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Abstract

Progress in biomolecular science is fast. Biologists, physicists, chemists, mathemati-
cians and algorithm-informaticians are pushing the frontier regarding methods, ob-
servations, and theories continuously deeper and deeper into the secrets of life.

This thesis gives a touch on a few sides of this huge field. I have collected here some
of my results of computationally revealed dynamical properties of the biological DNA
in solution. I have used molecular mechanical modeling combined with the molecular
dynamics simulation methodology and analysis tools devised for the DNA. Testing
and application of these methods have existed hand by hand, leading at the end
to some predictions of the dynamical behaviour of the DNA molecule in its natural
environment.

The highlight of the presented works is the computer aided ’single molecule mechan-
ical manipulation’ of the DNA by stretching, extended for more than twice of its
equilibrium length, performed as an all-atom molecular dynamical simulation in the
natural-like environment. As a result, a novel structure was found, which consists of a
complete unwinding of the two strands, in conjunction with stacking of the base-pairs
collectively on the major groove side. The observed force-strain curve during this pro-
cess is qualitatively very similar to the ones obtained experimentally from single-DNA.
These simulations may consequently offer first understanding of atomistic processes
taking place during single-molecule manipulations.
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1 DNA

All living things are composed of cells. Most cells have a nucleus. Each nucleus includes
a DNA molecule, typically packed in a compact form called chromatin. The DNA
molecule affects every part of all living systems, also those parts whose cells do not
include the DNA itself.

Basic processes of normal DNA are preservation, transcription and replication of ge-
netic information. The word processes has to be emphasized because these events, at
the current level of knowledge, are cooperative processes, where DNA has its role or
roles and other participating molecules their own. Seeing only one of these entities
does not make us wise enough. We need to look at the whole system, and this is the
state where structure-function oriented science is going today.

Term preservation means trusted storage or survival of the information content of
the genetic information in the DNAs molecular structure. In transcription DNA is
'read’ or it 'gives’ a piece of this genetic information, typically for protein building
processes. And, in replication occurring nearer the state of the cell division phase
semiconservative 'division” makes two new DNAs of the old one, with the same genetic
code or information content, offering possibilities for the continuing existence of our
diverse biosystems. Molecular machinery seems to have own subprocesses for all of
these processes governed by a some kind of determinism combined with randomness.

All molecules are physical and chemical compositions. Molecules appearing in bio-
logical environments are called biomolecules. In the following I shall give the basics
and terminology relating quite tightly to the object of this work, the double stranded
DNA. Much more detailed discussions and, e.g. closely related RNA facts, can be
found from Refs. [1, 2, 3, 4, 5].

1.1 Structure of DNA

The current view of DNA mentions it as a linear molecule having double helical
form during most of its life cycle. It is composed of nucleotides, which are obtained
by esterification of the 3’ or 5" hydroxyl group of nucleosides with phosphoric acid.
Nucleosides in DNA are deoxyribosyl derivatives of certain pyrimidine (Y) and purine
(R) bases.
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1.1.1 Bases

In the DNA these bases are thymine (T or THY) and cytosine (C or CYT) pyrimidines
and adenine (A or ADE) and guanine (G or GUA) purines. Their structure is a
heterocycle composed of one six atom ring in pyrimidines and ring duplex of five and
six atoms in purines. Figure 1 illustrates these planar structures.

NH, NH, o
6 N HsC 4
3
e S
8
8< | ) 6 /& /K
2 NG 4 N 0 N X
4 g ;
Ng NS / ’ |
c1’ c1’ c1
c1 ‘ .
Adenine Guanine Cytosine Thymine

Figure 1.1: The bases of a DNA [4, Fig. 2.1]

1.1.2 Sugars

The deoxyribosyl part of DNA is called sugar when exact chemical terminology is not
necessary. Atoms counted towards the sugar group in DNA are by convention marked
with an apostrophe (’) or a star (*).

DNA sugars are basically flat. However, above their normal modes they undergo
phenomenon called sugar puckering. In relation to it five endocyclic torsion angles
are used to define the sugar conformation, see Fig. 1.2. Sugar pucker is an enwvelope if
one ring atom is above the plane of the rest four and a fwist if two atoms pucker on
opposite sides with respect to the plane of the other three atoms.

04’

(el c1’

C3’ c2’

Figure 1.2: Internal torsion angles of sugar group [4, Fig. 2.10]
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These five torsion angles are used to define the pseudo-rotation phase angle P:

_ (mt+n)-(m+m)
tan(P) = 275 (sin(36°) 4 sin(72°))’

(1.1)

and the maximum degree of the pucker:

T2
Tm =
cos(P)

‘ (1.2)

Pseudo-rotation wheel is proved to be useful and convenient way to represent P, Fig.
1.3.

C2-exo

04'-expo 270° 90° 04"-endo

C4'-endo

Figure 1.3: Pseudorotation wheel [4, Fig. 2.11]

The C3’-endo and C2’-endo in Fig. 1.3 indicate the typical observed puckers. Term
endo refers to the appearance of the (major) pucker on the same side as the base and
C4’-C5’ bond; otherwise it is termed exo.

When unbound, purines favor C2’-endo and pyrimidines C3’-endo conformations. In
coupled structures things change. The overall picture is still incomplete. In DNA sugar
puckering correlates with many backbone conformational variables.

Bond between sugar and its coupled base is called glycosidic bond. Ref. [4] emphasizes
its stereochemical property. In natural nucleic acids this bond is always above the
sugar plane on the 5’ side ().

The atom chains O4’-C1’-N9-C4 in purines and O4’-C1’-N1-C2 in pyrimidines define
the only parameter (variable using basic course language). It is a torsion angle denoted
by x. It’s syn and anti regions are shown in Fig. 1.4.
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Figure 1.4: Adenine nucleoside visualizing the, a) syn and, b) anti conformations [4, Fig. 2.13]
1.1.3 Phosphates

The third submolecule in DNA is phosphate, the P-atom surrounded with four oxy-
gens, see Fig. 1.5. Sometimes it is marked with "p".

One nucleotide or basic block of DNA with atomic information is shown in Fig. 1.5.
Ideal coordinates of all the bases are obtainable from the Nucleic Acid Database [6].
A lot of structural data can also be found from the Cambridge Structural Database
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Figure 1.5: One nucleotide of a DNA [4, Fig. 2.2]

1.1.4 Backbone - strands - conformation parameters

DNA strands or polynucleotide chains are obtained putting nucleotides on top of each
others like LEGO-blocks. The O3’ atom of the (previous) phosphate binds always to
C3’-atom of the (next) sugar.

Convention in single strand numbering goes from the 5’ end to the 3’ end. This means
that for a strand or combination of strands in a solution the last nucleotide is cut
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after the O5’-atom, and terminated by e.g. hydrogen. The other end, i.e. O3’-atom,
is terminated 'naturally’ with a suitable chemical group.

