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Copak je něco, o čem se dá říci: Pojd’ se podívat na
něco nového? Vždyt’ to tu bylo už celé věky, bylo to
na světě dávno před námi!

Kazatel 1:10

Is there any thing whereof it may be said, See, this
is new? It hath been already of old time, which was
before us.

Ecclesiastes 1:10

During the years of my postgraduate study, I have come across several
distinct scientific projects. None of them has ever had any potential to
become of general and instant importance to the public. Some have not
even led to any publication yet. Where can one find motivation then?

But this is just how the basic research looks like. Science wanders
around vainly trying to describe the complexity of the world in simple
words. It has all been here before, created – not important whether by
Nature or God. And only a small portion of our tasks is successfully
completed with satisfactory results.

From the rest

we

learn
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1 INTRODUCTION

1.1 Why and how?

Since the original proposal of the base-paired double-helical nature of
DNA by Watson and Crick [1], many aspects of NUCLEIC ACIDS (NA)
have been studied. Apart from the double helix, various structural mo-
tifs, such as hairpin loops, triple helices, and quadruplexes, have been
recognised for both RIBONUCLEIC ACID (RNA) and DEOXYRIBONUCLEIC

ACID (DNA) [2]. The spatial arrangement plays a fundamental role in
NA–protein and NA–NA interactions in living cells. It influences storage
and protection of the genetic information, regulation of the gene expres-
sion, or the immune response.

The living organism does not behave like a static molecular system,
though. The molecules are in a permanent motion and biological pro-
cesses depend on the stability of intermolecular complexes and flexibil-
ity of the chemical species involved. Therefore, the kinetic and dynamic
aspects should form integral parts of the NA research. As the exper-
imental and computational methods are evolving, deeper and deeper
details about the molecular features are becoming accessible. However,
their potential is far from being fully exploited to find answers to the
ever-growing range of issues concerning molecular mechanisms of NA
function. While the number of three-dimensional NA structures solved
continuously grows, works dealing e.g. with the hybridisation kinetics
remain relatively scarce. Although the methodology for detailed investi-
gation of molecular processes involving association and dissociation has
been developed and widely applied for small molecules, its implementa-
tion on biological macromolecules appears rather rarely.

One of the experimental techniques suitable for aqueous solutions is
NUCLEAR MAGNETIC RESONANCE (NMR). Its advantage lies not only in
the well-known ability to provide structural data of biomolecules, but
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1. Introduction

also in the high sensitivity of the frequency and shape of the NMR line
to the arrangement and interactions of the molecules under study and,
moreover, to the fate of these characteristics within a certain time win-
dow. Taking into account that the NMR-determined quantities can be
obtained separately for individual atomic positions of resonating nuclei,
NMR can be agreed as a potentially powerful tool for detailed studies of
biomolecular processes.

Prior to the work on the PhD thesis, I devoted myself to an accurate
description of the NMR line during the melting of a NA duplex. The
dynamic equilibrium between duplexes and single-stranded NA usually
corresponds to a fast or intermediate asymmetric chemical exchange. It
was shown that a simultaneous least-square fit of a due analytical for-
mula to the experimental NMR spectrum can provide the temperature
dependence not only of the equilibrium ratio between duplexes and sin-
gle strands, but also of the kinetics of duplex formation and dissociation.
These previous achievements have been further developed in the course
of the doctoral study and used for various molecular systems in solution.

The aim of this dissertation is to apply this approach to determining
detailed differences in the temperature-induced changes in short oligonu-
cleotides. Emphasis was placed on comparing the response obtained from
distinct positions in the NA chain and on the interpretation of possi-
ble differences. For this purpose, a huge amount of measurements of
temperature-dependent NMR spectra were performed on a large set of
model oligonucleotides. Above all, these were self-complementary DNA
octamers with the same proportion of all major bases. The study also
involved DNA containing 5-methylcytosine base in the CpG motif, se-
quences potentially forming hairpin loops, and nucleotides constituting
guanine tetrads. In order to illustrate the general robustness of the ther-
modynamic analysis of chemical processes by the line-shape fitting of
variable-temperature NMR spectra, the isomerisation equilibrium and ki-
netics of a non-nucleic-acid substance – a secondary thiobenzanilide –
were also studied in this way.

2



1.2 Structure of the thesis

1.2 Structure of the thesis

The introductory parts relate to NA chemical structure and basic struc-
tural motifs (Chapter 2), relevant models of the thermodynamics of chem-
ical processes (Chapter 3), and NMR spectroscopy (Chapter 4). The next
two chapters are devoted to the methods used for acquisition (Chapter 5)
and analysis (Chapter 6) of the experimental NMR data.

These tools are applied to the duplex disruption of short, eight base-
pairs containing palindromic fragments of DNA in Chapter 7. Apart from
the evaluation of the melting thermodynamics, the chemical shifts are
also subjected to a thorough analysis of their dependence on the nu-
cleotide sequence, temperature, and concentration. Based on the mea-
sured values, current approximations are challenged and anomalous be-
haviour is revealed in a few cases.

The effect of methylated cytosine in the CpG motif, which serves as
a regulatory epigenetic mark in the genome, on the spectral and thermo-
dynamic properties of the DNA double helix is discussed in Chapter 8.
The NMR measurements are supplemented by the absorption of ULTRA-
VIOLET (UV) radiation and the RAMAN SCATTERING (RS) spectroscopy.

Chapter 9 is devoted to the application of the methodology established
originally for the double-helical DNA to different structural motifs. The
question whether an oligodeoxynucleotide based on a transcription ele-
ment folds as an unimolecular hairpin loop rather than as a duplex is ad-
dressed by employing several synergical approaches. In addition, multi-
molecular complexes of guanosine mononucleotides are investigated.

The line-shape analysis of variable-temperature NMR spectra and de-
termination of equilibrium and kinetic parameters of secondary thioben-
zanilide isomerisation are described in Chapter 10.

3





2 NUCLEIC ACIDS

2.1 Biology

Nucleic acids are the carriers of the genetic information: DNA contains all
the details about the primary sequence of all the proteins of an organism
and is replicated during cell division; RNA – the so-called MESSENGER

RNA (mRNA) – transfers this information to ribosomes where the pro-
teins are created. This is the basic scheme, but much more functions can
be ascribed to NA. Many RNA molecules are designated to have dif-
ferent specific functions, such as RIBOSOMAL RNA (rRNA), TRANSFER

RNA (tRNA), or various enzymatically active RNA, RIBOZYMES and VI-
ROIDS. Other NON-CODING RNAS (ncRNA) are currently under inten-
sive investigation and numerous purposes have been discovered. These
include SMALL NUCLEAR RNA (snRNA) targeting splicing, SMALL NU-
CLEOLAR RNA (snoRNA) targeting rRNA modifications [3], and MICRO

RNA (miRNA) and SMALL INTERFERING RNA (siRNA) post-transcrip-
tionally regulating gene expression [4, 5].

Protein-coding sequences in the DNA – genes sensu stricto – consti-
tute only a small part of the genome: 1 %–2 % in humans. This fraction
strongly varies between taxons and does not depend on the number of
genes [6]. Thus, many regions of DNA are not transcribed into RNA
but some of them have regulatory functions instead: promotor and other
regulatory sequences interact with transcription factors or other protein
molecules which enhance or suppress gene expression. TRANSPOSONS

used to be transcribed and translated in the past during evolution, but
are – usually – suppressed now. Repetitive SATELLITE DNA in CEN-
TROMERES is bound by proteins forming the central part of chromosome
that is essential during cell division. TELOMERES, located at the ends of
chromosomes, are shortened after each replication. Intriguingly, there are

5



2. Nucleic acids

even long fragments of DNA whose function is not yet understood, and
these are called JUNK DNA. [7]

All the genetic information is stored in DNA, but not every gene is
ready to use. How is the cell differentiation established during ontogen-
esis? This remains a puzzle. However, many aspects are already known.
EPIGENETIC phenomena [8, 9] are involved, currently classified into two
main categories: METHYLATION OF DNA, which is going to be described
in § 2.6 on page 18, and methylation and acetylation of histone pro-
teins [10].

Hence, nature provides various examples of NA–protein and NA–
NA interactions, which can be affected by chemical modifications and
sequence alterations. Their physical basis often lies in subtle changes in
DNA conformation or dynamics – this topic still deserves much interest
in the NA research.

2.2 Chemical composition

The basic building block of NA, the NUCLEOTIDE, is formed from a NU-
CLEOBASE (briefly, a BASE), a saccharide, and a phosphate group [11].

DNA and RNA differ in the choice of the sugar: D-ribose is found in
RNA and 2-deoxy-D-ribose in DNA, both locked in the β-furanose hetero-
cyclic form (Fig. 2.1). The base is attached by an N-glycosidic bond to the
anomeric carbon of the pentose to form a NUCLEOSIDE. Five major bases
are prevalent in natural NA: three of them derived from pyrimidine –
CYTOSINE, THYMINE, and URACIL – and two derived from purine – ADE-
NINE and GUANINE (Fig. 2.2). Uracil rarely occurs in DNA and thymine
only scarcely resides in RNA. Accordingly, there are four possible bases
which can usually be placed in a particular DNA or RNA nucleoside.

The nucleobases are heterocyclic aromatic compounds with planar ge-
ometry of the rings. They contain substituents many of which are polar
and can give rise to HYDROGEN BONDS as acceptors (lone electron pairs
localised on nitrogen and oxygen) or donors (hydrogen atoms bound to
nitrogen). These hydrogen bonds mainly serve for base recognition and
formation of BASE PAIRS. It should also be mentioned that the amino
groups occupy a planar conformation due to the delocalisation of the

6



2.2 Chemical composition
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denotes the position where a base is bound
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2. Nucleic acids

amino-nitrogen lone electron pair into the aromatic system that causes
the sp2 hybridisation of the other valence orbitals.

Phosphate can form an ester bond next to the C5′ carbon of a nucle-
oside, thus creating a nucleotide. Longer NA molecules are composed
of nucleotides covalently bound by linkages between the phosphate and
C3′ into a non-branching chain. This results in an asymmetric NA strand
having distinguished 5′ and 3′ ends (Fig. 2.3). A short, usually synthetic
molecule comprising a small number of nucleotides is called an OLIGO-
NUCLEOTIDE or an OLIGODEOXYNUCLEOTIDE (ODN).

Apart from the above mentioned components, alternatives exist in the
native nucleic acids. DNA contains some fractions of minor bases, such as
5-METHYLCYTOSINE (m5C) and 5-HYDROXYMETHYLCYTOSINE (hm5C)
that are going to be discussed later (§ 2.6 on page 18). RNA reaches much
greater variability: XANTHINE, HYPOXANTHINE, 7-METHYLGUANINE, DI-
HYDROURACIL and other nucleobases as well as PSEUDOURIDINE, an
example of a modified nucleoside, are commonly present, especially in
tRNA. Different configuration of the phosphate linkages are known in
living cells, too, e.g. (2′ → 5′)-RNA oligonucleotides or cyclic nucleoside
3′, 5′-monophosphates. Other substituents can also appear in NA after an
action of some foreign chemical compound, chronic inflammation, or ul-
traviolet or X-ray irradiation, which are most often cytotoxic or mutagenic
and not at all desired by the cell1 [13].

Various modifications may be introduced artificially to any part of
NA: for instance, fluorescent or paramagnetic bases, deaza modifications
of bases, non-polar or aliphatic bases, abasic nucleosides, 2′-methyl or
O2′, C4′-methylene ribose (the latter forms the so-called LOCKED NU-
CLEIC ACIDS), XENO NUCLEIC ACIDS containing different sugar residues
or even non-saccharide moieties instead, phosphonate and phosphoroth-
ioate linkers, or PEPTIDE NUCLEIC ACIDS are widely used in research,
chemical industry and pharmacology for numerous purposes.

1evolution of species may gain in this way, though, as well as the therapy against
cancer
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Figure 2.3 Scheme of a DNA fragment composed of four nu-
cleotides in a chain with the ACTG sequence. The hydrogen atoms
of deoxyribose are omitted for clarity

2.3 Used nomenclature

Throughout this work, conventions of naming NA and their constituents
are based on the recommendations by the International Union of Pure
and Applied Chemistry (IUPAC) and the International Union of Biochem-
istry (IUB) [12, 14, 15].

The names of nucleobases are abbreviated to single characters (A, C,
G, T, and U), which may also mean the whole nucleoside or nucleotide.
To stress that a free nucleotide, i.e., a nucleoside 5′-phosphate, rather than
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2. Nucleic acids

a nucleotide as a part of a larger molecule is concerned, the abbreviations
AMP, GMP, and so on are to be used.

A NA molecule is described by the sequence of base abbreviations,
read from the 5′ to the 3′ end. A ‘p’ can be added to represent the
3′ → 5′ phosphate linkage explicitly. It is assumed that phosphates are
not present at the ends of synthetic oligonucleotides. When not clear
from the context (most of the experiments in this thesis were conducted
on DNA), a prefix ‘d’ or ‘r’ should be used to specify DNA or RNA,
respectively. As an example, a DNA octanucleotide can be depicted as
d(CpApTpCpGpApTpG) or, more conveniently, CATCGATG.

A non-covalent interaction between nucleobases or whole molecules
is indicated by a central dot as in a C·G base pair.

Incomplete specification of a base in a sequence can be expressed by
a single letter, too [15]: N represents any nucleotide (or nucleoside or
base), R any purine, Y any pyrimidine, W adenine or thymine, S cytosine
or guanine, etc. These abbreviations will be reminded whenever encoun-
tered. Their use is suitable when a set of similar NA chains are described
together or when talking about general properties of short pieces of NA
having some bases in common and some bases different.

A particular atom in a NA molecule is addressed by the one-character
symbol of the base in the referred nucleotide, its number (starting from
1 on the 5′ end), the element symbol, and the number of atom according
to Fig. 2.1 or Fig. 2.22. Thus, the methyl carbon of the third thymine from
CATCGATG is T3C7 and the two hydrogens bound to carbon C2′ of the
sixth adenosine are A6H2′ and A6H2′′. Omitting any part of this pattern
means that it covers all possible options, e.g. A2 represents the second
nucleotide, adenosine phosphate, and CH5 stands for hydrogens H5 of
all cytosine bases from the molecule.

2.4 Structural properties

Although the chemical composition of NA and their PRIMARY STRUC-
TURE given by the nucleotide sequence are well defined, spatial arrange-

2no punctuation is inserted since this would be superfluous
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2.4 Structural properties

ments of NA molecules are diverse due to a broad variability of combi-
nation of dihedral angles and topologies of non-covalent interactions.

