step.
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Figure 4.8: The profiles of averages of inter base pair parameters of all MD simulations filtered
to WW end state. The averages are calculated for the case where the backbone angles in the both
strands in the given step are in BI state (solid lines) and for the mixed case where one of the
strands is in BI and the other in BII state (dashed lines). The coloring and axes definition is the
same as in Figure 4.6.

4.4.3 Base pair parameters for the TT state

Here we finally show also the profiles of the intra and inter base pair param-
eters corresponding to the TT state. They are outlined in Figures 4.10 and
4.11 together with the base pair parameters corresponding to the WW state.
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Figure 4.9: The distributions of the base pair parameter twist in the KCl Dg simulation filtered
to WW end state. On the left is the distribution of twist in G4-A5 step. The distribution
is a composition of Gaussian like components corresponding to BI (green) backbone states and
BI,BII mixed backbone states (blue). On the right we see the same decomposition for the C3-G4
step, where the distribution corresponding to BI backbone states is further decomposed into two
distributions according to backbone states of the neighbouring step G4-A5, the BI (dashed green)
and BII (dashed-dot green) states of the reference strand. On the x-axis are values of twist in
degrees, while on the y-axis are values of corresponding propability density function.

We see that parameters like rise or twist are significantly influenced by the
end-structures (up to 6◦ in twist), while parameters like roll and propeller
to a lesser extent. Also, as expected, the effect is mostly pronounced closer
to the ends.
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4.5 Stiffness parameters

In this section we discuss in detail and compare the stiffness matrices esti-
mated from the three MD simulations KCl Dg, KCl JC and Na Bsc. The
stiffness matrices were calculated considering only the inner octamer of our
DD dodecamer. We also consider only the WW end state. The inter-
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nal coordinates are of two types, translational (expressed in Å) and ro-
tational (expressed in degrees). Thus, the elements of the stiffness matrix

have one of three dimensions, namely kcal ·mol−1Å
−2

, kcal ·mol−1deg−2 or

kcal ·mol−1Å
−1

deg−1. To be able to compare different entries of the stiffness
matrix, we present the matrices in a reduced form, in which the rotational
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parameters are scaled so that 3.4 Å correspond to 36◦. The scale is moti-
vated by the parameters of canonical B-form DNA. The numbers correspond
to its Rise and Twist respectively. Interestingly, a very similar scaling can
be obtained if we consider the dimensions of a single base pair. The distance
between C6 and C8 atoms of the canonical base pair, which can be consid-
ered as a width of the base pair, is 10 Å[41] so if we turn the base pair in the
middle by 10.6◦ the shorter edges are displaced by 0.93 Å(multiplying these
two numbers by ≈ 3 we obtain scaling close to the one described above).

We also use the kBT energy scale instead of kcal ·mol−1.

4.5.1 Eigenvalues of the stiffness matrix

We start with the comparsion of the eigenvalues of the stiffness matrices.
The eigenvalues are shown in figure (4.12), errors were estimated as the
eigenvalues calculated from the first and second half of the trajectory. From
the figure we can conclude that the differences between the simulations are
rather small, nevertheless statistically significant. Generally the KCl JC
oligomer is the stiffest from the three simulations, while the Na Bsc is the
most flexible.

We have also checked the influence of the filtrations of H-bonds and
γ flips. All the simulations show a little bit different behaviour in this
respect. Concerning the influence of H-bonds filtration, in case of KCl Dg
the differences between the eigenvalues are within the 2 % everywhere, in
case of KCl JC up to 5 % but usually less than 2 % and in case of Na Bsc
up to 16 % but usually less than 5 %. Concerning the influence of γ-flip
filtration, in case of KCl Dg the differences between the eigenvalues are again
within the 2 % everywhere, in case of KCl JC up to 9 % but usually less
than 5 % and in case of Na Bsc up to 14 % but usually less than 6 %. The
influence of rare non-canonical states is thus more significant than in case
of structural parameters, but still close to error estimations.

4.5.2 Eigenvectors of the stiffness matrix

To be able to compare the eigenvectors of the stiffness matrices (SM), we
present here the matrices of scalar products between the eigenvectors cal-
culated from the KCl Dg and Na Bsc SM. The eigenvectors are sorted in
the order of increasing eigenvalues. The matrices of the scalar products are
shown in Figure 4.13. We also included a similar plot for the eigenvectors
from the first half of the trajectory and the whole trajectory, so as to have
a reference to compare with. If the two sets of eigenvectors coincided, the
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Figure 4.12: Eigenvalues of the stiffness matrices corresponding to all simulated systems filtered
to WW end state. The eigenvalues are sorted from the smallest to the biggest. On the x-axis are
the eigenvalue numbers, while the y-axis shows the values in the kbT energy scale. The first 20
eigenvalues are shown separately and are suplemented with the eigenvalues calculated from the
first and the second half of the trajectory as error estimations.

matrix of the scalar products would have a simple form with ones on the
diagonal and with zeros outside the diagonal. The nondiagonal values close
to 1 would indicate the swap in the order of the eigenvectors having the
eigevalues close to each other, while a plenty of small nondiagonal values in-
dicate that the eigenvoctors point in a significantly different directions with
respect to each other, i. e. that the two sets significantly differ.