Most typical textual notation of a chain is without p’s or phosphates, giving the se-
quence of bases, i.e. ATGGC is given instead of ApTpGpGpC. Usually this notation
means double stranded DNA whose other strand is evident according to the base
pairing rules. Many times texts contain notation like d(ATGGC),. The 'd’ empha-
sizes the DNA ("deoxy’) character of the molecule and want make difference with the
RNA (’ribo’)-family. Subscript emphasises the double helical character of the given
sequence. Notation like poly(dG) refers to synthetic homopolymer composed of G
nucleotides. Synthetic heteropolymer could be e.g. poly(dA-dT) for alternating se-
quences, and poly(dA, dT) for randomly distributed nucleotides. Complexes formed
of homologous sequences may carry notation like poly(G) e 4 poly(C). Unfortunately
completele rules for notations are not known by all scientists, and variations occur
occasionally.

Physico-chemically the nucleic acid backbone is a highly charged polyelectrolyte: the
phosphate region of the structure is negatively charged. This charged character is
one important fact making structure variable with respect to differing conditions and
environments. As an acid it is deprotonated in water.

In the case of DNA backbone the early analyses of 1% and 2" order interactions -
forbidden interactions or steric hindrances depending on change of only one torsion
angle or two of such - has reduced the DNA strand structural representation to the use
of backbone torsion angles [8]. These, «, 3,7, 0, € and ¢ and the glycosidic parameter
form the conformational parameters of the double stranded DNA structures. All these
are shown in Fig. 1.6a.

Their preferred values in single nucleotides are shown in Fig.1.6b. Often terms gauche™
(97), gauche™ (¢g~) and trans (t) are used for these when their values are around 60°,
—60°, and 180°, respectively. In the Watson-Crick DNA structures the o and ( can
only have the ¢g~¢~ conformation. Torsion angle ( is mostly in trans position. For ~
the right-handed double helices seem have g. The 0 relating to the sugar puckering
has values around 75° for C3’ — endo and 150° for C'2' — endo puckers.

One set of nomenclatures for the torsion angles from the organic chemistry is the
Klyne-Prelog system[3]. In it syn (s) designation is used for torsion angles near 0° and
anti (a) for those near 180°. Values between these carry nominations +synclinal (£sc)
- around +60° - and tanticlinal (+ac) - around £120°.
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270°

Figure 1.6: a) DNA’s conformational parameters [4, Fig. 2.14], and b) their allowed ranges of in
nucleosides, nucleotides, deoxyoligonucleotides and deoxypolynucleotides [4, Fig. 2.15].

1.2 Conformations of DNA

While the biological form of DNA (‘native DNA’) has the famous right-handed,
double-stranded structure, there are many different structures, composed of nucleotides,
that are grouped under the name 'DNA’.

Geometric information of DNA and its constituents is based on X-ray crystallography
and nuclear magnetic resonance (NMR). High resolution crystallography (resolution
0.7-0.9 A) also gives information of electron-density distribution in molecules and,
consequently, partial charges of the atoms.

1.2.1 DNA double helices

In nature the DNA bases form pairs A-T and G-C with the hydrogen bonding mech-
anism as proposed by Watson and Crick in 1953/4 (9, 10|, and shown in Fig. 1.7.

Adenine and thymine are bonded by two hydrogen bonds, guanine and cytosine have
three coupling hydrogen bonds.

In favourable solution conditions monomeric nucleic acids always and spontaneously
form these hydrogen bonded pairs [1]. Instead, in solid state mixtures only monomers
G and C make the same, but A and T never [1]. Solvated bases are hydrophobic
and attractive in the Watson-Crick style. Further, experiments on solvated single
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DNA Basepairs
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Adenosine—Thymidine Guanosine—Cytidine
{ Adenine-Thymine) {Guanine- Cytosine)

Figure 1.7: Base pairs in the double stranded DNAs [11]

stranded polynucleotides have shown that bases have stacking tendency, explainable
by the connective m-electron clouds on the flat sides of the planar structure. All this
together with the classical potential energy calculations [3] make the double stranded
helical DNA structure understandable. Further, Ref. [4] mentions the fact that sugar
groups links each base on the same side as the keys in the structure of dsDNA. The
C1’ - C1’ distance in both types of base pairs is about 10.6 A.

The helicoidal structures of the 'normal’ DNA is shown in Fig. 1.11.

Before going into the DNA structures I give here the usual structural concepts:

e The base pair azis system. The x-axis (shorter axis) points in the direction of
the major groove along what would be the pseudo-dyad axis of an ideal Watson-
Crick base pair. The y-axis runs along the long axis of the idealized base pair
in the direction of the sequence strand, parallel to the C1’ - C1’ vector, and
displaced so as to pass through the intersection on the x-axis of the vector
connecting the pyrimidine C6 and purine C8 atoms. The 3"¢ axis follows the
usual right-handed rule.

e Heliz sense refers to the handedness of the double helix.

e Pitch (per turn) P, is the distance along the helical axis in one full turn.
e Number of residues per turn n; is the number of base pairs in one F,.

e Auial rise h is the axial distance between two base pairs.

e Unit twist or rotation per residue = ) = 360°n, is the rotation of DNA axis
from one base pair to the next one.

e Helix diameter measures the diameter of the cylindrical shape of DNA.
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e The wider and narrower indentations in the double strand structure are called
respectively major and minor grooves, distinguishable by the fact that the base-
sugar bonds are on the minor-groove sides. The perpendicular distance between
opposite phosphorous atoms on opposite strands deducted by van der Waals
diameter of a phosphate group (5.8 A) gives usually the width of the grooves.
Depths of the grooves are typically determined as differences in radii between
phosphorous and GUA N2 atom (minor groove), and phosphorous and ADE N6
(major groove).

Helicoidal parameters

Besides the previous geometric definitions for the nucleic acid helices there is a set of
local and a set of global base pair related variables which commonly are called helicoidal
parameters. Those names, symbols, and sign conventions were made in 1989 [12] in
the meeting carrying name ’Cambridge Accord’. The *Tsukuba Accord’ in 1999 [13]
corrected deficiencies occurred specifically in the mathematical definitions. Due to
these historical incoherencies all structural parameters having same names are not
comparable until exact equations are known.

The local variables specify orientation between successive base pairs. The global pa-
rameters reflecting a best linear or overall curved molecular axis, are not necessarily
comparable with these values.

The axis-base pair parameters related to each base pair are:
e Displacement X (XDP) indicate the translation of a base pair in its mean plane
in x-direction. Positive XDP means displacement towards the major groove.

e Displacement Y (YDP) indicate the translation of a base pair in its mean plane
in y-direction. YDP is positive when movement is towards the 1% strand.

e Inclination (INC; n) is the angle formed by the longer axis of the base pair and
plane perpendicular to the helix axis.

e TIP (0) is the angle between the base pair’s shorter axis and the (local) helical
axis z.

The helical twist () and helical rise (h) are sometimes includes in this category.

The complementary base-pair parameters are:

e Shear (SHR)
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Stretch (STR)
Stagger (STG)

Buckle (BKL; k) is the angle that the bases form around their short axis when
PRP is zero. Sign of BKL is positive when distortion is convex in direction 5’
to 3’ in strand 1.

Opening (OPN; o)

Propeller (m; PRP) is defined as the angle between base plane’s normals. Viewed
along the base pairs long axis this angle is positive if nearer base is clockwise
rotated.

The base pair step parameter set is composed of the following:

Shift (SHF; Dx)

Slide (SLD; Dy) tells the relative displacement of successive base pairs towards
the strand 1. Here the midpoints of the longer axes are the reference points.