2.4.1 Conformation of nucleotides

The torsion angle around the glycosidic bond, χ (Fig. 2.4), occupies two
main ranges: in the anti orientation, the amino and keto groups and the
C2 carbon of the base are found apart from the sugar, whereas in the
syn orientation, they lie above it. In both cases, the plane of the base is
roughly perpendicular to the plane of the pentose and it approximately
bisects the O4′—C1′—C2′ angle. In nucleotides, the anti conformation is
much more preferred, while the syn orientation can mainly be acquired
by guanosine in certain cases, including GMP in solution. [16]

The five dihedral angles in the pentose ring are kept tightly intercon-
nected due to the limitations of the cycle. The SUGAR PUCKER usually
falls into two distinct types: C2′-endo and C3′-endo, called also SOUTH

(S) and NORTH (N), respectively (Fig. 2.4) [12]. The torsions along the
phosphodiester backbone (Fig. 2.4) are, most usually, trans at the dihe-
dral angles β and ε and +gauche at γ [12]. This leads to a preference for
the atoms P—O5′—C5′—C4′—H4′ to lie in one plane arranged in a shape
of a ‘W’ and the atoms C4′—C3′—O3′—P to lie in one plane, too. [16]

O

PO O

O

O

O

PO O

O

Base

α

β
γ
δ
ε
ζ

χ

O

C5'
Base

O3'

C5'

OC5'
BaseO3' Base

Figure 2.4 Left: a DNA fragment showing the dihedral angles in
the sugar–phosphate backbone (α–ζ) and the orientation of the base
(χ). Right: the two major sugar puckers, C2′-endo (top) and C3′-endo
(bottom)

11



2. Nucleic acids

The most common configurations described above are subjected to ex-
ceptions that can be found in some unusual motifs. One shall also keep in
mind that in solution, more conformations may be present in a dynamic
equilibrium.

2.4.2 Secondary structure

NA chains can fold into various mono- and multimolecular structural mo-
tifs, giving the complexes a SECONDARY STRUCTURE. Only non-covalent
phenomena are responsible for these arrangements:

a. ELECTROSTATIC FORCES between ions: electrostatics repulses the
negatively charged phosphate groups from each other and cations
are needed to compensate their charge;

b. STACKING INTERACTION between aromatic moieties arises from the
combination of electrostatic interactions between charge distribu-
tions associated with the electron density and VAN DER WAALS

FORCES between static or instantaneous electrical dipoles;
c. hydrogen bonds between partially positively charged hydrogen

atoms bound to electronegative elements and lone electron pairs
of oxygen or nitrogen;

d. HYDROPHOBIC EFFECT: a consequence of the different dipole–di-
pole forces between water molecules and polar and non-polar parts
of NA.

Several basic types of secondary structure are recognised and these are
defined by their stoichiometry, topology, and ordinary ranges of confor-
mational parameters. The main monomolecular motif is a HAIRPIN when
the NA folds onto itself. Bimolecular complexes are called DUPLEXES

and they occur in a double-helical overall conformation (Fig. 2.5). Heli-
cal structures incorporating more NA strands, TRIPLEXES and QUADRU-
PLEXES, have also been described. More complicated, branching com-
plexes can be represented by CRUCIFORMS and three-, four-, and even
five-way JUNCTIONS [17, 18].

The three-dimensional structures of real systems are usually deter-
mined by combinations of experimental work and computer simulations.
X-RAY DIFFRACTION (XRD) is the most widely employed experimental
method for this purpose, followed by NMR spectroscopy. Both of them
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2.4 Structural properties

90°y

Figure 2.5 NMR-determined structure of a B-DNA double helix
made by self-complementary sequence CATGCATG. The all-atoms
ball-and-stick model, colour-coded by element type, with the back-
bones highlighted by grey ribbons, was created in VMD [19] from the
Protein Data Bank (PDB) entry 1D18 [20]. Left: a view perpendicular
to the helical axis. Right: a view rotated by 90° around the vertical
axis, clockwise when viewed from the top

have their advantages and their drawbacks. XRD provides a straightfor-
ward connection between the structure and the diffraction pattern, but re-
quires preparation of a sufficiently large monocrystal, which can turn out
to be a very difficult task. NMR works fine in solution, which is a more
natural environment than a solid crystal, and the sample is prepared
more easily. However, the elaborate pulse sequences used for structural
studies are quite time-consuming as is also their analysis requiring deep
understanding of the subject. Moreover, the heavier the molecule is, the
broader lines and hence the lower the signal-to-noise ratio the acquired
spectra have. Both XRD and NMR are followed by iterative MOLECULAR

DYNAMICS (MD) refining the spatial structure.

2.4.3 Duplexes

A duplex can be formed by two DNA molecules, two RNA molecules,
or even by one DNA and one RNA molecule, forming a hybrid duplex.
The polar sugar–phosphate backbone is exposed to the solvent, whereas

13



2. Nucleic acids

the more hydrophobic nucleobases are hidden in the middle of the DOU-
BLE HELIX (Fig. 2.5). The bases from the opposing strands are paired to
each other: WATSON–CRICK BASE PAIRING is the major scheme in which
COMPLEMENTARY BASES form hydrogen bonds, two in A·T and three
in G·C (Fig. 2.6). A pair of grooves, called MAJOR GROOVE and MINOR

GROOVE, propagates along the helix.

Major groove

N

N

N

N

R

H O

N

H

H

H N

N

O R

H

H

NH

H

Minor groove

Major groove

N

N

N

N

R

H

H

N H

H

N

N

O R

CH3

H

O

H

Minor groove

Figure 2.6 Watson–Crick pairing between complementary bases.
Left: G·C. Right: A·T. Dashed lines indicate hydrogen bonds, ‘R’ de-
notes attachment of the saccharide. Positions of the grooves in a dou-
ble helix are depicted

Three basic structural families are distinguished: A-FORM, B-FORM

(Fig. 2.5), and Z-FORM, the first two being right-handed helices, the last
one left-handed. These duplexes have antiparallel orientation of the two
strands, so that the 3′ end of one molecule is aligned with the 5′ end of
the other. What kind of the double helix a duplex adopts depends on the
primary structure and outer conditions, such as pH, ionic composition,
or – in crystal – the level of humidity [16].

Local differences from the global averages are commonly found in
real duplex structures. Intermediate structures, as well as junctions be-
tween the standard conformations can appear. Moreover, deviations from
the Watson–Crick pairing, such as MISMATCHES, BULGES, WOBBLE or
HOOGSTEEN pairs, can be introduced.

2.4.4 Hairpins

Hairpins are monomolecular motifs consisting of a double-helical STEM

and a LOOP. There is a large structural variability mainly in the loop

14



2.4 Structural properties

which usually has three [21] or four [22] nucleotides in DNA but longer
turns are not scarcely present in RNA molecules. The stem–loop junction
usually consists of one or more non-canonical base pairs.

2.4.5 G-tetrads

One important example of stable Hoogsteen pairs deserves our attention:
the G-TETRAD (Fig. 2.7), often called also G-QUARTET. These motifs are
formed by self-association of GMP in highly concentrated solutions [23,
24] or in solid phase and are also found in G-QUADRUPLEXES, structures
made of four NA chains rich in guanine [25, 26].

N

NN

N

R
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O

N

H

H

H
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N N

N
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H

O
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H

H

H

N
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H

O

N H

H

H
N

N

N NR

H

O

NH

H

H

Figure 2.7 A G-tetrad. Dashed lines indicate hydrogen bonds, R
denotes attachment of the saccharide

G-tetrad is a planar ring of four guanines joined together by Hoog-
steen hydrogen bonds. A cation residing in the tetrad centre can sta-
bilise the motif and its type often directs the resulting structure and
stability of the whole complex [27]. In both GMP self-associates and G-
quadruplexes, the sugar pucker can vary and there is no general pref-
erence for the anti or syn conformation either, although each group of
parallel strands has the same base orientation within a single G-tetrad of
a quadruplex [28, 29].
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2. Nucleic acids

2.5 Stability of secondary structures

The choice of a particular folding of a NA complex depends on many
conditions. Among them, the amount, valence, as well as type of cations
present in the solution have profound impact on the stability of all struc-
tural motifs. Therefore, during in vitro studies of NA properties, buffers
with a stable pH and salt concentrations in excess of that of nucleotides
are commonly employed. Determination of the thermodynamic parame-
ters describing the structural stability is an important cue to the under-
standing of NA functions.

2.5.1 Melting temperature

Temperature can be easily handled during experiment and can induce
dramatic structural changes. Since NA structures are generally well or-
dered and therefore entropically unfavourable, increasing temperature
destabilises them. Accordingly, there is a transition midpoint at which
half of the molecules is folded and the other half is in the RANDOM-COIL

state3; the corresponding temperature is called the MELTING TEMPER-
ATURE, Tm. It is quite an easy-to-use quantity and possible differences
in Tm monitor how the stability is affected. Most often, the TWO-STATE

MODEL neglecting any partially folded species is selected to describe the
melting of short oligonucleotides, but this assumption may be violated in
higher salt concentrations [30] and traces of unfolded molecules can per-
sist to low temperature [31]. More details on the melting thermodynamics
are going to be discussed in Chapter 3.

Many experimental methods which can measure Tm have been devel-
oped. Some of them can be considered as more or less global since they
provide information on the overall stability:

a. UV absorption spectroscopy mostly relies on the HYPOCHROMIC

EFFECT – base stacking reduces the extinction coefficients in the
UV range of the electromagnetic radiation [32, 33];

b. CIRCULAR DICHROISM (CD) is the chirality-sensitive modification
of UV absorption;

3things become more complicated when more than two types of structure are in-
volved
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2.5 Stability of secondary structures

c. DIFFERENTIAL SCANNING CALORIMETRY (DSC) directly measures
the heat transferred during a temperature change;

d. FÖRSTER RESONANCE ENERGY TRANSFER (FRET) senses the dis-
tance between two fluorescent probes that changes after melting;

e. ELECTRON PARAMAGNETIC RESONANCE (EPR) can measure the
distance between two paramagnetic labels [34].

Apart from these techniques, there are others that can also reveal some
local structural changes caused by the temperature. It is worth to mention
in particular:

a. NMR, especially 1H and 31P spectroscopy well suitable for NA, prof-
its from the dependence of chemical shifts on local environment;

b. Raman scattering spectroscopy (RS) and its extensions, such as RES-
ONANCE RS (RRS), exploit the differences in frequencies and am-
plitudes of vibrational bands of the folded state and of the random
coil.

Further information about the stability of a complex can be obtained
by some other approaches measuring different quantities instead of Tm,
including ISOTHERMAL TITRATION CALORIMETRY (ITC). The experimen-
tal methods can be supplemented with MD or other simulations which
can bring more insight into the thermodynamic properties of NA struc-
tures.

2.5.2 Stability predictions

Lots of efforts have been spent to predict the stability of NA structures.
Ideally, one would obtain a complete thermodynamic description from
some calculation whose input would just be the nucleotide sequence.
Of course, ab initio quantum-mechanical computations are far too much
complicated. Thus, empirical approaches based on analyses of large sets
of various experimental data have been developed. The predominant
simplification occurring in these calculations is the so-called NEAREST -
NEIGHBOUR (NN) model4: the global extensive quantities of a transition
are obtained as sums of the values valid for individual base pairs and
base-pair steps. Some modifications or penalties are added in some ap-

4approximations used in estimating other NA properties, such as structural or spec-
tral parameters, can carry the same name, too
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2. Nucleic acids

proaches to properly reflect the terminal base pairs, helix initiation, sym-
metry of self-complementary strands, and other miscellanies.

The methods were pioneered on RNA duplexes [35, 36]. The NN
parameters for B-DNA obtained in 1980s from DSC and UV measure-
ments [37] were improved a decade later using a more extensive set of
sequences by UV melting experiments [38]. The existing data from differ-
ent laboratories were then gathered and the model was unified, together
with a prediction of salt-dependence of the duplex thermodynamics [39].
The NN model has also been refined for RNA duplexes [40] and ex-
tended for DNA complexes containing mismatches [41, 42, 43, 44, 45, 46],
dangling ends [47], hypoxanthine bases [48], or hairpin loops [49] and
even for DNA–RNA hybrid duplexes [50]. More folding possibilities can
be combined, too [51]. Several web interfaces or stand-alone applications
for predicting the stabilities of NA complexes have been built upon these
thermodynamic data, namely DINAMelt [52], mFold [53], dnaMATE [54],
and OligoCalc [55].

2.6 Cytosine methylation in DNA

Not only the four major bases (A, T, C, and G) are present in the native
DNA. Above all, cytosine is very often the subject for a naturally occur-
ring chemical modification: its methylation on carbon C5. The methyl
group of 5-methylcytosine (m5C, Fig. 2.8) doesn’t alter the Watson–Crick
base pairing scheme with guanine: having the same position as the methyl
group of thymine, it points toward the major groove of a double helix.

N

N O

R

H3C

H

N
HH

Figure 2.8 5-methylcytosine. ‘R’ denotes the position where a sac-
charide is bound in nucleosides. Atom numbering follows Fig. 2.2
(page 7) and the atoms of the methyl group all carry the number 7
in analogy with thymine
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2.6 Cytosine methylation in DNA

2.6.1 CpG motif

The hotspot for the DNA methylation is the CG dinucleotide sequence,
the so-called CPG MOTIF. In vertebrates5, its global frequency is surpris-
ingly low (only 1 %–3 % [57, 58] compared to the unbiased probability
1 : 16 = 6.25 %) and m5C is found in 70 %–90 % of CpG sites [59], despite
the total degree of cytosine methylation reaches only ∼ 1 % [60, 61]. CHG
and CHH contexts6 are commonly methylated in plants, too [62].

The CpG methylation is an EPIGENETIC mark that has a key role in
controlling gene expression as it usually represses it [63, 64, 65]. It is
a dominant mechanism of cell differentiation [10, 66, 67], X-chromosome
inactivation [68], and genomic imprinting [69]. Defective changes in DNA
methylation occur in cancer cells [70, 71, 72], as well as in other serious
diseases [73, 74, 75].

The methylation pattern of the genome undergoes several reprogram-
ming periods during ontogenesis [63, 76, 77, 78, 79]. It may even be mod-
ified during prenatal or even postnatal period and transferred to the ma-
ture germ cells [80, 81] – acquired traits can be propagated to descen-
dants, leading to a non-Mendelian, Lamarckian-like contribution to the
evolutions of species [82, 83]. The molecular mechanisms of the methy-
lation management are not precisely known, although some functions of
ncRNA have been discovered [84, 85, 86, 87] and active demethylation
in animals involves 5-hydroxymethylcytosine (hm5C) as an intermedi-
ate [88, 89]. Plants are already proven to utilise elaborate RNA machiner-
ies [62, 90].