Generally, we see from the Figure 4.13 that the eigenvectors are still
not perfectly converged, as will be quantified in the next section using the
measures of nearness of the stiffness matrices. We also see that significant
differences arise when the eigenvectors from the KCl Dg and Na Bsc are
compared. Similar pictures are obtained when comparing KCl Dg to KCl JC
and KCl JC to Na Bsc.

4.5.3 Measures of nearness of the stiffness matrices

We consider the following measures of nearness, the Kullback-Leibler diver-
gence, used originally in the information theory to estimate the difference
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Figure 4.13: Matrices of scalar products between the eigenvectors of the stiffness matrices from
KCl Dg and Na Bsc simulations filtered to WW end state. The left panel shows matrix of scalar
products between eigenvectors calculated from the first half and the whole KCl Dg trajectory, the
right panel shows the matrix comparing the eigenvectors from the whole KCl Dg and the whole
Na Bsc trajectory. The eigenvectors are sorted according to the increasing eigenvalues as show in
Figure 4.12.

between two generall statistical distributions, and Riemann metrics, which
is a metrics intrinsic to the space of symmetric positive-definite matrices (see
discussion in section 2.4). The data are shown in the Tables 4.8 and 4.9. In
the diagonal positions there are distances between the whole stiffness matrix
(SM) and the SMs estimated from first and second half of the trajectory. In
the nondiagonal positions, there are distances between SMs corresponding
to different simulated systems.

Firstly, we see that the Kullback-Leibler divergence and the Riemann
distance are rather close to each other. The distances calculated for the two
halves are usually only about two times smaller than distances between the
simulations, which indicates a relatively poor convergence of the stiffness
matrices. Thus we see that the simulation time of sin 200 ns may be not
enough to reach a full convergence of stiffness matrices.

The influence of broken H-bonds and γ-flips on the whole stiffness matri-
ces was also investigated using the Riemann and Kullback-Leibler distances.
Obtained values for Na Bsc system are comparable with the error estima-
tions.
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Kullback-Leibler divergences

KCl Dg KCl JC Na Bsc

KCl Dg 0.55, 0.56 1.54 1.56

KCl JC 1.54 0.68, 0.74 2.03

Na Bsc 1.56 2.03 0.68, 0.89

Table 4.8: The Kullback-Leibler divergences between the stiffness matrices of all simulations.
The values on the diagonal are divergences between the stiffness matrices calculated from the first
or second half of the trajectory and the whole trajectory.

Riemann distances

KCl Dg KCl JC Na Bsc

KCl Dg 0.77, 0.78 2.15 2.18

KCl JC 2.15 0.96, 1.04 2.82

Na Bsc 2.18 2.82 0.96, 1.23

Table 4.9: The Riemann distances.

4.5.4 Nearest-neighbour approximation of the stiffness ma-
trix

Figure 4.14 shows the cut-out of the stiffness matrix corresponding to the
KCl Dg simulation. The elements are the stiffness constants between partic-
ular intra and inter basepair parameters in the whole octamer. As one would
expect, the most prominent values lie on the diagonal. Red lines define the
diagonal band corresponding to the nearest-neighbour rigid base model in-
troduced in section 2.2.5. In this model, it is assumed, that a given base
only interacts with its five nearest neighbouring bases (in the same strand
and in the opposite strand). If the nearest-neighbour model was exactly
valid, the entries outside the band would be zero. From the Figure 4.14 we
see that the entries are not exactly zero, nevertheless they are rather small
with highest values outside the band corresponding to twist - twist coupling
between the neighbouring base pair steps.

To quantify these observations we have computed Kulback Leibler di-
vergence and Riemann distance between the whole KCl Dg stiffness matrix
and its nearest-neighbour counterpart, which we obtain by imposing zeros
outside the nearest-neighbour band. The results are 4.0 in case of Kullback
Leibler divergence and 5.2 in case of Riemann distance. These numbers
are about five times higher than what are the error estimations shown in
Tables 4.8 and 4.9 and thus are significant. A detailed study of the nearest-
neighbour approximation will be a subject of future work.
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Figure 4.14: The cut-out from the stiffness matrix of KCl Dg simulation. Both axes indicate the
sequence of bases of the inner A/T region. Black thin lines separate intra base pair parameters,
ordered as buckle, propeller, opening, shear, stretch and stagger, from inter base pair parameters
ordered as tilt, roll, twist, shift, slide and rise. Red lines define the diagonal band corresponding
to the nearest-neighbour model.