Rise (RIS; D7)
Tilt (TLT; 7) is the same as ROL but along the x- or short axis.

Roll (ROL; p) indicates the rotation of one base pair around its longer axis with
respect to its neighbour base pair. This is positive when base pair step opens
towards the minor groove.

Twist (TWS; w) measures angle between consecutive base pairs as the change
in the C1’-C1’ vectors direction and down the helix axis.

All these are depicted in Figs. 1.8 and 1.9 with division in translational and rotational
groups.

A-, B-, Z- and sub-families

The original Watson-Crick structure model of DNA based on diffraction patterns
obtained at high humidity (92 %). This structure got later name B-DNA, the natural
DNA because this is the structure DNA has in its natural molecular environment. A-
DNA forms at 65 to 75 % relative humidity. Z-DNA is the third one to be mentioned
because the A, B and Z forms are the stardard or canonical structures . Factors

Yin this context in the meaning ’generally accepted’ or ideal
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DNA
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Figure 1.8: Translational helicoidal parameters [14]

Inclination Tip
Buckle Propeller Opening
Tilt Roll Twist

Figure 1.9: Rotational helical parameters [14]
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affecting on structural form of DNA contain humidity, temperature, pH and sequence
composition.

The canonical structures are shown in Figures 1.10, 1.11, and 1.12. Structural data
are given in tables 1.1,1.2, 1.3 and 1.4.

Unit repeat RIS TWS PRP ROL INC
Form @B ¢ )¢ W
A 11 2.54 327 -10.5 0.0 22.6
B 10 3.38 36.0 -15.1 0.0 2.8
C 28/3 3.31 386 -1.8 0.0 -8.0
D 8 3.01 45.0 -21.0 0.0 -13.0
Z (C) 6 7.25 -49.3 8.3 5.6 0.1
Z (G) 6 7.25 -10.3 83 -56 0.1

Table 1.1: Structural parameters of known DNA forms

Form Q@ 15} y ) € ¢ X

() () () () () ) ()
A -52 175 42 79 -148 -75 -157
B -30 136 31 143 -141 -161 -98
C -37 -160 37 157 161 -106 -97
D -59 156 64 145 -163 -131 -102
Z (C) -140 -137 51 138 -97 82 -154
Z (G) 52 179 -174 95 -104 -65 59

Table 1.2: Conformational parameters of DNA’s

Form Major groove Minor groove
Width (A) Depth (A) Width (A)  Depth (A)
A 2.2 13.0 11.1 2.6
B 11.6 8.5 6.0 8.2
C 10.5 7.6 4.8 7.9
D 9.6 6.2 0.8 74
7 8.8 3.7 2.0 13.8

Table 1.3: Polymorphism of DNA structures
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Parameter Symbol A-DNA B-DNA
Complementary base-pair parameters
Buckle (°) K 0.1 (7.8) 0.5 (6.7)
Propeller (°) T -11.8 (4.1)  -11.4 (5.3)
Opening (°) o 0.6 (2.8) 0.6 (3.1)
Shear (A ) Sa 0.01 (0.23)  0.00 (0.21)
Stretch (A ) Sy -0.18 (0.10) -0.15 (0.12)
Stagger (A ) Sz 0.02 (0.25)  0.09 (0.19)
Base-pair step parameters
Tilt (°) T 0.1(2.8)  -0.1(2.5)
Roll (°) p 8.0 (3.9) 0.6 (5.2)
Twist (°) w 31.1 (3.7) 36.0 (6.8)
Shift (A ) Dx 0.00 (0.54) -0.02 (0.45)
Slide (A ) Dy -1.53 (0.34)  0.23 (0.81)
Rise (A ) Dz 3.32 (0.20)  3.32 (0.19)
Local helical parameters
Inclination (°) n 14.7 (7.3) 2.1 (9.2)
Tip (°) y 001(5.2) 0.0 (4.3)
Helical twist (°) Qy 32.5 (3.8) 36.5 (6.6)
x-displacement ( dx -4.17 (1.22)  0.05 (1.28)
y-displacement ( dy 0.01 (0.89) 0.02 (0.87)
Helical rise (A ) h 2.83 (0.36)  3.29 (0.21)

Table 1.4: Helicoidal parameter values for the A- and B-DNAs [13, Table 3]

The main characteristics of the canonical forms can be listed shortly:

A-DNA:

e 11 bp/ 1 full turn
e Hollow cylinder

e Very narrow major groove

B-DNA:

e 10 bp/ 1 full turn

e Nearly perfect verticality between helical axis and the bases
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7Z-DNA:

e The pyrimidine nucleosides have ant: glycosidic angles with —145° < y <
—160°, mean 152°, and C2’-endo sugar pucker. a, v conformation is trans, gauche™
and gauche™ for (.

e The purine nucleosides have syn glycosidic angles with 55° < x < 80°, mean
60° and C3’-endo puckers. «,y conformation is gauche™, trans and gauche™ for

C.
e Consequently repeating unit is CpG dinucleoside.

e Helix does not have any major groove and only a very narrow minor groove.

The Z-DNA characteristics are for the standard type denoted by Z;. In the other
form, Z;, purines have gauchet ¢ angle, and gauche™ for € instead of trans.

Figure 1.10: A-DNA [4, Fig. 3.5]

The Z-DNA differs from all other structural forms by its left-handedness. It is men-
tioned to be a sequence of poly(dC-dG) e poly(dC-dG) and, obviously, a structure
which needs high salt solution, over 2.5 M NaCl, in order to form.

The Dickerson-Drew dodecamer, d(CGCGAATTCGCG), was the first structure inde-
pendently found to reproduce the Watson-Crick DNA model structure in 1979 [4]. It
also revealed fine details, like very restructured grooves in the 5-AATT region (12.7
A major groove vs. 3.2 A minor groove) as well as ’spine of hydration’, local base pair



14 DNA

Figure 1.11: B-DNA [4, Fig. 3.3|

Figure 1.12: Ribbon representation of the Z-DNA [4, Fig. 3.7]
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parameter deviations, especially in the central region of A-T pairs, wide distribution
of values for the other parameters, the B;/Bj; structural detail of p arising from
the trans, gauche™ vs. gauche™,trans domain change in € and ¢ when nucleotide is
followed by a purine, and bent structure.

Calladine rules |3] originate from Calladines notion that PRP while improving stack-
ing interactions in double stranded structures also may lead to steric clashes between
neighbouring purines in opposite strands. In purine-(3’,5’)-pyrimidine sequences inter-
action of GUA O6 and ADE N6 in the major groove side is the reason for this clash. In
pyrimidine-(3’,5")-purine helices clashes emerge in the minor groove side due to both
GUA N3 and N2 and ADE N3 atoms. Effect of clashes is twice as large in the latter
case as in the former. Most notably, these are in mixed purine/pyrimidine sequences
though they exist in homopurine or homopyrimidine sequences. The Calladine rules
tell how these are avoidable: reduce local PRP, increase ROL, increase SLD to pull
purine out of the base stack and decrease local TWS to minimize stacking.