While highly methylated in vertebrates, the CpG motif in bacteria is
mostly found unmodified [56]. This difference is used by the immune
system to distinguish the intruder’s DNA [91, 92, 93]. Various synthetic
ODN with unmethylated CpG have immunostimulatory effects which
promises their use in prevention or treatment of numerous diseases [94,
95, 96].

5‘Our understanding of the molecular biology of animals is increasingly biased to-
wards those with backbones. In fact the vertebrate branch accounts for a relatively small
fraction (less than 5 %) of the animal kingdom, though it does include scientists (and
grant givers).’ [56]

6H = not G
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2. Nucleic acids

Apart from its notable biological importance, there are remarkable
features concerning the structure and dynamics of the CpG motif. Differ-
ent geometry of CpG in otherwise B-DNA duplexes was observed both
in crystal [97] and in solution [98]. A greater flexibility of the duplex
(CATCGATG)2 relative to (GTACGTAC)2 was described [98]. The sugar
pucker, helicoidal and backbone parameters of CpG [58, 99, 100] as well
as its conformational dynamics [101, 102] can also significantly differ in
DNA duplexes sharing the same NCGN tetranucleotides.

The above mentioned works lead to a conclusion that the world of
NA structures and dynamics is not as simple as it might seem. Generally,
the NN model is not accurate enough to describe detailed properties of
a DNA double-helix. The extraordinarily variable and flexible CpG mo-
tif continually attracts the curiosity of many researchers. Its peculiarities
might be very important in targeting DNA by proteins and in intercalat-
ing or surface-binding of small molecules.

2.6.2 A weak impact on structure

The B-DNA changes its overall geometry only very slightly after the CpG
sequence is methylated (or hydroxymethylated). Such are conclusions
from various works employing XRD [103, 104, 105], NMR [106, 107], and
MD [107, 108]: structural parameters are weakly altered [103, 104, 107], in
particular the sugar–phosphate backbone torsion angles and the helical
twist [101, 106]. Even outside the CpG motif, conformational changes in-
duced by cytosine methylation remain small [108]. Exceptions are found
near A-tracts where methylation makes the minor groove narrower [109]
and changes the overall bend of the duplex [110].

2.6.3 Increased duplex stability and rigidity

Although the impact of cytosine methylation on the structure is marginal,
duplex stability increases after CpG methylation. Despite the stabilisation
can be also very weak, it has been experimentally observed for ODN [103,
106, 107, 109, 111], as well as for longer DNA strands counting less
than a hundred [112, 113] or even several hundreds to thousands base
pairs [108]. Taking the intrinsic polymorphism of the unmethylated CpG
motif into account, the structural changes induced by cytosine methy-
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2.6 Cytosine methylation in DNA

lation seem to be closely tied to the conformation and rigidity of the
unmethylated duplex. Complete or partial reversal of the m5C effect has
been reported after oxidation to hm5C [108, 111, 113]. Some data concern-
ing self-complementary ODN duplexes collected from the literature are
shown in Table 2.1. Increase of Tm was also measured for DNA forming
a hairpin [114], a triplex [115], and a G-quadruplex [116].

A very similar effect on the duplex stability was observed by com-
paring DNA duplexes with thymine and its demethylated counterpart,
uracil [118, 119]. These results are in accordance with the idea of duplex
stabilisation by adding a methyl group to C5 of any pyrimidine nucle-
obase: it affects the electronic distribution in the aromatic ring resulting
in decrease of its electric dipole moment by 1.2 D [120] that makes the
base more hydrophobic. DENSITY FUNCTIONAL THEORY (DFT) ab initio
calculations revealed that the stacking interaction is enhanced [121]. This
was already suggested in the NMR study of short ODN [106].

The duplex flexibility in the terms of local motions is also lowered
by cytosine methylation [122]. MD has revealed that the steric hindrance
combined with changes in polarity of the substituent [107, 108] and the
modified stacking [123] are responsible for the increased rigidity.

2.6.4 CpG methylation: an open question

The biological importance of the CpG methylation described above im-
plicates that many protein–DNA interactions are methylation-dependent.
Since it is generally accepted that the spatial structure of CpG-containing
DNA is not strongly altered after the methylation of cytosine, it seems
that it is the reduced flexibility of the methylated CpG motif that plays
a substantial role in the discrimination between unmodified and methy-
lated DNA. The everlasting confrontation of the INDUCED FIT and CON-
FORMATIONAL SELECTION paradigms is probably an indispensable issue,
too [124].

Although there has been written a lot about the malleable CpG mo-
tif and its methylation, conclusive explanations of its extraordinary be-
haviour on a detailed level are still missing. How does the sequence con-
text around CpG influence the duplex stability? And vice versa, how far
along the DNA double helix does the CpG dinucleotide influence its sur-
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2.7 Serum response element

roundings? Additional experiments are needed in order to gain better in-
sight into the molecular mechanisms governing the methylation-induced
changes in DNA.

2.7 Serum response element

The SERUM RESPONSE FACTOR (SRF), containing the DNA-binding
MADS domain, controls gene transcription by binding its target DNA
sequence, the SERUM RESPONSE ELEMENT (SRE) [125]. SRF binds the
DNA duplex as a dimer and promotes a 70° DNA bending [126, 127].
The SRF dimer attached to SRE is then bound by a TERNARY COMPLEX

FACTOR [128, 129] to activate the transcription.

2.7.1 Sequence and structure

SRE carries the CArG-box sequence CCWWWWWWGG7. The promoter
of c-fos proto-oncogene contains SRE with mutually complementary ex-
tensions in both directions [125, 129]. Such pattern containing comple-
mentary fragments separated by a non-complementary part has been
found in various other regulatory sequences in the genome. These can po-
tentially create cruciforms since its two strands are partially palindromic,
in principle allowing formation of hairpins in both strands [130, 131].
Such an unusual structure would strongly facilitate its recognition by SRF.

The key question that needs to be answered is: do the individual DNA
strands of c-fos SRE really fold as hairpins? UV-melting studies on solu-
tions of SRE single strands revealed a clear transition between a folded
and unfolded state [132]. It has been suggested that this could be the
hairpin topology; however, an irrefutable proof is still missing. There re-
mains a second option that a duplex with imperfect base pairing could be
formed from two identical molecules. Both folding possibilities (Fig. 2.9)
share the five terminal Watson–Crick base pairs but differ in the topology
of the six-nucleotide central part of the ODN sequences (A6–A11).

2.7.2 DNA hairpins with long loops

No other structural or thermodynamic studies of the naked SRE DNA
are described in the literature. In general, DNA hairpins containing more

7W stands for A or T
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2. Nucleic acids

Figure 2.9 Schemes of base pairing in SRE folded into hairpin
(left) and duplex (right) based on predictions by the DINAMelt web
server [52]

than three loop nucleotides are only scarcely studied [21, 22, 133, 134].
Therefore, confirmation of the hypothetical hairpin fold of the SRE frag-
ment with six-membered loop would bring relatively new type of a sec-
ondary motif.
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3 CHEMICAL PROCESSES
IN SOLUTION

This chapter is dedicated to the general thermodynamics beyond the pro-
cesses happening in dilute solutions. We describe the equilibrium and
the kinetics of an arbitrary chemical transition – a chemical reaction, a
complex formation, or a conformational change. The theory works with
CONCENTRATIONS equal to the MOLARITIES, the amount of a substance
per volume.

3.1 Two-state equilibrium

3.1.1 First-order transition

Suppose a transition between state A and state B with the forward and
backward RATE CONSTANTS kf and kb, respectively,

A
kf−⇀↽−
kb

B, (3.1)

in a thermodynamic equilibrium in which the concentrations of the two
species are not evolving in time:

kf[A] = kb[B]. (3.2)

The ratio between the concentrations of the product and the reactant
is the forward EQUILIBRIUM CONSTANT:

Kf =
[B]
[A]

, (3.3)

which can be immediately connected to the rate constants according to
Eq. (3.2):

Kf =
kf

kb
. (3.4)

Under a constant pressure, the distribution of individual populations
is governed by the GIBBS FREE ENERGY, G. When the difference between
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3. Chemical processes in solution

G of the two states from Eq. (3.1) at a temperature T, ∆Gf(T), is expressed
in the terms of DIFFERENCES IN ENTHALPY, ∆Hf, and ENTROPY, ∆Sf, as

∆Gf(T) = GB(T)− GA(T) = ∆Hf − T∆Sf, (3.5)

the equilibrium constant follows the VAN ’T HOFF EQUATION that can be
written in the form

Kf(T) = e−∆Gf/RT = e−∆Hf/RT + ∆Sf/R, (3.6)

where R is the molar gas constant.
The rate constants depend on temperature, too. The original phe-

nomenological ARRHENIUS EQUATION,

kf(T) = Ae−Ea/RT , (3.7)

introducing an ACTIVATION ENERGY, Ea, and a FREQUENCY FACTOR, A,
was later revised by the transition-state theory that produced the EYRING

EQUATION:

kf(T) =
kT
h

e−∆H†/RT + ∆S†/R. (3.8)

Here, the universal Boltzmann (k) and Planck (h) constants are used and
the transition state is described by ∆H† and ∆S†, the forward ACTIVATION

ENTHALPY and ENTROPY, respectively, that may be combined to give the
forward GIBBS FREE ENERGY OF ACTIVATION,

∆G†(T) = ∆H† − T∆S†. (3.9)

The forward direction is taken by default when dealing with the ki-
netics, i.e. ∆G† = ∆G†

f . Nevertheless, the above equations hold also for
the backward process and the thermodynamic quantities are simply in-
terconnected, e.g. the backward activation Gibbs free energy is:

∆G†
b = ∆G†

f − ∆G. (3.10)

3.1.2 Second-order transition

Let us now consider a slightly more complicated transition that is appli-
cable also to the formation and dissociation of a bimolecular complex:

A
kf−⇀↽−
kb

B + C. (3.11)
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3.1 Two-state equilibrium

It is still first-order in the forward direction but it is second-order in the
backward sense. Therefore, the equilibrium definition (3.2) changes to

kf[A] = kb[B][C] (3.12)

and the forward equilibrium constant of this process is

Kf =
[B][C]

[A]
. (3.13)

Eq. (3.4) tying Kf with the rate constants is still valid, indeed.
The unit of Kf has altered so that it is no longer a dimensionless quan-

tity. Therefore, the van ’t Hoff equation (3.6) must be modified accord-
ingly to

Kf(T) = cref e−∆Hf/RT + ∆Sf/R, (3.14)

where a standard reference concentration, cref, is introduced. As a rule,
cref = 1 M is selected for its simplicity even though there is no physical
reason [135]. This parameter appears in the Eyring equation for the back-
ward rate constant, too, but it is not needed for the forward direction in
Eq. (3.8) that has been set as default.

Analogously to the way applied here, the thermodynamic descrip-
tion can be extended to any two-state transition. However, elementary
chemical transitions usually stay at most second-order because processes
involving higher number of interacting species commonly proceed via
some intermediate states.

3.1.3 Melting of NA secondary structures

The general theory demonstrated above finds applications in the thermo-
dynamic analysis of the stability of various NA motifs [136]. In this thesis,
the folded structure is going to represent the state A in both Eq. (3.1) and
(3.11). This state is, naturally, of the greatest interest, so the changes in
quantities referring to the backward direction, identical with the folding
transition, are going to be written without any subscript:

∆H = ∆Hb = −∆Hf (3.15)

and so on.
The nature of NA structures held together by non-covalent interac-

tions implies that the stable folds should have ∆H < 0. Additionally, the
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3. Chemical processes in solution

folded state has usually a higher symmetry than the random coil, there-
fore the folding is accompanied with ∆S < 0. These two parameters are
opposing each other in the resulting ∆G (3.5) that is the cause of the
instability of the NA structural motifs at higher temperatures.

Unimolecular structures, such as hairpins, are well described by the
general approach for the first-order transitions. Their melting tempera-
ture, given by

Kf(Tm) = 1, (3.16)

∆G(Tm) = 0, (3.17)

Tm =
∆H
∆S

, (3.18)

is independent on the total NA concentration,

c = [A] + [B]. (3.19)

On the other hand, formation of NA duplexes from two identical
strands can be treated as a special case of the general second-order
scheme (3.11) with B = C:

A
kf−⇀↽−
kb

B + B. (3.20)

The total concentration of the NA molecules is then

c = 2[A] + [B]. (3.21)

At Tm, exactly half of the NA molecules are paired to duplexes, therefore

Kf(Tm) = c, (3.22)

and the van ’t Hoff equation (3.14) yields generally non-zero

∆G(Tm) = RTm ln
c

cref
. (3.23)

The melting temperature is then depending on c:

Tm =
∆H

∆S + R ln c/cref
. (3.24)

3.1.4 Melting curve

The melting thermodynamics is experimentally assessed by measure-
ments of structure-dependent quantities (chemical shift, absorbance at a
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3.1 Two-state equilibrium

given wavelength or other) at variable temperatures [33]. Very often their
observed values, x, are the population-weighted averages of their val-
ues of the folded, xA, and unfolded, xB, molecules (which are generally
temperature-dependent):

x(T) = pAxA + pBxB. (3.25)

The populations of the folded and unfolded species, pA and pB, respec-
tively, are relative counts of single molecules normalised to one:

pA + pB = 1. (3.26)

This makes them substantially different from the concentrations [A] and
[B] of the complexes, which depend on the stoichiometry of the process.

Determination of the thermodynamic quantities from the experimen-
tal MELTING CURVES (3.25) requires a connection between x and Kf. This
depends on the molecularity of the transition under study. Substituting
the concentrations in the definitions of the equilibrium constants (3.3) or
(3.13) by the relative populations and extracting pA give:

a. for the melting of a monomolecular hairpin,

pA(T) =
1

1 + Kf
; (3.27)

b. for the melting of a self-complementary duplex,

pA(T) =
4c + Kf −

√
K2

f + 8cKf

4c
. (3.28)

Fitting these relations – using the appropriate form of the van ’t Hoff
equation, either Eq. (3.6) or (3.14), and the normalisation condition (3.26) –
to the melting data described by Eq. (3.25) leads to the knowledge of ∆H
and ∆S of the folding.

A strong correlation between ∆H and ∆S and their activation coun-
terparts obtained from fitting of the melting curves impedes their precise
estimation [137]. Additional systematic error arises from neglecting their
temperature dependence caused by different heat capacities of A and
B [138]. However, calculation of ∆G310 K = ∆G(310 K) and Tm is much
more accurate [139].
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3. Chemical processes in solution

3.2 Three-state equilibrium

3.2.1 Application to the duplex melting

Certain temperature dependences of 1H NMR spectra of self-complemen-
tary DNA duplexes were found not to match the two-state model. In
these cases, a more general scheme considering also an intermediate state
besides the low-temperature duplex and the high-temperature state of
separate single strands had to be employed.