4.6 Allosteric effect of minor groove narrowing

In this section we present an aplication of the theory outlined in section
2.3. We have shown there how the stiffness parameters of the extended rigid
base model of an DNA oligomer can be used to estimate the conformational
change of the DNA e. g. in case of some ligand binding. We recall that
the extended model includes the groove widths as additional coordinates
along with the usual intra and inter basepair parameters. The results are
shown in this section. We assume that binding of a ligand into the groove
causes fixing of the groove width at some particular value and cosequently
the change in equilibrium values of the basepair parameters (DNA allosteric
modulations). Thus, the ligand binding into the groove changes the whole
DNA structure.

The results were obtained using the data from MD trajectory of the
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tetradecamer (5’)GGCAAAATTTTGCC(3’) containing the A-tract performed
by Lankas et al. [27].

The new equilibrium structure was calculated using the relations (2.20)
and (2.21) for shifted mean and covariance of the new distribution. Fig-
ure 4.15 shows the change of the equilibrium values of parameters twist,
roll, slide and propeller depending on the change of the width of the minor
groove in the central AT step of the sequence, which is the only fixed param-
eter. Notice, that considering the relations (2.20) and (2.21) we get a linear
dependence. From the Figure 4.15 we see that the effect of minor groove
narrowing weakens with the distance from the AT step, i. e. the absolute
value of the slope is lower. From the Figure we can also conclude that e. g.
the minor groove narrowing by 3 Å should be accompanied by the decrease
of roll by up to 4◦ or increase of twist by up to 4◦, on the other hand Slide
changes only very slightly.
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Figure 4.15: Change of the equilibrium values of some of the base pair coordinates with the width
of minor groove in AT step of the AT-tract, where the width of the minor groove is considered to
be fixed (e. g. by ligand binding). On the x-axis is the width of the minor groove in AT step, while
on the y-axis is the value of the particular base pair coordinate. The different lines correspond to
base pair coordinates in different base pairs or base pair steps.
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Chapter 5

Conclusions

In this work we present a detailed study of structural and mechanical prop-
erties of the Dickerson-Drew dodecamer (DD) based on extensive atomistic
molecular dynamics (MD) simulations. Three simulated systems are consid-
ered covering different ionic conditions and water models. Two of the MD
trajectories are reported for the first time, one of them being 2.4 µs long,
which is to our knowledge the longest simulation of this type. The equi-
librium structural parameters obtained from the simulations are compared
with those based on a recent solution NMR structure and four recent X-ray
structures crystallized in different symmetry groups.

It is found that during the simulation, the end base pairs can adopt
one of two base pairing motifs, the canonical Watson-Crick pair or the non-
canonical trans Watson-Crick/Sugar Edge pair. These states are very long
lived and significantly influence the structure of DD even at the third step
from the end. Only the state with each end in Watson-Crick pairing (or
unpaired) is further used for most of our analyses.

The structural parameters of DD obtained from MD and experiments
show good qualitative agreement in a lot of important features. All of the
structures show high positive roll, small slide and small propeller in the G/C
regions and zero or negative roll, negative slide and high negative propeller in
the A/T part. All of the structures also show narrowing of the minor groove
in the A/T region typical for A-tracts. Nevertheless, important distinctions
are also apparent. MD simulations underestimate the base pair parameter
twist with respect to NMR, with most significant difference about 9◦ in the
CG steps of the inner octamer. Similary, slide and the negative propeller are
underestimated with respect to NMR. Another important feature is that the
MD simulations seem to generally widen both the minor and major grooves
compared to experimental structures. The individual crystall structures
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show significant variability with respect to each other, which may be caused
by the effects of crystall packing or ion binding. Small but statistically
significant differences between the simulations are found.

The backbone conformations are also investigated in this work. A clear
relationship is found between the BI/BII backbone substates and the base
pair step conformation. The basepair step parameters show unimodal distri-
butions composed of Gaussian like components corresponding to the BI/BII
backbone states.

A model of rigid bases is used to study mechanical properties of the DNA.
The non-local stiffness matrices of the model were calculated for each of the
simulations. These matrices are compared using the Riemann and Kullback
Leibler distances and by means of the eigenvalues and eigenvectors. We
have also checked the validity of the nearest-neighbour approximation. The
difference between the stiffness matrix and its nearest-neighbour counterpart
is rather significant considering the error estimations.

All the important results are supplemented with the error estimations
and particullar attention is paid to convergence of the structural and me-
chanical properties. While the structural parameters converge very well
within 200 ns, perhaps more time would be needed for the BI/BII fractions
and especially stiffness matrices.

We have also studied the influence of rare non-canonical states, like bro-
ken H-bonds or flips in the γ torsion angle on structural and stiffness param-
eters. While these states seems to have almost no influence on structural
properties a more significant influence is found in case of stiffness parame-
ters.

Besides the analysis of DD structure and stiffness, we have shown how
extended rigid base model can be used to estimate the changes in conforma-
tion of an arbitrary DNA oligomer when some of the structural parameters
are fixed e. g. by ligand binding. This can be used to computationally study
the allosteric modulation in the DNA.

In generall, the results of this study reveal new informations about the
DD structure, stiffness and coupling between the basepair and backbone con-
figurations. They extend our understanding of functionally important DNA
mechanics and may help in developing new force fields for DNA simulations.
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