The structural studies made so far with differing double strand sequences have given a
vast amount of structural fine details. These relate both to experimental conditions as
well as to specificity of the sequences considered. Because the purpose of this chapter
is to give the terminology relating to the DNA research and the main lines on double
stranded DNAs any finer survey is beyond the scope of this introduction.

1.2.2 Other 'DNA’ structures

Other DNA structures are other forms composed of the same nucleotides or molecules
obtained from the double stranded structures. Most of these are synthetic products.

Single-stranded nucleotide chains and helices exist. One way to make these is to unzip
double helix.

Triple helixz is formed from an A-DNA when it accommodates an extra strand in its
major groove. This bonds by Hoogsten mechanism there, see Fig. 1.13. In Hoogsten
and reverse Hoogsten base pairing N6 and N7 atoms of the ADE are hydrogen bonded.

Guanine may form quadruplezes, Fig. 1.14.

Interactions with other macromolecules produce largely differing structures. DNA
may also be curved, bent, have mismatches, lone pairs, nicks and double strands
may have Holliday junctions, Fig. 1.15. All these are properties of the structures, not
own structures with current knowledge. These atom-level structures have higher level
forms. E.g. the normal DNA may form plectonemes, and positively and negatively
supercoiled (solenoidic) structures.
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Figure 1.13: A triple helix [4, Fig. 4.7]
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Figure 1.14: Schematic head view of the GUA quadruplex [4, Fig. 4.19]
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Figure 1.15: Holliday junction between four strands [4, Fig. 4.33]. Interestingly it has the ability to
slidi along the double stranded stuctures.

1.2.3 Tools to compute DNA parameters

There exists different software to compute various properties of the double stranded
DNA. Some of the most common are given here:

e CURVES computes global helical axis optimizing it in to the underlaying atom
position data[15, 16]. It produces both global and local parameters. This is the
software used to compute the structural parameters in the works contained in
this thesis.

e FREEHELIX, follower of NEWHELIX[17], creates optimal linear helical axis[18]
in order to compute the structural parameters.

e RNA is a newer program based on the Tsukuba Accord|19, 20, 21|
e CEHS [22]

e CompDNA |23, 24|

e NUPARM |[25]

e 3DNA [26]

e SCHNAaP |27]



18 DNA

1.3 Single Molecule Mechanical Manipulations

The year 1992 was a remarkable cornerstone in the era of the DNA research. Smith,
Finzi, and Bustamante gave out their first publication of direct method to measure
elasticity properties of a single DNA molecule [28]. Multimers of 48502 base pairs
containing A-DNA were stretched with forces between 0.01 pN and 10 pN. Four years
later the same group and a French collaboration struck the pay-gravel [29, 30]. By still
developed methods they were able to use forces up to 80 pN and 160 pN, respectively.

Both of these force ranges were wide enough to make it possible to observe a bizarre
force-extension behaviour of the individual, bare DNA molecule. Experiments revealed
a huge elongation caused by a few pN increase in pulling force after about 65 pN force
was obtained. The relative length (r.l.) changed from 1.1 to 1.7.

The French collaboration also made molecular mechanical modelings by JUMNA [31],
another reduced variable software. These simulations revealed a B -> S transition (S
after Stretch) indicated by a reduced helical diameter and a strong base pair inclina-
tion. According to these modelings [32] base pairing and stacking reside at least to
the relative length of 2.0.

Today, individual DNA-molecules can be handled mechanically by the receding menis-
cus (molecular combing) [33, 34], optical tweezers [35, 29, 36], magnetic tweezers [37],
microneedles (microfibers) [30], atomic force microscopy (AFM) [38, 39] and using
flow based [40, 41] or electrokinetic setups [42|. Ref. [43| gives a summary of many of
these methods. One must also note that the purpose of the experiment - stretch, twist,
unzip or a combination of these - determines the physical principles in the setup.

Fig.1.16 shows essential parts of the observed polymeric properties of double stranded
DNA: Essentially the stretching curve for a freely unwinding DNA. The inset structure
is JUMNA-modeled over-wound and stretched DNA [44]. It is nominated as P-DNA
after the alike proposal to DNA structure by Linus Pauling in 1953 [45].

1.4 Physico-Chemical Properties of DNA

Chemically DNA is quite stable. It generally resists in acid and alkali solutions. How-
ever, in mild acid solutions - at pH 4 - purine bases (N7 of GUA, N3 of ADE) become
protonated. These are good leaving groups for the hydrolysis. Once this happens,
the depurinated sugar can easily isomerize into the open-chain form and in this form
the depurinated DNA is susceptible to cleavage by hydroxyl ions. Enzymes (deoxyri-
bonucleases) also hydrolyze DNA. They may digest a DNA strand from the end(s)



1.4 Physico-Chemical Properties of DNA 19

A B0 [ [ b iz0 T ¢ 120
| No_oitums | [ [ [ #4000 lums [B<z5+P f
AT | | =0 tums addad | -,
I_o. ; | [ | ~350 turns o
|—+3.000 lurs { |—=1,000 tums ! =
| +6,000 lurms | | | 2680 tums e 2
+9.000 lums | o 1 Nickad =1
40 | +12.000 tums| f / o 3 08
= e e'( o =5 I
[=% -
g s -ka'ﬂ'i-“"”ﬂ Baleaxl 45
2 ol . B8 L
20 ) | ¥ 40 40
= o
,,,/Il‘lf | é “— SePeFe ~100% L
A
gl j P
A . . N :
8 12 15 20 24 0 2 4 6 8 10 ) 0 40

Extansion (pmj Extension (um} Tomue BN x nmj

Figure 1.16: a) Force-extension curves for a 44.4-kilobase DNA molecule overwound by successively
larger numbers of turns. The curves cross at an ’isosbestic point’ marking the force at which B-DNA
and P-DNA have equal extensions. b) Multiple plateaux occur in force-extension curves for torsionally
constrained DNA. ¢) a ’phase diagram’ for DNA under torque and tension. Coloured regions represent
conditions under which pure phases occur; lines indicate conditions for phase coexistence within a
molecule. S, overstretched; P, Pauling, sc, supercoiled and L for an average left-handed twist. [46,
Fig. 3]

(exonucleases) or internally (endonucleases).

Physically the two polynucleotide chains of double-helical DNA can be separated
under certain conditions, typically by raising the temperature. The transition from
double-stranded DNA (dsDNA) to a single-stranded random coil DNA is called a
heliz — coil transition. Typical terms that describe the change from dsDNA to ss-
DNA are: melting, denaturation, and strandseparation. In the other direction, in
the change from ssDNA to dsDNA they are annealing, renaturation, and, in certain
contexts, hybridization.

The stability of dSDNA depends on a number of factors. These contain

e Base composition: The three hydrogen bonds containing G - C pairs need more
energy to break than the A - T pairs. The same applies to stacking interactions

between GC/GC and AT /AT base pairs.

e Salt concentration: Unless neutralised the close being p-groups repel each others.
In cells neutralization is achieved through salt ions, polyamines and special
DNA-binding proteins. When part of the DNA is in a single stranded form
special proteins maintain it in this ("unstable’) form.

e pH: Low pH i.e. acidic solutions denature DNA.