Two possible types of the intermediate state were assumed. Either the
intermediate state is a duplex of different geometry and the temperature-
induced changes correspond to a duplex–duplex transition as the first
step and a duplex–single strand transition as the second one:

D1 −⇀↽− D2 −⇀↽− S + S, (3.29)

or there are two single-strand forms. In the latter case, the duplex melting
is followed by a temperature-induced transition between the two single-
strand forms:

D −⇀↽− S1 + S1 −⇀↽− S2 + S2. (3.30)

In both models, one step is concentration dependent (the melting tem-
perature Tm should increase with increased c), while the other does not
depend on it.

Regardless of the particular scheme, we now label the three species as
A, B, and C. The relative number of molecules present in these states, pA,
pB, and pC, fulfil the normalisation condition

pA + pB + pC = 1. (3.31)

The melting curve is then, in analogy with Eq. (3.25),

x(T) = pAxA + pBxB + pCxC. (3.32)

3.2.2 Duplex intermediate

The first possibility, Eq. (3.29), can be described as

A −⇀↽−
KA

B −⇀↽−
KB

C + C, (3.33)

where A and B are the two duplex states, C denotes the single strand, and
KA and KB are the backward equilibrium constants of the two transitions.
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3.2 Three-state equilibrium

Given that

pA =
2[A]

c
, (3.34)

pB =
2[B]

c
, (3.35)

pC =
[C]
c

, (3.36)

the equilibrium constants can be written as

KA =
pA

pB
, (3.37)

KB =
pB

2cp2
C

. (3.38)

We now have enough equalities to be able to find the formulae for pA,
pB, and pC in the terms of KA, KB, and c. First, inserting pA derived from
the normalisation condition (3.31) into Eq. (3.37) and substituting pB by

pB = 2cKBp2
C (3.39)

coming from Eq. (3.38) yield a quadratic equation for pC:

2c(KA + 1)KBp2
C + pC − 1 = 0. (3.40)

There is only one positive solution:

pC =

√
8c(KA + 1)KB + 1− 1

4c(KA + 1)KB
. (3.41)

The other populations, pB and pA, can be subsequently calculated by
Eq. (3.39) and the normalisation condition (3.31), respectively1.

3.2.3 Single-strand intermediate

We are now about to describe a scheme equivalent to Eq. (3.30):

A −⇀↽−
KA

B + B,

B −⇀↽−
KB

C.
(3.42)

1it is not very nice when expanded
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3. Chemical processes in solution

In analogy with the previous case, the equilibrium constants are

KA =
pA

2cp2
B

, (3.43)

KB =
pB

pC
. (3.44)

Substitution of pC in Eq. (3.44) using the normalisation (3.31) followed
by replacement of pA according to Eq. (3.43) gives a quadratic equation
for pB:

2cKAKBp2
B + (KB + 1)pB − KB = 0. (3.45)

Its only positive root is

pB =

√
(KB + 1)2 + 8cKAK2

B − KB − 1

4cKAKB
. (3.46)

The other populations, pA and pC, can then be directly calculated by
Eq. (3.43) and Eq. (3.31), respectively2.

2the previous footnote applies
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4 NUCLEAR
MAGNETIC RESONANCE

This chapter deals with nuclear magnetic resonance in isotropic liquids.
Only the phenomena which are later used to interprete the experimen-
tal results are briefly explained here. The methods applied to studies on
nucleic acids are also described.

4.1 Interactions of nuclear spins

4.1.1 Zeeman effect

The atomic nuclei of many isotopes have a non-zero spin in their ground
state. A nucleus with a spin quantum number I possesses a dipolar mag-
netic moment µ, whose projection to an axis z is quantised to the values

µz = mh̄γ, (4.1)

where the quantum number

m ∈ {−I, −I + 1, . . . , I − 1, I}, (4.2)

h̄ is the reduced Planck constant and γ is the isotope-specific GYROMAG-
NETIC RATIO.

In a static magnetic field B0 collinear with z (|B0| = B0 = Bz), the
stationary magnetic energy levels of a nucleus,

Em = −B0 · µ = −B0µz = −mh̄γB0 (4.3)

belonging to particular values of m, are not equal, which is known as
ZEEMAN EFFECT. Therefore, the individual levels are differently popu-
lated in a sample containing N nuclei in a thermodynamic equilibrium
according to the Boltzmann distribution, leading to a macroscopic NU-
CLEAR MAGNETISATION

M =
NI(I + 1)h̄2γ2

3kT
B0, (4.4)
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4. Nuclear magnetic resonance

given that
h̄γB0 ¿ kT, (4.5)

satisfied in the achievable laboratory conditions [140].
We shall now turn our attention to the time evolution of M and the

properties of the resulting NMR spectra in isotropic liquids.

4.1.2 Bloch equations

The interaction with magnetic field B produces a torque experienced by
the nuclear magnetisation. Introducing the LONGITUDINAL RELAXATION

TIME T1 and the TRANSVERSE RELAXATION TIME T2, the classical phe-
nomenological equations of motion of M, the BLOCH EQUATIONS, are

dMx

dt
= γ(M × B)x − Mx

T2
, (4.6)

dMy

dt
= γ(M × B)y −

My

T2
, (4.7)

dMz

dt
= γ(M × B)z − Mz − M0

T1
, (4.8)

where M0 is the magnitude of the equilibrium nuclear magnetisation.

4.1.3 Free precession

The Bloch equations imply that when only the z-oriented static field B0

is present, the complex quantity

M⊥ = Mx + iMy (4.9)

describing the component of M perpendicular to z follows

M⊥(t) = M0e−iγB0t− t/T2 , (4.10)

assuming that M⊥(0) = M0. Eq. (4.10) shows that a precession of M
around the direction of B0 occurs with angular velocity

ω0 = −γB0, (4.11)

called LARMOR FREQUENCY, and it is recorded as FREE INDUCTION DE-
CAY (FID). Selected isotopes with their γ are listed in Table 4.1, showing
the amplitudes of their RESONANT FREQUENCIES

ν0 =
ω0

2π
. (4.12)
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4.1 Interactions of nuclear spins

Table 4.1 Spin numbers, gyromagnetic ratios, resonant frequencies at
11.7 T, and natural abundances, β, of nuclei with non-zero spin used in
this thesis [141]

I
γ · 10−6

T−1s−1

ν0

MHz
β

%
1H 1

2 267.5 500.0 99.985
2H 1 41.1 76.8 0.015
13C 1

2 67.3 125.8 1.108
31P 1

2 108.4 202.6 100.0

Fourier transform of Eq. (4.10) yields the spectral line that is propor-
tional to the LORENTZIAN CURVE:

L(ω) =
T2

1 + T2
2 (ω−ω0)2

+ i
T2

2 (ω−ω0)

1 + T2
2 (ω−ω0)2

. (4.13)

The real part of Eq. (4.13) represents the ABSORPTION and the imagi-
nary part the DISPERSION curve. The FULL WIDTH AT HALF MAXIMUM

(FWHM) of the absorption line1 is twice the inverse of T2.

4.1.4 Chemical shift

The externally applied field B0 is modified by the electrons in the mat-
ter. The measurable time-average magnitude of the magnetic field at the
nucleus location in isotropic liquids can be described as

Bloc = (1− σ)B0, (4.14)

where σ stands for CHEMICAL SHIELDING. The Larmor frequency chan-
ges accordingly and it is usually presented in the terms of CHEMICAL

SHIFT,
δ =

ω−ω0

ω0
, (4.15)

relative to the frequency ω0 of a CHEMICAL SHIFT STANDARD; δ is com-
monly expressed in the units of parts per million, ppm.

For historical reasons, spectra are plotted with reverse direction of the
chemical-shift axis, i.e. δ increases from right to left. DOWNFIELD refers
to lower σ and higher δ and conversely for UPFIELD.

1in the units of angular velocity
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4. Nuclear magnetic resonance

4.1.5 Indirect dipole–dipole interaction

The INDIRECT DIPOLE–DIPOLE INTERACTION between chemically non-
equivalent nuclei connected by one or more chemical bonds to each other
results in splitting of the spectral lines of the nuclei. In the case of an iso-
lated pair of nuclei with I = 1

2 , the resonance frequencies in the angular-
velocity scale are changed by

∆ω = ±πJ. (4.16)

Here, J is called the SCALAR COUPLING CONSTANT. Eq. (4.16) is an ap-
proximation for nuclei with large mutual difference of chemical shifts –
the WEAK COUPLING limit:

∆δ À J
ω0

. (4.17)

Apart from the peak splitting, the phases of the components of the
multiplets are modified when a pulse sequence containing a SPIN ECHO

is used for the acquisition. Due to the anti-phase term arising from the
coupling evolution [142, 143], the phase differences of the two peaks in
any doublet are2

∆ϕ = ±πJτecho = ∆ω τecho. (4.18)

This leads to mixing of the absorption and dispersion components of the
Lorentzian curve (4.13).

The scalar coupling is useful in discovering connections between
atoms by chemical bonds. Particularly, TWO-DIMENSIONAL (2D) NMR
spectra exploiting the coherent MAGNETISATION TRANSFER are common-
ly employed: homonuclear CORRELATION SPECTROSCOPY (COSY) and
TOTAL CORRELATION SPECTROSCOPY (TOCSY) or various heteronuclear
experiments, such as HETERONUCLEAR CORRELATION (HETCOR), HET -
ERONUCLEAR SINGLE-QUANTUM COHERENCE (HSQC), and HETERO-
NUCLEAR MULTIPLE-BOND COHERENCE (HMBC) suppressing the
strongest one-bond couplings represent the basic techniques that can be
extensively modified [144, 145, 146].

2relative to the signal of nuclei without the indirect interaction

36



4.2 Chemical exchange

4.1.6 Direct dipole–dipole interaction

Although the DIRECT DIPOLE–DIPOLE INTERACTION between nuclear
magnetic moments does not manifest itself in the line shapes of NMR
spectra of isotropic liquids, it has a strong effect on nuclear relaxation. Im-
portantly, the interaction also leads to a CROSS-RELAXATION that causes
a non-coherent magnetisation transfer due to NUCLEAR OVERHAUSER

EFFECT (NOE) [147].
The cross-relaxation rate depends on the isotopes involved, the ki-

netics of molecular tumbling, and the distance between the nuclei. The
latter is used to determine (both qualitatively and quantitatively) the
inter-atomic distances in molecules. Common experiments devoted to
this application, the two-dimensional NUCLEAR OVERHAUSER EFFECT

SPECTROSCOPY3 (NOESY) and ROTATING-FRAME OVERHAUSER EF-
FECT SPECTROSCOPY (ROESY) [146], show off-diagonal cross peaks for
pairs of nuclei close in space to each other. The cross-peak intensity (vol-
ume) in NOESY decreases with the sixth power of the inter-nuclear dis-
tance and is hardly measurable for distances longer than 5 Å.

4.2 Chemical exchange

Whenever a nucleus changes its chemical environment, we speak about
CHEMICAL EXCHANGE. No matter what is the physical–chemical mech-
anism and its molecularity, the net effect on the nuclei is always first-
order – the total number of particles is preserved4.

4.2.1 Two-site chemical exchange

A two-site chemical exchange can be depicted as

A
kA−⇀↽−
kB

B. (4.19)

The EXCHANGE RATES kA and kB are generally not the same as the rate
constants kf and kb defined in Chapter 3, because their mutual relations
depend on the particular type of the process. Selecting two important
cases, these are:

3alternatively, NUCLEAR OVERHAUSER ENHANCEMENT SPECTROSCOPY
4because the stable isotopes are not easy to split or to merge
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4. Nuclear magnetic resonance

a. for the first-order transition (3.1) on page 25:

kA = kf, (4.20)

kB = kb; (4.21)

b. for the self-association second-order transition (3.20) on page 28:

kA = kf, (4.22)

kB = 2kb[B]. (4.23)

We now label the relative counts of the nuclei in state A and B as pA

and pB, respectively. The symbols are selected intentionally the same as
in § 3.1.4 on page 28 in order to stress that they are equal, indeed. Since
the normalisation (3.26) stays valid and provided that the system is in a
detailed equilibrium, fulfilling

pAkA = pBkB, (4.24)

only two independent parameters characterise the two-site exchange.

4.2.2 Bloch–McConnell equations

In order to describe the time evolution of nuclear magnetisations of site
A, MA, and site B, MB, the Bloch equations (4.6)–(4.8) are extended in a
straightforward fashion to the set of BLOCH–MCCONNELL EQUATIONS

containing the two-site exchange [148, 149, 150]:

dMA
x

dt
= γ(MA × BA

loc)x − MA
x

TA
2
− kAMA

x + kBMB
x , (4.25)

dMA
y

dt
= γ(MA × BA

loc)y −
MA

y

TA
2
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y + kBMB
y , (4.26)

dMA
z
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= γ(MA × BA
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z − MA

0
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1

− kAMA
z + kBMB

z , (4.27)

dMB
x
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= γ(MB × BB
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x
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+ kAMA
x − kBMB

x , (4.28)

dMB
y

dt
= γ(MB × BB

loc)y −
MB

y
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2

+ kAMA
y − kBMB

y , (4.29)

dMB
z

dt
= γ(MB × BB

loc)z − MB
z − MB

0

TB
1

+ kAMA
z − kBMB

z , (4.30)
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4.2 Chemical exchange

where the relaxation times of the nuclei at the two sites are labelled by
superscripts as well as the local magnetic fields, already respecting the
two chemical shifts, δA and δB, analogously to Eq. (4.15).

Under free precession, the time-derivatives of the transverse magneti-
sations in the complex notation as in Eq. (4.9) become

dMA
⊥

dt
=

(
−iωA − 1

TA
2
− kA

)
MA
⊥ + kBMB

⊥, (4.31)

dMB
⊥

dt
=

(
−iωB − 1

TB
2
− kB

)
MB
⊥ + kAMA

⊥, (4.32)

where ωA and ωB are the Larmor frequencies of the two sites. Treatment
of this set of two linear ordinary differential equations describing the
general case of two-site chemical exchange basically consists of comput-
ing a matrix exponential, Fourier transform to the frequency domain, and
a tedious algebraical editing. The available literature [151, 152, 150, 153]
only approaches the complete solution. The fully analytical formula was
derived in my diploma thesis [154].

The exchange spectral line is proportional to

X (ω) =
kA + kB + pAαB + pBαA

αAαB + kAαB + kBαA
, (4.33)

whilst the characteristics of the two sites are contained in

αA =
1

TA
2

+ i(ω−ωA), (4.34)

αB =
1

TB
2

+ i(ω−ωB). (4.35)

Depending on the pA/pB ratio, the intrinsic line widths, the exchange
rates, and the difference between ωA and ωB, three distinct regimes may
be observed in the spectrum:

a. SLOW EXCHANGE with two separated peaks;
b. INTERMEDIATE EXCHANGE with the two signals coalesced into one

broad peak;
c. FAST EXCHANGE with only one moderately broadened peak.

Whereas the line shapes during the slow and fast exchange can be ap-
proximated by Lorentzian curves, the spectrum is severely influenced in
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4. Nuclear magnetic resonance

the intermediate case and the signal can even be virtually vanishing in
the spectral noise and background.

4.2.3 Thermodynamic analysis of variable-temperature spectra

The theoretical relations described above can be used to estimate the ther-
modynamic parameters of chemically exchanging systems. Acquisition
of spectra at various temperatures and analysis of their line shapes ac-
cording to (4.33) yield the relative populations pA and pB as well as the
exchange rates, kA and kB.

The temperature dependence of pA can be treated as a melting curve
provided in Eq. (3.25), letting xA = 1 and xB = 0, therefore directly fitting
its appropriate relation to the equilibrium constant, such as Eq. (3.27)
or (3.28).

The exchange rates kA are first converted to the chemical rate con-
stants according to the trivial Eq. (4.20) and (4.22). Next, the Arrhenius
equation (3.7) or Eyring equation (3.8) can be fitted to their temperature
dependence.

4.3 NMR of nucleic acids

4.3.1 1H resonances in nucleic acids and their assignment

Assignment of the observed NMR resonances to particular hydrogen nu-
clei of individual nucleotides is essential for studies of local properties
of NA structures. The discrimination between chemically distinct groups
is performed based on known ranges of chemical shifts: aromatic hydro-
gens (adenine H2, pyrimidine H6, and purine H8), cytosine H5, thymine
methyl groups (H7)3, amino and imino protons of the bases (the so-called
EXCHANGEABLE PROTONS), and different sets of locations at the deoxyri-
bose ring are well separated from each other [155, 156]. In the aromatic
part of the spectrum, the doublets of cytosine H6 are readily identified;
some other rules can be more or less reliably applied to discern between
other base-proton types as well [157].

Apart from straightforward but relatively expensive treatments such
as selective isotopical labelling [158, 159], the position in the ODN se-
quence is most commonly revealed from two-dimensional 1H NOESY.
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4.3 NMR of nucleic acids

Intra-nucleotide together with inter-nucleotide distances between hydro-
gen atoms in a B-form double-helix [160, 161, 162] allow a SEQUENTIAL

WALK: the most useful cross-peaks appear between H6/H8 protons and
H1′, H2′, and H2′′ protons of the same nucleoside and of its neighbour in
the direction towards the 5′ end. Once the pyrimidine H6 resonances are
identified, their strong cross-peaks with the CH5 or TH7 of the same base
are easily found. In DNA, the H1′ protons are closer to H2′′ protons than
to H2′, thus the corresponding cross-peaks have different intensities that
makes the diastereotopic protons identifiable – especially at short mixing
times.

Provided that non-deuterated water is used as the solvent, exchange-
able protons are assigned from NOESY, too. A sequential walk is possible
along the amino and imino groups forming the hydrogen bonds between
the base pairs or lying close to them. Resonances from both DNA strands
of the double-helix play part of this scheme. AH2 and CH5 are also con-
nected to this spin system which leads to completion of the interpretation
of the aromatic lines. [157, 109]

Accidental overlaps can often be overcome by analysis of another spec-
tral region. The symmetric portions across the diagonal of the NOESY
spectrum shall not be forgotten. More information is obtained from vari-
ous other parts, such as those including thymine methyl groups or inter-
aromatic cross-peaks close to the diagonal. In this way, all the exchange-
able and non-exchangeable protons visible in the 1H spectrum can be, in
principle, assigned. However, the deoxyribose protons H3′, H4′, H5′, and
H5′′ are difficult to assign in 1H2O because their resonances are generally
very close to that of water protons and have low dispersion of chemical
shifts. [163]

Even after a careful acquisition, processing and analysis of 1H NOESY,
some resonances may remain unassigned or assigned ambiguously. Sup-
plementary experiments are then to be performed. Variation of conditions
(temperature, concentration) may help. Pulse sequences tailored for par-
ticular goals are also available of which we select a handful:

a. 1H COSY and TOCSY (preferably in D2O) useful for the deoxyribose
protons [164];

b. various 1H–31P correlation experiments [165, 166, 167] (preferably
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in D2O), optionally combined with 1H TOCSY or NOESY [168, 169],
for assigning 31P resonances together with the deoxyribose protons,
utilising heteronuclear coupling constants 3JH3′–P and 4JH4′–P of few
hertz [170];

c. 1H–13C HMBC5 for assigning AH2 protons by connecting them to
H8 signals of the same base via the couplings to C4 [171] with the
magnitudes around 3JH2–C4 = 12 Hz and 3JH8–C4 = 5 Hz [161, 164];

d. similarly, the 1H–13C HMBC can be utilised even for connecting
GH8 and TH6 to the imino protons GH1 and TH3, respectively [172].

The above-mentioned assignment techniques have been mainly de-
signed for nucleic acids folded in double helices or other structural mo-
tifs which are generally of the greatest interest. Although the literature on
the NMR properties of unfolded NA chains is very scarce [173, 174, 175],
the experiments described can be used for assigning random-coil reso-
nances as well. Naturally, some limitations must be considered: e.g., the
observation of NOE contacts is problematic at high temperatures due to
changed inter-atomic distances, enhanced flexibility and different (cross-
)relaxation rates. Generally, the indirect dipole–dipole interaction serves
better than the direct through-space interaction in the random-coil DNA.

4.3.2 Prediction of chemical shifts by the nearest-neighbour model

Although chemical shifts are well known to reproducibly report on the
secondary structural motifs in proteins [176], nucleic acids with their
small number of residue types and their inherent dependence of shifts
on adjacent bases due to the ring-current effect [177] bring a consider-
able challenge. Efforts have been spent for developing methods to as-
sign the NMR resonances without the need of NOESY and other exper-
iments [178, 179]. Ideally, the chemical shifts would be calculated based
on the nucleotide sequence and folding motifs only. This would in turn
facilitate structure determination based on chemical shifts [180].

The ab initio quantum-chemical calculations [181] are still too com-
plicated to be routinely applied for macromolecules, although they are
already emerging [182, 183]. Instead, the common estimates of the NMR

5the carbon nuclei 13C can be utilised even at natural isotopic composition of ODN
in the inverse-detected experiment
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4.3 NMR of nucleic acids

chemical shifts of 1H [177, 163, 173, 184], 31P [175], or 13C [174] in DNA
rely on statistical analyses of large sets of experimental data. These meth-
ods are gathered and the calculations are automated in DSHIFT web
server [184] freely accessible over the Internet. The database of 1H chem-
ical shifts of the more structurally variable RNA molecules can be anal-
ysed with respect to their secondary structure [185, 186].

The simplest approximation which takes the surrounding nucleotides
into account is the nearest-neighbour model widely applied in the lit-
erature to various properties of individual nucleotides or Watson–Crick
pairs. Some empirical prediction protocols supplement the NN approach
by corrections for oligonucleotide ends or next-nearest neighbours. The
double-helical shifts of penultimate positions are modified by adding a
value derived for each type of proton; shielding induced by pyrimidine as
a next-nearest neighbour relative to purine are pointed out but not incor-
porated in the prediction protocol [163]. Additive constants reflecting dif-
ferent next-nearest-neighbouring bases but ignoring the type of the base
under question are introduced in the random-coil prediction [173, 184].

The effect of the third nearest neighbour was analysed and, in single
strands, it was found to be always lower than 0.02 ppm and 0.007 ppm in
average [173]. The authors ignore it in their predictions, but it should be
considered as a possible source of errors in the order of 0.01 ppm. Tem-
perature dependence of shifts is also generally neglected both in duplex
and single strands with the exception of imino protons of G and T, hav-
ing the slopes (−2.2± 0.6) · 10−3 ppm/K and (−5.4± 0.5) · 10−3 ppm/K,
respectively [163].

Corrections for double helices containing mismatch base pairs are
available, too [187, 188, 189]. We have found no predictions for ODN
containing modified backbone or minor bases, such as 5-methylcytosine,
in the literature yet.
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5 EXPERIMENTAL DETAILS

5.1 Sample preparation

The oligodeoxynucleotides were purchased as dry powders purified by
ion-exchange high-performance liquid chromatography and repeated
lyophilisation from the Department of Experimental Biology, Faculty of
Science of Masaryk University, Brno (the laboratory was later made part
of the Core Facility Proteomics of CEITEC – Central European Institute
of Technology), or from ATDBio Ltd, Southampton, United Kingdom.
The rGMP and dGMP mononucleotides and their salts were purchased
from Sigma–Aldrich spol. s.r.o., Prague, or Carbosynth Limited, Compton
(Berkshire), United Kingdom.

The ODN samples were dissolved in sodium phosphate buffer in
H2O prepared from Na2HPO4 and NaH2PO4 and NaCl in appropriate
amounts to give pH 7.0 and 25 mM phosphate and total 200 mM Na+

concentrations. The solvent used for NMR spectroscopy contained 10 %
volume fraction of D2O for lock purposes and sodium 4,4-dimethyl-4-
silapentane-1-sulfonate (DSS) as an internal chemical-shift standard in a
concentration 10- to 100-fold lower than that of the ODN.

5.2 NMR spectrometer

The NMR experiments on octanucleotide DNA solutions were performed
on Bruker Avance 500 spectrometer connected to a Bruker UltraShield
11.7 T superconducting magnet with the proton frequency 500.13 MHz.
The experiments were carried on a 5 mm triple-channel probehead (1H,
31P, and broad band; the outer coil connected in the 1H resonance circuit)
with deuterium lock and single-axis gradient in the direction of the static
magnetic field B0. The 31P spectra were acquired utilising the broad-band
channel due to its higher sensitivity than the 31P circuit devoted primarily
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5. Experimental details

to decoupling. Alternatively, a dual-channel probehead (1H and broad
band) with analogous setup was used.

In the course of the work on this thesis, the spectrometer console was
replaced by a Bruker Avance III HD machine, which was employed for
the measurements of the SRE-based DNA and of the GMP samples and
for some subsidiary experiments, such as 31P spectra for the determi-
nation of ODN concentration and 1H–13C HMBC. Differently from the
former spectrometer, automatic shimming of the magnetic-field homo-
geneity was available. A dual-channel probehead similar to the one de-
scribed above but supplied with automatic tuning and matching system
was used.

A flow of dry nitrogen gas, pre-cooled by an external unit and warmed
by a heater inside the probehead, served for achieving the target temper-
ature in both spectrometers.

Volumes between 500 µl and 750 µl of the solutions were placed into
5 mm Norell Ultra Precision NMR tubes. For the variable-concentration
series of CTTCGAAG, only 250 µl were inserted into a 5 mm Shigemi mi-
crotube, magnetic-susceptibility matched to D2O, in order to reach higher
ODN concentration.

5.3 Variable-temperature 1H NMR experiments

The melting of DNA secondary structures was monitored by VARIABLE-
TEMPERATURE (VT) ONE-DIMENSIONAL (1D) 1H spectra acquired with
water-signal suppression by excitation sculpting using pulsed field gradi-
ents (Fig. 5.1) [190]. The water-selective pulses were 4 ms long. The total
relaxation period composed of the acquisition time and the recovery de-
lay, D1, was at least 2.3 s. Number of scans varied between 64 and 1024
depending on the ODN concentration and signal-to-noise requirements.
Besides the 1H spectra, proton-decoupled 31P spectra were also acquired,
but these are not analysed in this thesis.

Temperature was decreased1 from a point above 350 K by steps of 2 K.
The lowest temperature was limited by the freezing point. The acquisition
started not sooner than 15 min after the temperature had been set – this

1tests with increasing temperature have shown full reproducibility of the spectra
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Figure 5.1 One-dimensional pulse sequence with suppression of
solvent signal, zgesgp. 1H radiofrequency and the field gradient Gz
channels are shown. Thin and thick black bars represent hard 90° and
180° pulses, respectively, and the rounded pulses mean shaped selec-
tive 180° pulses in the 1H channel. Adapted from [191]

waiting time was previously proved to provide a fully equilibrated homo-
geneous temperature in the sample volume. The precise temperature of
the sample (with the error about 0.5 K) was determined from calibration
experiments with methanol and ethylene glycol [192]. Field homogene-
ity and probehead tuning were being manually adjusted when necessary,
usually after a change of about 10 K.

Fourier transforms with no apodisation were followed by zero- and
first-order phase corrections and linear-baseline subtractions by the
Bruker software Topspin. Chemical shifts were referenced to the methyl
resonance of the internal DSS standard (δDSS = 0 ppm).

5.4 Assignment strategies

With the aim of assigning the 1H resonances in the folded state, two-
dimensional 1H NOESY spectra were acquired by a pulse sequence em-
ploying water suppression by excitation sculpting [190] shown in Fig. 5.2.
A temperature between 280 K and 286 K was selected to minimise over-
laps of spectral lines. Two mixing times D8, 100 ms and 250 ms, were
used for each ODN sample. Sweep width was set to 20 ppm in both di-
mensions. 256 or 512 FIDs (incrementing D0) of 4096 data points were
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Figure 5.2 NOESY pulse sequence with suppression of solvent sig-
nal, noesyesgpph. Objects in the scheme have the same meaning as
in Fig. 5.1. Adapted from [191]

collected in the States–TPPI2 mode. The number of scans in each FID var-
ied between 32, 64, and 128. The recovery delay D1 was at least 1 s. Zero-
filling, apodisations by squared cosines, Fourier transforms, first-order
phase corrections and 4- or 5-order baseline corrections in both dimen-
sions were performed by NMRPipe [193]. The cross-peaks were assigned
in Sparky [194].

Having the 1H spectrum in the folded state fully assigned, the temper-
ature series of one-dimensional spectra was used to track the resonances
to the unfolded state. Fitting of the spectral lines has turned out to be
very helpful in this task: the temperature dependence of chemical shifts
can be followed much more reliably from their values than from visual
comparisons of raw spectra.