The denaturation of double stranded DNA is easily followed spectroscopically. The
purine and pyrimidine bases of DNA absorb ultraviolet (UV) light maximally at a
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wavelength near 260 nm. In double-stranded DNA, however, the absorption is de-
creased due to base-stacking interactions. When DNA is denatured, these interactions
are disrupted and an increase in absorbance (hyperchromic effect) is seen. The extent
of the effect can be monitored as a function of temperature.

The temperature at which the DNA molecules are 50% denatured is the melting
temperature. DNA samples that are high in AT content have relatively lower melting
temperatures while DNA samples that are high in GC content have relatively higher
melting temperatures. Fig. 1.17 exemplifies this difficulty’ in determining the ’exact’
melting temperature of a double stranded DNA. Partial denaturation of DNA can be
observed using electron microscopy. This has offered a means to find out A - T and
G- C- rich regions in long DNA sequences.

Melting curves showing the opening of the
"bubble” and of the end regions
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Figure 1.17: DNA’s melting properties |47, 48|. 'Middle labeling’ is in A - T rich region and ’end
labeling’ in G - C rich part of the hairpin DNA.



2 Dynamical Modeling of Molecules

Molecular Mechanics based Molecular Dynamics Simulation Method (MM-MD) is
the central method used in this research. It has been used to produce the DNA data
trajectories via computer runs. This data are dynamic. The ultimate goal has been
to mimic DNA’s internal evolution in full interaction in its natural environments as
well as possible within the limits of the method and technical modeling facilities.

MM-MD is one of the many computer assisted modeling methods among the MD
simulation methods family. In attempts to find the fundamental understanding in
questions posed by Nature the quantum mechanical principles based Ab Initio molec-
ular dynamics (AI-MD) would be the ultimate choice, but, so far, technical limitations
hinder its use e.g. in molecular solution studies.

2.1 Basics

The physical roots of the MD methods are in the Newtonian Physics. The first one is
Newton’s second law of motion of mechanics. Using the language of Mathematics it

is stated as
Ftot = md. (21)

Symbolism in Eqn. 2.1 glues the total force on a particle (ﬁtot) to the product of
its mass (m) and acceleration (@). Vector notation '~ only means the need to take
into account all independent dimensions of the space. The second principle is relation
between the force and potential energy

S - ou. oU. JU -
Fop=-VU=—|—i+—7+—k]|. 2.2
tot ( ax 1+ 8:[/ J + 62 ) ( )
The 6(%;,2) is the partial derivative operator and accent '’ denotes unit vector. The

basic th07ught in MM-MD methods is that interaction between particles is expressed
by a potential energy function. Force affecting on each particle is computed using
Eqn. 2.2; Dynamics of each particle follows from Eqn. 2.1 by knowing that the accel-
eration of a particle is the first derivative of its velocity and second derivative of its
position: @ = v = 7.

The Newtonian mechanics covers only part of the basics. Therefore the fundamentals
are given more generally by Hamiltonian formalism of the general mechanics

21
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p?
. U(pi, 75), 2.3
mi+ (73, 75) (2.3)

H:Ek+U=Z2

where the Hamilton function (H) is sum of kinetic (Ej) and potential energy (U)
contributions and p; and 7; are the momentum and position vectors forming the phase
space. Developing the equations of motion from 2.3 give [49, 50] the equations of
motion

OH  f

op; m; !

aﬁz o . (2.4)
= = — _j)l: E = —vUv7

8ri

for Cartesian coordinates. Here the conservation of forces ﬁ, conservation of total
energy F and form of the Hamiltonian H are not the limiting factors. These equations
are time-reversible, a fact emphasized by some method developers [51, 52].

For all living organisms non-zero temperatures (in Kelvins) are important. In connec-
tion with MD methods the temperature of a particle follows the equipartition principle
of statistical physics,

1
El = §kBT, (2.5)

stating that the kinetic energy of one particle in one dimension equals to its thermo-
dynamic energy.

2.2 MM-MD for Biomolecules

Currently typical biomolecular simulation system consists of target molecules and
solution molecules. The mutual interaction between all these is in the potential energy
function U, which traditionally in physics is called potential energy but in chemical
sciences force-field. The latter is very understandable because of the ’field’ all the
molecules or atoms of the system create between themselves.

In biomolecular modeling or simulation field the basic force-field function for DNA
(and proteins) is currently of the form

U= k(r—re)’+ Y ka0 =0+ > k(1= cos(me))*+

bonds angles torsions

12 6 (2.6)
S e |(20) - ()]
Y 7"7;]' T’ij 47T807"ij

i<j
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Components in this function describe bond stretching, angle bending, and rotation
barriers around the bonds, the torsional angles. In addition, there are both short-
range van der Waals and long range electrostatic interactions between the atoms.
Covalent bonds are harmonic taking care of preservation of average distance between
directly bonded atoms. Similarly angles in the central atom of three covalently bonded
atoms have harmonic 'restriction’ function. The torsion angle potential term is for the
hindered rotation of groups about a bond. The nonbonded interactions are, of course,
for the directly non-bonded but interacting atoms. The electrostatic term comes from
the charged nature of the molecules.

The Lennard-Jones 12-6 potential in Eqn.(2.6) is due to its mathematical and com-
putational convenience. Its cross-term parameters o and € are normally calculated by
the Lorentz-Berthelot combination rules:

Ei,j = (Siﬁj)l/Z, Oij = (0’1‘ + O'j)/Q. (27)

Atoms of a molecular system are non-bonded if they are really in different molecules,
or in the same molecule with separation of three or more covalent bonds. Sometimes
atoms separated exactly three covalent bonds are considered as ’1-4’ interactions.
Of the other incredients the Urey-Bradley and improper torsion angle terms may be
worth of mentioning. The former allows for a better fit to experimental data and the
latter keeps planar species flat when sp and sp2 hybridized atoms are present.

Often force-fields also carry the names of the modeling software package, like CHARMM!?,
AMBER?, GROMOS? or OPLS*, where it is as one of the core substances; And whose
developers maintain and develop these force-fields.

The molecular MM-MD force-field consists of two important ingredients: the func-
tional form and the associated parameter set. The latest larger step in the MM-MD
force-field development for biomolecular simulations was made in 1995. The 'Second
Generation Force Field’s were published both for the CHARMM [53] and AMBER
[54, 55| force-fields. This renewal was targeted especially on the parameters of Eqn.
2.6. Minor improvements have published later [56]. And, GROMOS got not until 2005
new nucleic acid parameters [57].

Water, which is one of the most typical solvent molecule, has many own force-field
models. Important in the modeling is that the chosen water model produces essential
properties in the modeling. Although there are many water models none of them are
able to produce all the observable properties. In biomolecular and DNA context most

Chemistry at HARvard Macromolecular Mechanics
2 Assisted Model Building with Energy Refinement
3GROningen MOlecular Simulation

4Optimized Potential for Liquid Simulations
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used models are the TIP3P® |58] and SPC® models. Currently the best resource of
water knowledge and e.g. of its models is the web-site [59]. A recent dedicated reference
is Ref. [60].

The important consequence of the second generation force-fields was that they made
explicit solution modelings trustworthy.