When the tracking did not yield trustful assignment in single strands,
auxiliary experiments were employed. The ambiguities were dealt with
by acquiring temperature-dependent spectra of more concentrated solu-
tions not only in order to gain better signal-to-noise ratio, but mainly to
speed up the chemical exchange by elevating the melting temperature3

which results in higher rate constants at Tm. When insufficient, mea-
surements on a 300 MHz spectrometer at the Institute of Macromolecular
Chemistry of the Academy of Sciences were even conducted in order to

2a TIME-PROPORTIONAL PHASE INCREMENTATION method that leads to phase-
sensitive complex spectrum in the indirect dimension

3valid for duplexes but not for unimolecular complexes

48



5.4 Assignment strategies

further increase the ratio between the exchange rate and the difference
between the resonant frequencies of the exchanging sites.

This approach can still fail in some cases, depending on the differ-
ences of chemical shifts between folded and unfolded state and spec-
tral overlaps. NMR experiments based on magnetisation transfer by in-
direct dipole–dipole interactions within the nucleobases were then used
for they are independent on the spatial structure. The ambiguously as-
signed thymine methyl protons, TH7, were identified using their inter-
actions with TH6; similarly for the m5C base. One-dimensional selective
COSY has been found very reliable, in spite of the very weak four-bond
coupling between TH6 and TH7 of about 1 Hz and the phase-distorted
peaks in the resulting multiplets. The homonuclear decoupling was em-
ployed, too, but perfect shimming must be achieved in order to observe
the collapse of the splitting in the spectra of TH6 and TH7. In all these
cases mentioned, presaturation of water signal was applied.

Since there are no means to correlate the highly isolated AH2 protons
to any other hydrogen nucleus by any homonuclear NMR experiment in
a single-stranded DNA molecule, a two-dimensional 1H–13C HMBC was
measured when needed [171]. We applied the pulse sequence in Fig. 5.3
which employs two-fold low-pass J-filter to suppress one-bond 1H–13C

�

Figure 5.3 HMBC pulse sequence with WATERGATE,
hmbcgpl2ndwg. Objects in the scheme have the same meaning as
in Fig. 5.1 except that the 1H selective pulses make 90° flip angle.
Adapted from [191]
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correlations and WATERGATE4 suppression of water signal [195, 196].
A suitable temperature was selected based on 1D spectra. 96 FIDs with
incrementing D0 in the States–TPPI mode after 600 scans with recovery
delay D1 = 1.0 s were acquired into 2048 real data points. The 60 ppm
wide 13C spectral window was centred at 135 ppm. We set the delay D6

for magnetisation transfer to 50 ms and the delays τ1 and τ2 for suppres-
sion of the one-bond coherences to 4.2 ms and 3.1 ms, respectively.

In order to improve the resolution in the indirect dimension and to
avoid spectral folding at the same time, the pulse on 13C which converts
the single-quantum coherence into a double-quantum one (labelled by an
asterisk in Fig. 5.3) was made selective. We refer to this experiment as
a SELECTIVE HMBC. The particular setting used for different samples
evolved in time; we achieved the best results with a 4-ms sinc-shaped
pulse and the 13C dimension centred at 149.3 ppm with 3.0 ppm width
which contains the C4 resonances only. 32 FIDs were acquired with vari-
able number of scans in order to obtain the best signal-to-noise ratio in
the time available (several days).

The processing of both types of the 1H–13C HMBC, performed in
NMRPipe [193], included zero-filling to 4096 and 512 data points in the
direct and indirect dimensions, respectively, followed by squared-cosine
apodisations and Fourier transforms of both dimensions. First-order
phase correction was applied in the carbon dimension, while magnitude
processing was necessary in hydrogens. The baselines were corrected us-
ing a fifth-order polynomial in both dimensions. Sparky software [194]
was used to visualise the spectra and assign the cross-peaks.

5.5 Ultraviolet absorption

Absorption spectra in the wavelength range from 230 nm to 340 nm were
acquired by a Lambda 12 (PerkinElmer) double-beam spectrophotometer,
equipped with a deuterium lamp. Buffer with no ODN dissolved served
as the reference. The sample chamber was continuously flushed with dry
air to avoid water condensation on the outer surface of the cuvettes.

1200 µl of the solutions were placed in standard 10 mm cuvettes.

4water suppression by gradient-tailored excitation
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A 200-µl drop of mineral oil was placed on the solution level to pre-
vent evaporation at high temperatures. The spectra were measured at
temperatures increasing from 273 K to 347 K in 3 K steps. After reaching
the target temperature, we waited 10 min to equilibrate the temperature
before the measurement of the spectrum.

Spectral background was corrected by subtracting the absorbance at
330 nm where no absorbance of DNA is expected.

5.6 Raman scattering

The 532.2 nm excitation Nd:YAG laser with frequency doubling (Verdi
V2, Coherent) produced a power of approximately 0.5 W at the sam-
ple. Scattered light collected in a right-angle geometry was analysed by
a Spex 270 M spectrograph (Jobin Yvon, single grating with 1800 grooves
per millimetre) with a CCD detector cooled by liquid nitrogen. An edge
filter in front of the spectrograph was used to suppress the elastic scatter-
ing. Raman spectra were recorded in the region of Stokes shifts between
500 cm−1 and 1824 cm−1 with the resolution of 1 cm−1. Total acquisition
time for every spectrum was 1000 s.

Cylindrical quartz microcuvette with 12 µl of the solution was placed
into a thermo-stabilised chamber. Raman spectra were measured at tem-
peratures from 275 K to 353 K in 2 K steps, a 10-min delay was used after
reaching the target temperature for its equilibration. After each measure-
ment, spectrum of a neon lamp was recorded for precise spectral calibra-
tion.

The background of Raman spectra was corrected by subtracting opti-
mal fifth-degree polynomial function and properly scaled Raman spectra
of the buffer, pure water, and the quartz cuvette wall.

5.7 Determining the oligodeoxynucleotide concentrations

5.7.1 Phosphorus quantitative NMR

For the thermodynamic analysis of the stability of DNA structures, a re-
liably accurate method for the determination of the ODN concentration
in solution, c, is needed. The common approach based on UV absorbance
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measured at 260 nm uses extinction coefficients estimated by some ap-
proximation. Considering the base composition only is the simplest one;
alternatively, a nearest-neighbour model can be applied [197]. During the
course of our NMR studies, these methods, suffering also from imper-
fections during the sample manipulation, were found to provide insuffi-
ciently precise results.

For this reason, 31P QUANTITATIVE NMR SPECTROSCOPY (qNMR)
was employed. Fully relaxed spectra were acquired by a single-pulse se-
quence with a 50-s recovery time and no decoupling. A weak exponen-
tial window function (line broadening 0.5 Hz) was applied prior to the
Fourier transform. Automatic second-order polynomial baseline subtrac-
tion was performed. Extra care was taken to the manual first-order phase
correction. The molar ratio between the oligonucleotide and the inorganic
phosphate of the buffer, which thus served as an internal concentration
reference, was determined with high precision from the integral intensi-
ties of the 31P spectral lines. All this processing and analysis was done in
Topspin. We estimate the relative error of qNMR concentrations to be 5 %,
considering the inaccuracy in buffer concentration and the processing-
related uncertainty (especially from phasing).

The more concentrated samples of the dilution series of CTTCGAAG
were not available anymore at the time the qNMR was deployed. We used
the 31P spectra with 1H decoupling already measured during the VT ex-
periments for determining the concentrations. As the repetition time had
not been long enough to achieve the fully relaxed state before each scan
and the decoupling influences the spectral intensities, too, we introduced
a correction factor. Its value was obtained by a subsidiary experiment
comparing a fully relaxed spectrum and that with the decoupling and
shorter relaxation delay. The relative error is estimated to increase up to
10 % in this case.

5.7.2 Concentrations of samples for ultraviolet and Raman spectra

Additional melting experiments employing UV and RS also require the
knowledge of the ODN concentrations. We determined them as the av-
erage values calculated from the measured absorbances (of the proper
solutions used for the UV melting and of highly diluted RS samples) at
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260 nm both in the duplex and in the melted state and the extinction
coefficients predicted by the NN method [197].

Serious estimates of UV extinction coefficients are unavailable for
m5C-containing sequences. We performed auxiliary experiments compar-
ing 31P qNMR with UV spectra of a 50-fold diluted solution [198] that
yielded extinction coefficients of unmethylated DNA the same as the NN
prediction [197] (within the experimental error). No significant effect of
methylation was found, therefore, we used the same NN predictions for
determining the ODN concentrations for the unmodified as well as for
the methylated sequences.

We estimate the accuracy of the concentrations as 2 % for the samples
used in UV and 5 % for those used in RS.
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6 METHODS OF
DATA ANALYSIS

6.1 Asymexfit

As a part of my work on this thesis, ASYMEXFIT (Asymmetric exchange
fitting) toolbox for MATLAB environment has been developed. This in-
house software was needed in order to analyse the VT series of rela-
tively complicated 1H spectra of ODN because the existing packages
(WinDNMR [199], gNMR [200], the Dynamic NMR module of Bruker
Topspin [201], matNMR [202], or SIMPSON [203]) are not satisfactory:
our data need not only the equations for asymmetric chemical exchange
for many peaks in the spectrum with explicit independent line widths,
but also temperature-dependent estimates of the spectral parameters of
the exchanging sites, robust determination of errors, and automatic ex-
traction of the results. Easily made custom extensions and batch jobs are
also desirable. Apart from the least-square fitting of the NMR spectra,
Asymexfit handles the thermodynamic models underlying the melting
curves.

Asymexfit has been continuously updated and extended. It has been
made freely available to download over the Internet at the department
website http://nmr.mff.cuni.cz together with the manual. Its latest sta-
ble version is 2.3.

Asymexfit exploits the possibility of OBJECT -ORIENTED PROGRAM-
MING (OOP) in MATLAB: its main class, NMRspectra, includes – among
other – the methods for loading the spectra from the Bruker spectrome-
ter format (loadBruker), manipulations with the many-peak parameters
and the spectral series (addpeaks, removepeaks, next, etc.), and, finally,
simulating and fitting of the Lorentzian as well as two-site-exchange res-
onances (fit) and error estimation (estimateerrors).

Other classes (abstract TDdata and its descendants populationData
and EyringData) are also implemented in order to fit the equilibrium and
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kinetic data. Straightforward conversions of the results from NMRspectra
class to the thermodynamic analysis form integral parts of the package.

6.2 NMR line-shape fitting

The peaks in the VT 1H NMR spectra were fitted by their model line
shapes by Asymexfit. The 1H spectra were divided into several frequency
domains. All the peaks in each domain were fitted together with inde-
pendent parameters, comparing the experimental spectrum with the sum
of the individual resonance lines and a linear baseline. A common phase
correction was also optimised.

Doublets and higher multiplets caused by the indirect spin–spin in-
teractions were treated by the weak-coupling limit as sums of individual
transitions with their relative intensities fixed according to the coupling
scheme. For pulse sequences with spin echoes, their phases according to
Eq. (4.18) were introduced as fixed values – τecho was determined from
the acquisition parameters.

6.2.1 Lorentzian curves

Lorentzian curves L (4.13) were fitted to the spectral lines that have their
widths unmodified by chemical exchange. This can happen if:

a. no exchange is present;
b. the exchange is too fast resulting in one peak;
c. the exchange is too slow resulting in two (or more) peaks.

The chemical shifts δ of the resonances, their apparent transverse relax-
ation times1, T∗2 , and their intensities were obtained by this approach.
Errors in δ are reported as one fifth of FWHM of the peak,

∆δ =
1
5

2
T∗2 ω0

, (6.1)

but at least 0.002 ppm. Where the spectral fit failed to give correct esti-
mate of T∗2 and fell into a boundary, it was treated as if T∗2 = 10 ms in
order to respect the wrong convergence of the fit2.

1we use the apparent T∗2 that include the inhomogeneous line broadening instead of
the real T2 that are inaccessible by the Lorentzian line-shape fitting

2for the DNA octamers, the usual values of T∗2 are between 30 ms and 100 ms in
duplex and they are roughly doubled in single strands
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6.2 NMR line-shape fitting

6.2.2 Extrapolation of chemical shifts and line widths

The analysis of intermediate two-site chemical exchange requires some
independent estimates of the chemical shifts δA and δB of the exchanging
sites as well as T∗2A and T∗2B.

The 1H chemical shifts obtained from the Lorentzian fitting at low
and high temperatures, where the effect of the chemical exchange was
negligible, were subjected to linear regressions with respect to T. The
parameters of the straight lines, together with their prediction limits on
99 % level, then served for extrapolations to the temperatures where the
chemical exchange modifies the resonances.

The times T∗2A and T∗2B were treated differently: they were taken as
constants with respect to T. These were obtained as maximal and av-
erage values from the Lorentzian fits performed on the low- and high-
temperature spectra, respectively. Their confidence limits were selected
to include the average values of all T∗2A and as three-times the standard
deviations (3σ) of all T∗2B of the particular nucleus.

6.2.3 Exchange line shapes

Peaks modified by a two-site chemical exchange were fitted by the corre-
sponding line shape X (4.33). The extrapolated values of δA, δB, T∗2A, and
T∗2B were used as fixed parameters. The exchange-related quantities, pA

and kA were optimised by the fit, together with the line intensities. In this
way, an adequate number of degrees of freedom was associated with the
whole procedure.

In order to estimate the errors of the resulting pA and kA, spectral fits
were repeated with varying the fixed values of δA and δB in the first round
and of T∗2A and T∗2B in the second round within their confidence intervals.
As the third round, the fits were performed on a series of 1000 artificial
spectra calculated for the optimal parameters with added Gaussian noise
on the same level as the experimental spectra [204]. The final errors were
estimated as square roots of the sums of squares of 3σ of the distributions
obtained by the three rounds.
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6. Methods of data analysis

6.2.4 Application to the DNA melting

The low density of overlaps in the aromatic and methyl region allowed
the fit of the exchange line shapes around the melting point. On the
other hand, the crowded region of H1′ and CH5 peaks with relatively
complicated J-coupling patterns permitted only the Lorentzian fits. The
exchangeable protons give no signal in single strands, therefore no ex-
change fit is possible. This general scheme is presented in Table 6.1. Con-
sequently, the non-labile hydrogens are naturally divided into two main
classes3: the aromatic (H2, H6, H7, and H8, collectively referred to as Ha,
fitted by exchange) and anomeric protons (H1′).

Table 6.1 Functions selected for the fits of DNA-melting spectra at
low, medium and high temperatures. The types of hydrogens are ap-
proximately sorted by their chemical shifts. L: Lorentzian curve (4.13);
X : exchange curve (4.33). Missing values for the labile protons indicate
unobservable resonances

H1, H3 H41, H42 H6, H8 H2 H5 H1′ H7

Low T L L L L L L L
Medium T X X L L X
High T L L L L L

In all the ODN studied, the chemical exchange was fast or intermedi-
ate, therefore a single, usually moderately broadened peak was present
for each proton. The exchange fit was not feasible for several particular Ha
resonances which were too narrow (owing to small differences between
δA and δB) or which overlap with some other signal in such a way that
spoils the results. Lorentzian curves replaced the exchange line shapes in
these cases.