2.3 MM-MD Practice

The roots of MM-MD are in the mechanical understanding of molecules as static
structures. Then appeared the idea to put mechanics alive, in other words the MD.
Consequence of this was that observations from these simulations should be com-
parable to experiments (obtained from multimolecule samples), which maybe led to
theoretical idea that deterministic run in time has coupling with the environment
where it occurs. This leads to considerations of statistical mechanics/physics ensem-
bles and their changes when certain experimental observations and theoretically found
results are to be compared.

Observations are the fundamental basics of the sciences verifying finally all features
of the theories build with limited knowledge of underlying processes the simulations
are one way to test the theories. Therefore, it has been important to get basis of
the simulations to match with the experimental situations. The Newtonian mechanics
based MM-MD preserves total energy of the simulation system. This is mentioned
to be the link with realistic systems. Namely, the total energy is the quantity which
also appears in statistical physical equations, which again describes the real world in
which we make observations. Using statistical physics terminology the output from
Newtonian MM-MD belongs to the NVE ensemble, i.e. number of particles, simulation
volume and total energy are the constants of motion. Typically in experiments condi-
tions are such that temperature or pressure can be kept constant and observations are
made in NVT or NPT ensembles. Chemical potential, enthalpy, etc. may also be con-
stants. In principle it is always possible to choose an ensemble that best desrcibes the
experiments. In practice, the use of other ensembles that NVE leads to a modification
of the Newtonian equation for the force, Eqn. 2.1. In Refs. [51] the equations of mo-
tions for the molecular dynamics simulations in other than NVE ensemble have been
derived from the Hamiltonian principles. This is to say that various situations have
differing set of difference equations governing just each ensemble. The MM-MD field
knows many algorithms to generate the trajectories in their phase-spaces in correct
ensembles, therefore I do not present here any details of those.

5Transferable Intermolecular Potentials
6Simple Point Charge
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The phases of a MM-MD simulation can be divided in five parts: system generation,
equilibration, production, analysis and reporting.

When a certain object in a solution or a whole system is thought to be modeled,
the goals of this study determine the ensemble in which the system evolves. Varying
ensembles may also be needed during one study, i.e. the ensemble is not necessarily
fixed throughout the simulation. E.g. in the DNA stretching simulation of this thesis,
NPT and NVT ensembles were used in the equilibration phase.

System generation means creation of the simulation system geometry: Choice of the
simulation volume, whose shape is periodically repeatable, and positioning of the
molecules and atoms in this volume. E.g. in the DNA simulation canonical B-DNA
can be created by NABT [61], filtered in a suitable format with parameters by VEGA
[62], and these result can be incorporated in M.DynaMiz as an initial data, which
itself has a generator to create the solution molecules around it. Known structures are
also available from the Nucleic Acid Database [6] and Cambridge Structural Database
[7]. Initial velocities of the atoms can be taken according to the Maxwell distribution
mimicking thermodynamic equilibrium state or set to zero and perform the thermal-
ization this way. Simulation system is kept stationary by subtracting the induced
momentum relatively from all particles momentum.

In the equilibration phase, the simulated system should obtain its equilibrium state.
In principle this may contain three conditions: (i) all the "bonds" connecting the
atoms fluctuate around their equilibrium values, (ii) the energy content of the sys-
tems’ degrees of freedom is in a thermodynamical equilibrium with the environment
and (iii) the system is in a chemical equilibrium with the environment . When sim-
ulating a macromolecule in a solution this would include build-up of the molecular
environment, e.g. hydration layers around DNA. Depending on type of the simulation
the equilibration phase uses tools by which the wanted result is obtained. Generally,
equilibrium indicators can be taken from the physical fact that physical quantities
normally approach their known equilibrium values. In the NVE or NVT simulation
atomistic velocities are scaled after a certain amount of time-steps to get the correct
total energy or temperature. The approach to the structural equilibrium is seen as
stabilisation of the root mean squared deviation of the atoms. The density of the sys-
tem can be modified by changing the volume (box or cell size). The equilibrium phase
and the associated technical manipulations can be viewed as means to transfer the
system from one state to another, after which the "Newtonian mechanics" is again
operative.

After the equilibrium is obtained the production phase can be started, and relevant
data collected for further analysis, if not analyzable during the simulation runs. Anal-
ysis and reporting are both in a close relationship with themselves but also with the

"Nucleic Acid Builder
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production part. Namely, it is the phase when quite a lot of the obtainable results is
determined, meaning that one has to know what one wants take out of the simulation
or modeling effort. Biomolecular simulations at the classical level, not to mention the
ab initio efforts, are so time consuming that becoming afterwards aware of a set of
‘useful’ facts, is too late. Of course everything is repeatable but weeks to months cpu-
time may involve in practice much more wall-clock time. Other side is the available
storage capacity. Gigabytes of space can easily be used. Nearly always a dynamical
modeling production is composed of a series of runs. In order to make this possible
all system data has to be saved in a suitable form to be used as the initial data for
the next start.

What can we take out of the simulations? The all-embracing answer could be: all that
your imagination produces and which is in the methodological limits of the simulation
procedure and principles behind them. A good collection of what have been gained
by the various simulations can be obtained by making a large review of all simulated
systems. Unfortunately the amount of these is so vast that all finer details are never
accessible, broadly speaking. Fortunately there is a ’standard’ set of tools or principles,
which are very often the adequate set to apply in each specific problem.

Root mean squared deviation (RMS/RMSD) is typically used in the equilibration
phase because it measures the average arrival of atoms (molecules, etc.) to their bal-
ance positions in the system under the affecting global force-field. But, it also can
be used in analysis purposes, e.g. indicating transitions in the modeled system or its
sub-system, as was made in the longest DNA simulation of its time in 1994 [63]. Espe-
cially in molecular simulations two-dimensional RMS-maps are often used to analyze
conformational changes and families of structures in a trajectory. In DNA suitable
candidates for this would be bases, sugars and phosphates. Slope of the RMSD with
time gives the diffusion constant e.g. for the water molecules in a DNA in solution
simulation, when it only is calculated for these.

Computation on various correlations among the modeled system is one of the ba-
sic tools. Time correlation functions are important due to their relation to transport
coefficients and spectra via linear response theory. Correlation quantities can be di-
vided into the real space and reciprocal or inverse space quantities. Usual real space
quantities are pair-correlation function or radial distribution function, g(r). For it the
volume size effects has to be kept in mind and make cut-off at a suitable radius. In the
reciprocal space static structure factor, S(k), can be computed. In practice, because
g(r) and S(k) are in relation, and computation of the latter is faster, this way is used
to compute g(r). When other distributions are needed the same procedure can be
used.

Visual inspections may include many kind of monitoring of the system. However, it is
one of the best ways to make a state of the system concrete. In the equilibration phase
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it may easily indicate possible serious problems in the modeling. In the production
phase snapshots of the system give clear presentations of the system state. Recently
developed three-dimensional techniques are very useful for molecular systems. Espe-
cially CAVE?® like environments when system details during the dynamical evolution
are of interest.

Special feature of the biomolecular force-field modelings is their inability to chemical
reactivity, bonds fission and fusion. This precludes use of caloric curve, E(T), which
in other type of simulations reveals phase-transitions.

Because molecular dynamics simulation method is completely deterministic sequential
procedure, its results can be compared with experimental spectroscopic results. The
space and time results are Fourier-transformed with respect to both quantities and
result turns in reciprocal and wavevector space.