Spectral regions containing all the deoxyribose protons other than H1′

were completely omitted due to multiplet patterns leading to too frequent
overlaps.

3all the cytosine H5 signals, though aromatic, have been modelled by Lorentzian
curves only, so we leave them intentionally off these groups
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6.3 Employment of thermodynamic models

6.3 Employment of thermodynamic models

6.3.1 Individual fits

The temperature-dependent parameters obtained from the spectral analy-
ses (δ or pA and kA) were fitted by Asymexfit in the sense of the presumed
two-state equilibrium using:

a. Eq. (3.25) for δ as x with xA = δA and xB = δB as linear functions of
T with their parameters optimised by the fitting procedure;

b. Eq. (3.27) or (3.28) for pA;
c. Eq. (3.8) for kA = kf.
The errors were used for weighting in the χ2 calculations. By these fits,

∆H and ∆S were determined individually from each proton resonance,
allowing the calculation of ∆G310 K and Tm. For the spectral lines fitted by
the exchange shape, activation parameters, ∆H†, ∆S†, and ∆G†

310 K calcu-
lated from them, were obtained, too.

6.3.2 Global fits

The melting profiles – either pA(T) or δ(T) – were also fitted simulta-
neously for all values obtained from a class of proton resonances of each
ODN sample. The optimised global enthalpy, ∆Hglob, and entropy, ∆Sglob,
were kept common for all the data in each set. In this way, folding param-
eters were achieved as global quantities describing the overall properties
of the molecule under study: ∆Hglob, ∆Sglob, Tglob

m , and ∆Gglob
310 K.

The kinetics has been analysed in the same manner: simultaneous
fits of kA(T) by the Eyring equation (3.8) yielded global thermodynamic
quantities of the activation of unfolding: ∆H†,glob, ∆S†,glob, and ∆G†,glob

310 K .
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7 SELF-COMPLEMENTARY
DNA DUPLEXES

In this chapter, various properties and spectral characteristics derived
from 1H NMR spectra of self-complementary (palindromic) oligodeoxy-
nucleotides are presented and discussed. The chemical shifts are con-
fronted with the nearest-neighbour model. Their dependence on base se-
quence, temperature, and ODN concentration is investigated. Then, the
thermodynamics of the disruption (melting) of the DNA double-helix is
described at the level of individual nucleotides, which brings new in-
sights into the cooperativity and local deviations in the denaturation pro-
cess. Exploiting the possibilities of NMR spectroscopy, values of both the
equilibrium and kinetic quantities are estimated. The two-state approxi-
mation of the duplex melting is challenged.

Some of the key methods have been tested during my diploma the-
sis on two ODN samples [154] and one sample was measured during
the bachelor thesis by Ondřej Socha under my supervision [205]. In this
dissertation, the set of samples has been significantly expanded and the
approaches used have been further developed into a consistent workflow
that is even directly transferable to solve any similar problem.

7.1 Samples

Our study employed a set of eight ODN each containing two occurrences
of all of the four major nucleobases. Their compositions and concentra-
tions in solutions used in the NMR experiments are listed in Table 7.1.

7.2 Assignment of 1H NMR spectra

Chemical shifts of 1H nuclei were assigned by the standard procedures
described in § 4.3.1 on page 40. The 2D 1H NOESY spectra were acquired
in duplex and the temperature dependence of 1D spectra served for track-
ing the resonances to single strands (§ 5.4 on page 47).
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7. Self-complementary DNA duplexes

Table 7.1 Self-complementary ODN samples and their concentrations,
c, measured by 31P qNMR and estimated from the provider UV data
using the extinction coefficients calculated by the provider from the base
composition (Bases) and calculated from the NN model [197] (NN)

c / mM
31P qNMR Bases NN

Basic series
CAACGTTG 1.10± 0.05 1.34 1.36
CATCGATG 1.17± 0.06 1.22 1.22
CTACGTAG 0.90± 0.05 0.97 0.95
CTTCGAAG 1.06± 0.05 1.10 1.12
CTTGCAAG 0.90± 0.04 0.94 0.97
GAACGTTC 0.94± 0.05 1.13 1.13
GATGCATC 0.87± 0.04 0.89 0.89
GTAGCTAC 0.95± 0.05 1.04 1.03

Additional concentrations
CTACGTAG 4.98± 0.25 4.75 4.67
CTTCGAAG 3.92± 0.39b 5.00 5.07

1.80± 0.18b 2.50 2.54
0.95± 0.10b 1.25 1.27
0.53± 0.03 0.63 0.63

GTAGCTAC a 4.05 4.00
aSpectra of 31P not acquired. bConcentrations from decoupled 31P spectra

7.2.1 Assignment in duplex

NOESY spectra at a single temperature were always sufficient to assign
the proton spectra in duplex. The sequential walks over the H1′–H6/H8
cross-peaks, shown for all ODN sequences in the figures of § A.1 of Ap-
pendix (page A-1), were supplemented and confirmed by the region with
the H2′–H6/H8 and the H2′′–H6/H8 connectivities as well as by other
spectral areas. Example of this strategy is shown in Fig. 7.1. All the 1H
chemical shifts of all the eight self-complementary duplexes under study
are collected in Table A.1 in Appendix.

The signals of several diastereotopic pairs H2′ and H2′′, mostly in the
3′-terminal nucleotides, remain unseparated due to their mutual overlap,
which is already known to happen [109]. The too little difference between
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7.2 Assignment of 1H NMR spectra

Figure 7.1 Portions of 1H NOESY spectrum of GATGCATC
(284 K). Sequential walks depicted by dashed lines (H1′–H6/H8 in
magenta, H2′–H6/H8 in cyan, H2′′–H6/H8 in dark red) with the
intra-nucleotide cross peaks labelled. Extra cross-peaks annotated
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7. Self-complementary DNA duplexes

their chemical shifts is stressed by the complicated multiplet patterns of
the H2′ and H2′′ lines experiencing strong geminal coupling.

Only some types of exchangeable hydrogen nuclei are observable in
the spectra: guanine and thymine imino (GH1 and TH3) and cytosine
amino protons (CH41 and CH42). The other types of hydrogens bound
to nitrogen atoms exchange with water hydrogens so quickly that they
remain invisible under our experimental conditions [157]. Therefore, we
cannot measure the resonances of adenine (AH61 and AH62) and guanine
(GH21 and GH22) amino protons, even though they form parts of the
hydrogen bonds in the Watson–Crick base pairing.

7.2.2 Assignment in single strands

Tracking of proton resonances assigned in duplex along the VT 1D spec-
tra to the unfolded state resulted in determining the single-strand 1H
chemical shifts of almost all hydrogen nuclei (Table A.3 in Appendix).

Some spectral lines experience strong broadening, overlap with other
signals, and virtually vanish during the duplex melting due to the chem-
ical exchange. For assigning such resonances in single strands, additional
experiments have been performed: homonuclear decoupling (Fig. 7.2), se-

1.821.841.861.881.90 ppm

Figure 7.2 Assignment of TH7 in CTTCGAAG (0.22 mM, 350 K)
by homonuclear decoupling. From top to bottom: irradiating T2H6,
T3H6, and an empty spectral region at 7 ppm as a control
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7.2 Assignment of 1H NMR spectra

lective 1D COSY, and selective 1H–13C HMBC (Fig. 7.3) at elevated tem-
peratures and measurements on more concentrated solutions, optionally
at a lower magnetic field. C4H1′ and T6H1′ of CTACGTAG were distin-
guished only by prediction by DSHIFT [184] which we consider safe in
this case as the chemical shift difference between the two peaks is suf-
ficiently large, 0.15 ppm. The only unresolved resonances remaining are
three peaks of GATGCTAC, T2H1′, G4H1′, and T6H1′, which lie so close
to each other that any attempt to their separation fails. All this treatment
is gathered in Table 7.2.

Figure 7.3 Selective 1H–13C HMBC spectrum of CTACGTAG
(346 K)

Table 7.2 Resonances tracked ambiguously from duplex to single
strands and methods of resolving them with marks indicating whether
the approach has been successful

Sample Ambiguities Method applied, conditions

CATCGATG TH7 selective COSY, 338 K X
CTACGTAG GH8 higher concentration, 300 MHz X

AH2 higher concentration, 300 MHz ×
selective 1H–13C HMBC, 346 K X

C4, T6H1′ prediction by DSHIFT X
CTTCGAAG TH7 selective COSY, 350 K X

homonuclear decoupling, 350 K X
AH2 higher concentration X

CTTGCAAG TH7 selective COSY, 340 K X
GTAGCTAC CH6 higher concentration X

AH2 higher concentration ×
selective 1H–13C HMBC, 334 K X

T2, G4, T6H1′ no means available ×
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7. Self-complementary DNA duplexes

7.2.3 A complete picture

The successful assignment of the 1H peaks led to full interpretation of
the NMR spectra both in duplex and in single strands; an example is
shown in Fig. 7.4. The chemical shifts determined from the fitting of 1D
spectra by Lorentzian curves (only H2′ and H2′′ originate directly from
2D NOESY) are going to be analysed in the following sections. Next, the
VT series of all the ODN sequences, as in Fig. 7.5, will serve to the detailed
investigation of the melting process.

7.3 Sequence dependence of 1H chemical shifts

The rich set of experimentally determined chemical shifts for eight oc-
tamer sequences was analysed with the aim to answer the following ques-
tions: Does the NN model described in § 4.3.2 on page 42 satisfy the real
data to a reasonable precision? Can the prediction protocols be reliably
used to assign resonances instead of or in conjunction with experimen-
tal strategies? Can we predict anomalous local structure comparing the
estimated chemical shifts with the measured values?

7.3.1 Next-nearest-neighbour effects

The experimental values of 1H chemical shifts were first compared among
themselves. Supposing that the identities of adjacent bases represent the
strongest contribution, proton shifts of the central nucleotides of vari-
ous base triplets inside the sequence were compared. Terminal-nucleotide
shifts in doublets on either ODN end were also considered. The differ-
ences between δ of protons in the same NN environment found in differ-
ent remote surroundings are shown in Fig. 7.6 (duplex) and Fig. 7.7 (sin-
gle strands) for the internal nucleotides and in Fig. 7.8 (duplex)
and Fig. 7.9 (single strands) for the terminal nucleotides. Correlation plots
of δ are located in § A.3 of Appendix (page A-17).

The comparison of the values present at least twice in our data shows
that while in many cases the agreement is good, there are not seldom
cases where the differences are reaching ∆δ ≈ 0.1 ppm, which is well
above the proclaimed error of the prediction method, 0.03 ppm [163].
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7.3 Sequence dependence of 1H chemical shifts
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7. Self-complementary DNA duplexes
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7.3 Sequence dependence of 1H chemical shifts

Effect of 5′-penultimate position
∆δ = δ(SWWSSWWS)− δ(SWWSSWWS)

CAA
CAT
GAA
GAT
CTA
GTA

H6/H8 H2/H5/H7 H1’ H2’ H2’’ H1/H3/H41

Effect of 3′-penultimate position
∆δ = δ(SWWSSWWS)− δ(SWWSSWWS)
TAC
TAG
ATC
ATG
TTC
TTG

Effect of 5′-next-neighbouring T relative to A
∆δ = δ(STWSSWAS)− δ(SAWSSWTS)
ACG
ACG
TCG
TGC

H42

Effect of 3′-next-neighbouring T relative to A
∆δ = δ(SAWSSWTS)− δ(STWSSWAS)
GCA
CGA
CGT
CGT

−0.2 0.2
∆δ / ppmEffect of 5′-next-neighbouring G relative to C

∆δ = δ(GAAS)− δ(CAAS)
AAC
AAG

Effect of 3′-next-neighbouring G relative to C
∆δ = δ(STTG)− δ(STTC)

−0.2 0.2

CTT
GTT

∆δ / ppm
−0.2 0.2

∆δ / ppm
−0.2 0.2

∆δ / ppm
−0.2 0.2

∆δ / ppm
−0.2 0.2

∆δ / ppm
−0.2 0.2

∆δ / ppm

Figure 7.6 Next-nearest-neighbour effects on δ in nucleosides in
bold (duplex, 284 K). ACG and CGT found three times in our ODN
set. Bars colour-coded by the base type. W = A or T; S = C or G
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7. Self-complementary DNA duplexes

Effect of 5′-penultimate position
∆δ = δ(SWWSSWWS)− δ(SWWSSWWS)

CAA
CAT
GAA
GAT
CTA
GTA

H6/H8 H2/H5/H7 H1’

*
*

Effect of 3′-penultimate position
∆δ = δ(SWWSSWWS)− δ(SWWSSWWS)
TAC
TAG
ATC
ATG
TTC
TTG

Effect of 5′-next-neighbouring T relative to A
∆δ = δ(STWSSWAS)− δ(SAWSSWTS)
ACG
ACG
TCG
TGC

Effect of 3′-next-neighbouring T relative to A
∆δ = δ(SAWSSWTS)− δ(STWSSWAS)
GCA
CGA
CGT
CGT

Effect of 5′-next-neighbouring G relative to C
∆δ = δ(GAAS)− δ(CAAS)
AAC
AAG

Effect of 3′-next-neighbouring G relative to C
∆δ = δ(STTG)− δ(STTC)

−0.2 0.2

CTT
GTT

∆δ / ppm
−0.2 0.2

∆δ / ppm
−0.2 0.2

∆δ / ppm

Figure 7.7 Next-nearest-neighbour effects on δ in nucleosides in
bold (single strands, 354 K). ACG and CGT found three times in our
ODN set. Bars colour-coded by the base type. W = A or T; S = C or G.
Asterisks: missing values due to ambiguous assignment of resonances

70



7.3 Sequence dependence of 1H chemical shifts

Effect of 5′-next-neighbouring T relative to A
∆δ = δ(SWTSSAWS)− δ(SWASSTWS)

TC−3’
AG−3’
AG−3’
TG−3’

H6/H8 H5 H1’ H2’ H2’’ H1/H41 H42

Effect of 3′-next-neighbouring T relative to A
∆δ = δ(SWTSSAWS)− δ(SWASSTWS)

−0.2 0.2

5’−CA
5’−CT
5’−CT
5’−GA

∆δ / ppm
−0.2 0.2

∆δ / ppm
−0.2 0.2

∆δ / ppm
−0.2 0.2

∆δ / ppm
−0.2 0.2

∆δ / ppm
−0.2 0.2

*

∆δ / ppm
−0.2 0.2

∆δ / ppm

Figure 7.8 Next-nearest-neighbour effects on δ in terminal nucleo-
sides in bold (duplex, 284 K). AG-3′ and 5′-CT found three times in
our ODN set. Bars colour-coded by the base type. W = A or T; S = C
or G. Asterisk: missing value due to an unobserved peak

Effect of 5′-next-neighbouring T relative to A
∆δ = δ(SWTSSAWS)− δ(SWASSTWS)

TC−3’
AG−3’
AG−3’
TG−3’

H6/H8 H5 H1’

Effect of 3′-next-neighbouring T relative to A
∆δ = δ(SWTSSAWS)− δ(SWASSTWS)

−0.2 0.2

5’−CA
5’−CT
5’−CT
5’−GA

∆δ / ppm
−0.2 0.2

∆δ / ppm
−0.2 0.2

∆δ / ppm

Figure 7.9 Next-nearest-neighbour effects on δ in terminal nucle-
osides in bold (single strands, 354 K). AG-3′ and 5′-CT found three
times in our ODN set. Bars colour-coded by the base type. W = A
or T; S = C or G
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7. Self-complementary DNA duplexes

Such demonstrations of the sequence dependence are clearly violating
the assumptions of the NN models.