Simulations of this thesis have been performed by the molecular dynamics package
M.DynaMiz® [64]. M.DynaMiz is a general purpose scalable parallel MD simulation
package having the standard form of force-field as its core. It also has many additional
potential forms to be used with the basic formula or as such.

M.DynaMiz includes solution algorithms for the standard NVE MM-MD applying
Verlet Leap-frog algorithm, NVT Nose-Hoover MM-MD, and NPT MM-MD. For the
flexible molecular models the double time-step algorithm of Tuckerman et al. [51] is
available. Its implementation is mentioned to be close the Martyna et al. [65] realiza-
tion.

The use of the multistep algorithm is another method to make simulations faster. In
this two-step procedure the fast intramolecular as well as the fast nearest short-range
non-bonded interactions are calculated at each time step while the slow motions in
the molecules and due to long-range non-bonded interactions are computed only at
every long time step. Typical values for the short and long time steps in DNA like
(biomolecular) systems are 0.2 fs and 2.0 fs.

M.DynaMiz has two possibilities to handle the long-range electrostatic interactions;
The Ewald method or the reaction field. In the Ewald method used in the DNA
modeling of this work the Coulombic forces are divided into long-range and short-range
components. The long-range part is calculated in reciprocal space. The short-range
part is computed together with the Lennard-Jones forces.

M.DynaMiz offers four simulation cell possibilities. Of these the hexagonal cell is
used with the DNA simulations. Periodic boundary conditions and minimum image
convention are used.

8Immersive virtual reality environment with environment control
9Molecular Dynamics of Mixtures
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During late 1980’s and early 1990’s, intensive research on the dynamical properties of
DNA by using simple non-linear models was carried out world-wide. Special emphasis
was put on finding traces of solitary excitations relating transcription and replication
of DNA as well as the connected mechanisms for DNA melting. Review in paper I is
devoted to these nonlinear physics models.

Interestingly, one of these model has persisted until today. The Peyrard and Bishop
initiated a model which was developed later also by Dauxois (the DPB model). It has
attracted great attention among many researchers till these days. However, like the
other very simplified models for flexible macromolecules, it has the feature of being a
specific, event related, model.

We used the McMoldyn MM-MD-package [66] (predecessor of the M.DynaMiz) in or-
der to reveal these kind of excitations in DNA structure. At that time one time-step
algorithms were in use. NVT ensemble and SHAKE [67] algorithm were employed.
Simulations were typically tens of picoseconds long, in some cases few hundred pi-
coseconds.

In these simulations the DNA in ionic water solution were first equilibrated as usual.
Then initial excitation were created in the double strand, e.g. by turning one or
both of the bases certain amount aside towards the minor and major grooves. When
dynamical forcing had caused large enough effect the turning force was switched off
and systems evolution was followed under the NVT conditions. The general result of
these modelings was that base or both bases either were left in the positions where
they were turned or they gradually turned back into their usual positions. Changes
were very local.

Travelling vibrations were also tried to initiate kicking DNA backbone atoms while
bases were turned, or pulled/pushed along base pair axis. No results in the structure
were seen.

These attempts were time-consuming, and gave so little information that no published
reports were ever written. Generally, only a very few works in these directions have
been reported in the literature|68, 69, 70, 71|. After the born of new millennium base
flipping has got attention a lot. The references [70, 72, 73, 74, 75, 76] form only a
small subset of the all published.
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Natural starting point for a study of any system is the equilibrium state. What comes
to the real DNA immediate question is what is its equilibrium state? Are the DNA
samples found from frozen mammoth’s remnants somewhere in tundra in equilibrium
compared for example to fresh DNA samples from a human blood 7 Naive maybe,
but extremely physical answer is that both are in equilibrium in their status quo. In
biological and living context the equilibrium state is intuitively anything but not well
defined state due to the simple fact that generally thought everything is changing.

The other aspect is methodological. How do we know that a certain physical method,
which should get the virtual object in a computer in its equilibrium, really does its
task and correctly?

4.1 Equilibrium

In Paper II [77]) T have analyzed simulated DNA from the perspective of equilibrium
properties. This analysis is both methodological testing and DNA sequence testing.
Results are compared with the existing observed data and other recent simulations of
DNA.

In that study decamer ATGCATGCAG in Li* - water solution were simulated in typ-
ical physiological conditions using the second-generation CHARMM force-field and
M.DynaMixz simulation software. Parameters of the modeling corresponded predomi-
nately a ’pre-transitional’ region from the B-form to the C-form |78].

In the thermodynamically stable state around 300 K we tested what the kinetic part
of Boltzmann’s H function reveals of the equilibrium state. H is referred as a measure
to find the turning point from equilibration to equilibrium [79].

The relevant equation in numerical treatment with underlying Maxwell distribution
is

-——+Z—ln( > (4.1)
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where IV; is the count number in velocity class i and 0 refers to zero-velocity class.

The effects of class width, cutting distribution tails, and overall quality of the distri-
bution were examined.

In the case of atomistic velocity distributions of the MM-MD simulation the classifi-
cation of velocities and H have a complicated behaviour. When the number of classes
is large (narrow classes) H is clearly negative. When class width is increased, H grad-
ually becomes positive, and approaches the zero limit of Maxwell distribution just at
the limit of disappearing fluctuations in the distribution. When there are only three
nonzero classes in the distribution, H begins again to increase.

Tests with the Gaussian distribution form showed that a truncated Gaussian form is
easily recognizable with H values. Those show large deviations from the ideal value.

These H tests with momentary and only DNA atom data in use were not encouraging
for continuous monitoring. Things can be made better by collecting the distribution
from a certain amount of consecutive time steps (of an equilibrium modeling). How-
ever, large systems would be a more natural ’environment’ for this indicator.

The structural stability was examined by the standard tool, RMS deviation measure,
over all the DNA atoms. Fig. 2a of Ref. [77] shows the normal behaviour of it. When
equilibrium has been reached the RMSD stops its increase. In Fig. 2b of Ref. [77] a
test is made with respect to the ’initial’ structure, i.e. the structure with respect to the
comparison in RMSD is made. The chosen snapshot from equilibrium state dynamics
gives evidence about the nature of the equilibrium state - a fluctuating state.

A partial structural analysis for the equilibrated DNA contained analysis of the con-
formational and helicoidal parameters both as distributions and dynamically. This
analysis is based on the Cambridge Accord and Curves program [16] version 5.2. The
conformational parameters show values typical both for the A- and B-forms of DNA.
Individual distributions, composed often of two (or even three) subdistributions, show
conformation parameters hoppings during the evolution. The positions of helicoidal
parameter distributions show similar heterogeneity with respect to canonical values.
Visually the distribution profiles of TIP, STR, ROL and TLT gave hints towards
B-DNA.

The dynamical features of individual conformational parameters can be condensed
into words: transient jumps, drift, stable and/or bi-stable. Basically the variable be-
haviour of these parameters comes from the energy landscape of the dynamical system.
Conditions change and allow structural modifications when other than the existing
potential well becomes possible and available. Clearly correlated motions seemed to
have the ¢ - { and « - [ -pairs.
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The dynamical trajectories of the helicoidal parameters resembled random like motion.
Within the time scale of this simulation (2.07 ns) few parameters showed strong
drifting leading to skewed distribution form.

We studied occurrence of concerted motions in DNA by correlation analyses of the
conformational and helicoidal parameters. Tables 1T - V of Ref. [77] show the most
relevant correlations. The amount is not small. Comparison with the observed data
revealed missing correlations in the modeling. Especially those lacking for the ~ are
striking. This comparison also gave structural tendency towards the B-form.

The foreground value of this DNA simulation is the dynamical stability, too often for-
gotten subject in scientific articles. Many sophisticated studies produce new ’excellent’
structures but the fact remains that as often they are ’snaphots’ of the existing forms.
The 'observed’ novelties here and there in details may be flaws of the measurement
apparatus and sample preparations - in the same fashion as incomplete theories or
computational force-fields produce their own results.

After the above manuscript was made new books have been appeared [80, 4, 81] and
new studies have been published, see e.g. citations of Ref. [82].



5 Modeled Stretching of DNA

Papers 111 and IV contain results from the MM-MD modeling of a DNA stretching.

In this simulation we used 22mer, GTCTGAATTCTAATGTAGTATA, placed in a
long hexagonal cell filled with water and Na™ ions. With respect to the equilibrium
state modeling slightly refined CHARMM force-field were used for the DNA [56]. For
water we used the SPC model |83]. Sodium parameters were from Ref. [84].

In the beginning of the production run the O3” and O5’ atoms at the other end of the
helix were fixed in space while at the opposing end the same atoms were subjected
to an external or "virtual" axially stretching force. This force was linearly coupled
with time to guarantee continuous but gradual stretching. The technical details of the
simulation can be found from paper I'V.

The relative length (r.l.) vs. external force or time is shown in Fig. la of Ref. [85].
Experimentally the initially completely tension free DNA sequences have shown tran-
sitions around 1.65 r.l. when force is about 70 pN. Our simulation shows transition
around 2.1 r.l. The force at this point is about 130 pN. However, one has to keep
in mind that the force is the pulling force and obviously does not correspond to the
forces in the experiments. These are made with very much slower pulling speeds offer-
ing DNA and its surrounding solution develop in a 'relaxed’” way. The computationally
found r.1. vs. force curve resembles surprisingly well the stretching experiment result
from the early DNA research, from the year 1955, shown in Fig. 1 of paper IV.

The energetics of DNA within the force-field frames is illustrated in Fig. 1b of paper
ITI. The ’spring loading’ mechanism seen clearly in the integrated energy curve of
bond, angle, and torsion angle components explains well the r.l. - force -curve. In
the beginning, small force is enough to stretch DNA considerably until especially
internal torsion angle contribution turns to very restrictive. When its effect ends, the
harmonic bond and angle contributions are becoming more prominent keeping further
extension hard. The backbone parameters «, v, and the glycosidic torsion angle y show
structural changes at the turning point, see Figs. 2 b,c, and d of paper III.

A slight touch on the question of force-field validity in this kind of non-equilibrium
modeling case has been made by evaluating the deviations of bonds angles in the
extended state to their equilibrium dynamics values. Mean deviations are relatively
quite small. But much remains to be done in the future to consider these limits
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properly.

Because the stretching is a complicated process, its analysis requires various comple-
mentary visual tools. The first one is simply the visual inspection of the trajectory
by using a suitable animation program. This can be done in 2D or 3D where the
stereo-image 3D visualization naturally yields a better insight into the 3D dynam-
ics. The most realistic insight can be gained by using the so-called immersive virtual
reality (VR) environment where one can literally "walk inside the molecule". In this
work, a one-wall VR environment and usual computer monitors with related softwares
|86, 87, 88| have been used to visualize the 3D DNA. 3D animation revealed that the
transition from the normal like DNA to the new base-stacked structure contains base
pairs breakings, analogous to nucleation phenomena in e.g. solid state melting, trace
of the much speculated S state [30] and temporary merging until the formation of
the final structure begins. The found base-stacked form of double stranded DNA is
not previously known by any means. Future scientific advances will show what kind
of a role this or similar structure has in the basic biological processes. The current
nanoscience and nanotechnology may find many uses for the forced forms besides the
nano-springs [89)].



6 Conclusions and Outlook

According to this work the simple Hamiltonian/Lagrangian physics models developed
mainly in the non-linear theoretical physics to describe DNA’s vibration dynamical
features are able to give qualitative understanding of some of the observed properties
in DNA’s structure. The literature shows that many models have been created but
they can be characterised best by the word ’proposal’. One exception is the model
line’ initiated by Peyrard and Bishop (paper [I]). It shows the richness these simple
models may have.

The equilibrium state of a DNA decamer in explicit solution with counter-ions has
been studied by the MM-MD modeling methodology (paper [I1]). DNA’s overall struc-
tural stability has been confirmed by different RMSDs. The conformational and heli-
coidal parameters have been analyzed statistically and dynamically. Dynamical anal-
ysis reveals the existence of dynamical sub-states, which typically appear as abrupt
changes from a mean level to another in the value of parameter. In statistical analysis
these sub-states cannot often be detected. Correlation analysis shows concerted mo-
tions among the many nearby structural parameters. The applicability of the kinetic
part of the Boltzmann’s H function as a measure of thermodynamic equilibrium was
also tested. The mere DNA trajectory data proved to be statistically too small to find
H as a good measure. However, for larger datasets it’s suitability should be studied
further.

The MM-MD modeling of the DNA stretching with the CHARMM force-field re-
vealed a new structure for the DNA (paper|IIL,IV]). This forms from the B-DNA
especially via the unwinding of the double helix. Relatively over about 1.7 times
stretched DNA has a structure where the backbone strands are parallel and the bases
are stacked on the major groove side. This is the first reported computational mechan-
ical manipulation ’experiment’ with all-atom force-fields, and having explicit solution.
Methodological limits have been discussed. Our work is one of the first ones where
the applicabability of force fields, that have originally been developed for reproducing
known equilibrium structures, have been studied in a strongly non-equilibrium state.
Some biological connections of the simulation results are also indicated in paper [IV].

What comes to the DNA and the knowledge of it and its place in biology, the main
lines related to its structure and functions seems to be known. But what comes to its
structural or nanoscopic details much remains to be revealed. The analysis of equilib-
rium dynamics of DNA revealed that the stability of macromolecules in their natural
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environments does not mean the same as the stability of solids in their 'natural’ en-
vironments, but includes even large transient changes in the molecules’ conformation
without any seemingly clear reasons. Based on these experiences of the equilibrium
state of DNA, one may expect many ’not-so-evident’ findings of DNA in the inter-
mediate states when its goes through its life cycle and the related events with all the
other molecules during the cell cycles.

The very big challenge for the physical theoretical sciences seems to be in developing
methods which are not only for undertanding of the observed findings but are able to
go beyond this and give predictions for the experiments and seeds to make tools for
the applications. This creates a further need to develop both the few variable methods
and the MM-MD touched in this compilation.

For the experimentalists the here observed stretched structure verification forms surely
one challenge as well as the substructures along the path to this.

"Structure - function - genetics" is an old phrase but still the truth, giving us big
challenges for a long time to come.
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