Inspection of the influences of the next-nearest neighbours in duplex
reveals several main features:

a. proximity of the 5′-end moves all non-exchangeable protons except
TH7 downfield;

b. proximity of the 3′-end moves H2′ and H2′′ upfield and TH1 down-
field;

c. the base (including exchangeable) protons of internal C and G are
sensitive to the 5′-next-nearest neighbour whereas their sugar pro-
tons respond rather to the 3′-next-nearest neighbour: in both cases,
T causes downfield shifts relative to A;

d. the previous point applies for the non-exchangeable protons in the
terminal nucleotides as well.

The end effects mentioned above correspond to the penultimate cor-
rections in the prediction protocol for double-helical shifts [163]. Con-
versely, the effect of 5′-penultimate position on TH3 shifts published as
0.10 ppm is not seen in our data. The cited work also notes decreased
shielding of H5, H6, H7, and H8 after replacing a 5′-next-neighbouring
purine by pyrimidine and a similar shift of H1′, H2′, and H2′′ upon the
same change but in the 3′-direction. These changes are reproduced in
our collection (the substitution of A by T); in addition, our data indicate
strong uniform changes in AH2 and exchangeable protons upon the same
replacement, which is not recorded in the literature and should probably
deserve more attention.

Contrary to these effects which seem to be universal, the T-for-A sub-
stitution at the 5′-side causes opposite shift changes for two out of three
GH1 of terminal guanines than what was observed for the internal re-
sidues. Moreover, TH7 moves in opposite directions when facing the 5′-
penultimate position in CTA and GTA contexts. This proves that the prob-
lem with next-nearest neighbours cannot be solved now by a simple set
of additive corrections. Generalisation of the observed long-range effects
would require large data sets containing experimentally obtained shifts
at least in all possible pentanucleotides.

In single strands (Fig. 7.7 and Fig. 7.9), the effect is not that strong
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7.3 Sequence dependence of 1H chemical shifts

as in duplex and cannot be looked at as persuasive considering our lim-
ited data set, although several cases indicate small, yet systematic drifts.
These are in agreement with the corrections for the next-nearest neigh-
bours implemented in the method for predicting single-strand chemical
shifts [173, 184]. On the other hand, such little shielding and deshielding
differences in the order of 0.01 ppm might be overridden by the effect
of temperature or even third neighbours, both neglected in the original
paper.

We can conclude that taking only NN into account creates differences
frequently exceeding 0.1 ppm in duplex but only in the order of 0.01 ppm
in single strands. In contrast, the published works neglect the next-nearest
neighbour effects in duplex with the exception of ODN ends [163] but
treat it in single strands [173, 184]. In the view of our experimental chem-
ical shifts, the former approach seems oversimplified whilst the latter one
complicated too much regarding other sources of comparable imperfec-
tions.

7.3.2 Differences between prediction and experiment

The next step of our analysis was a comparison of our experimental val-
ues of 1H chemical shifts, δExp, with the predictions, δPred, calculated by
the DSHIFT web server [184]. For duplex, the method of Altona [163] was
chosen. Unfortunately, the selection of the ODN sequences in the original
works of Lam [173, 184] does not allow to estimate chemical shifts of the
terminal nucleosides.

I have reported a discrepancy between the chemical shift calculated
by DSHIFT and presented in the original paper [184], concerning H2 of
the central adenine in GAA triplet, to the DSHIFT authors. The difference
revealed, 0.011 ppm, is very subtle and the authors updated the program
immediately. Nevertheless, one should check the values in the articles
from time to time, even though using DSHIFT is much more comfortable.

The differences ∆δ = δPred − δExp are plotted in Fig. 7.10 (non-exchan-
geable protons) and Fig. 7.11 (exchangeable protons) for duplex and in
Fig. 7.12 for single strands.

The values of ∆δ in duplex are in most cases exceeding the published
root-mean-square error (0.01–0.03) ppm of δPred [163], but no globally sys-
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Figure 7.10 Differences between predicted and experimental
chemical shifts of indicated non-exchangeable protons in duplex.
∆δ = δPred − δExp. The overlapping resonances of H2′ and H2′′ are
labelled by asterisks. Root-mean-square deviations are tabulated
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Figure 7.11 Differences between predicted and experimental chem-
ical shifts of exchangeable protons in duplex. ∆δ = δPred − δExp

tematic drift can be observed. The largest discrepancies are found in the
5′-terminal and then in the 3′-terminal nucleosides. This could be ex-
plained by the large sensitivity of the ODN ends to the solvent which
makes the prediction method more fragile than for internal residues. Al-
ternatively, formation of low-populated higher-order structures at low
temperatures could be responsible, which is going to be discussed based
on other observations as well in § 7.5.4 on page 95.

Non-exchangeable 1H δExp in the internal nucleotides differ from δPred

usually by less than 0.1 ppm. Nuclei exceeding this limit are listed in Ta-
ble 7.3. For the majority of them, δPred lie upfield from δExp except the
anomeric protons. The relatively large deviations seen for eleven out of
sixteen AH2 protons may seem to be tied to their strong sensitivity to
temperature, which is ignored in the prediction: they possess upfield shift
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Figure 7.12 Differences between predicted and experimental chem-
ical shifts of indicated protons in single strands. ∆δ = δPred − δExp.
The ambiguously assigned resonances of H1′ protons are labelled by
asterisks. Root-mean-square deviations are tabulated

with decreasing T (see below in § 7.4.1 on page 82). Therefore, lowering
T at which δExp are collected would move them closer towards δPred. On
the other hand, the slopes (1.6 · 10−3 ppm/K in average) are not strong
enough to achieve the exact match – it would require cooling far below
the freezing point of water.

The discrepancies between δPred and δExp of other than H1′ are most
probably caused by the approximations taken in the prediction method
since the signs of ∆δ are conserved among the ODN sequences. Some but
not all of them can be explained by the next-nearest-neighbour effects de-
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Table 7.3 Non-exchangeable protons of non-terminal nucleotides with
chemical shifts differing from the predicted values by more than 0.1 ppm
in duplex. ∆δ = δPred − δExp

Sample Nucleus
∆δ

ppm

CAACGTTG A3H8 −0.11
CTACGTAG C4H6 −0.11

CAACGTTG A2H2 −0.12
A3H2 −0.13

CTACGTAG A3H2 −0.13
A7H2 −0.22

CTTCGAAG A6H2 −0.13
A7H2 −0.17

CTTGCAAG A6H2 −0.16
A7H2 −0.16

GAACGTTC A3H2 −0.14
GTAGCTAC A3H2 −0.14

A7H2 −0.14

CTTCGAAG T3H7 −0.11

Sample Nucleus
∆δ

ppm

CAACGTTG A2H1′ 0.16
A3H1′ −0.12

CTTCGAAG C4H1′ 0.16
G5H1′ 0.16

CTTGCAAG A6H1′ 0.13
GTAGCTAC A3H1′ −0.13

C5H1′ 0.13

CAACGTTG C4H2′ −0.14
CTACGTAG C4H2′ −0.19
CTTGCAAG T3H2′ −0.12
GAACGTTC C4H2′ −0.12
GATGCATC T3H2′ −0.15

C5H2′ −0.17

CTACGTAG T6H2′′ 0.14

scribed above (§ 7.3.1 on page 72). The H1′ resonances present a different
issue: there are tandem deviations with variable signs located at the same
or adjacent pairs in three samples (Table 7.3). These outliers might indi-
cate some unusual structure of the nucleic acid. On the other hand, they
are not reproduced by other protons of the corresponding nucleotides but
of A3 in CAACGTTG.

The protons of cytosine amino groups (Fig. 7.11) have δPred always
within 0.2 ppm deviation1 from δExp. Not counting the terminal residues,
most of the imino protons differ also by less than 0.2 ppm with the ex-
ceptions listed in Table 7.4; all GH1 have the δPred downfield from or
very close to δExp while TH3 upfield. Interestingly, T7H3 of CAACGTTG
belongs to the same base pair as A2H1′ pointed out above in Table 7.3.
Opposed to AH2, the discrepancies in TH3 resonances cannot be even

1we select larger limit than in the case of non-exchangeable protons since the shifts
of exchangeable ones are generally much more sensitive to the outer conditions and the
duplex stability and structure
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7. Self-complementary DNA duplexes

Table 7.4 Exchangeable protons of non-terminal nucleotides with
chemical shifts differing from the predicted values by more than 0.2 ppm
in duplex. ∆δ = δPred − δExp

Sample Nucleus
∆δ

ppm

CAACGTTG T7H3 −0.23
CTACGTAG T6H3 −0.28
CTTCGAAG T3H3 −0.22

partially corrected by lowering the temperature at which δExp is obtained
because of their negative slope of δ(T) seen in our data as well as in [163].

In single strands, the observed differences between δPred and δExp

(Fig. 7.12) mostly exceed the root-mean-square deviation 0.02 ppm pub-
lished in the Lam’s works [173, 184]. However, only a handful of the
differences2 reaches over 0.1 ppm (Table 7.5), which brings a significant
improvement compared to duplex. Note that the three outlying anomeric
protons all belong to the penultimate A7 in the 3′-terminal AG. Alto-
gether, we consider the chemical shift predictions in single strands for
our samples generally in accordance with the experimental values even
though the temperature dependence of chemical shifts is not coped with
in the predictions: our data are collected at 81 °C, whereas the predictions
are estimated for 25 °C. The different solvent (mainly, the addition of 8 M
urea in [173]) is an indispensable issue, too.

The importance of the predictions of chemical shifts in single strands
grows for the resonances the assignment of which failed using the ba-
sic tracking procedure. What happens if the predictions are applied to
the resonances of AH2 in single strands that were first assigned ambigu-
ously? Since we have already resolved these conflicts by increased ODN
concentration or 1H–13C HMBC (Table 7.2 on page 65), we can now an-
swer this question: for all the three sequences, CTACGTAG, CTTCGAAG,
and GTAGCTAC, the order of AH2 resonances is estimated correctly by
the prediction, even though there are non-negligible differences between
the predicted and experimental values.

2note that the predictions for terminal nucleotides are not available
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7.3 Sequence dependence of 1H chemical shifts

Table 7.5 Protons of non-terminal nucleotides with chemical shifts dif-
fering from the predicted values by more than 0.1 ppm in single strands.
∆δ = δPred − δExp

Sample Nucleus
∆δ

ppm

CATCGATG T7H6 −0.11

CTACGTAG A7H1′ −0.12
CTTCGAAG A7H1′ −0.13
CTTGCAAG A7H1′ −0.11

7.3.3 Chemical shift changes induced by duplex melting

The differences between chemical shifts in single strands (δSS, 354 K) and
in duplex (δDuplex, 284 K) are gathered in Fig. 7.13 as ∆δ = δSS − δDuplex.
It is clearly visible that there is a general downfield shift after melting.
Relatively high ∆δ are observed for CH1′ in both central dinucleotides,
CpG and GpC. These trends are in a qualitative agreement with the pre-
dictions [156].

The increased shielding of the aromatic protons in the vicinity of
the 5′-end has not been reported yet. It is connected to the large devi-
ation of the predictions from our experimental data in duplex discussed
above. Additionally, G5H8 of two of the CpG steps display upfield shifts,
too. One of the sequences in question, CTTCGAAG, has already shown
anomalous chemical shifts of H1′ protons of the CpG motif (Fig. 7.10,
Table 7.3).

7.3.4 Advantages and drawbacks of the predictions

Taking the previous discussion into account, we are persuaded that the
current predictions can estimate the chemical shifts in short ODN with
about 0.1 ppm precision both in duplex and single strand. Worse predic-
tions are made for terminal residues (available only for the double helix
so far), exchangeable protons, and other resonances with strong temper-
ature dependence, mainly AH2.

Large deviations between δExp and δPred mainly in the adenine repeat
of CAACGTTG and in the cental CpG motif of CTTCGAAG probably
mark local conformational anomalies. Otherwise, our data agree with the
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Figure 7.13 Melting-induced changes in chemical shifts of indicated
protons, ∆δ = δSS − δDuplex. The ambiguously assigned resonances of
H1′ protons in single strands are labelled by asterisks

NN models to a reasonable level. Together with the standard patterns
found in NOESY spectra, this allows us to presume that the spatial struc-
tures of our ODN duplexes are close to the canonical B-form.

Following conclusions, regarding short ODN, can be drawn from our
study:

a. the influence of base composition more distant than the nearest
neighbours cannot be neglected in many cases, some of which show
general tendencies but some show more complicated sequence de-
pendence;

b. the next-nearest neighbours can induce changes in the order of
0.1 ppm in duplex while they stay under 0.1 ppm in single strands,
which is not properly reflected in the prediction methods [163, 173,
184];
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7.4 Temperature dependence of 1H chemical shifts

c. many δExp in terminal nucleosides strongly differ from δPred which
indicates increased malleability of the ODN ends;

d. although the differences between δExp and δPred often exceed the
published deviations, the predictions can still serve as rough esti-
mates, e.g. as a helpful tool in resolving assignment ambiguities,
especially for non-exchangeable protons in internal nucleosides;

e. temperature dependence of chemical shifts, which is generally ne-
glected in the available prediction methods, can be partially respon-
sible for the discrepancies observed;

f. large differences in duplex (|∆δ| > 0.2 ppm) can indicate local devi-
ations from the B-from structure of the double-helix.

7.4 Temperature dependence of 1H chemical shifts

Because the literature usually ignores the sensitivity of 1H chemical shifts
on temperature (outside the region of the temperature-induced unfold-
ing), we have opened the following questions: Can we really justify ne-
glecting the temperature dependence of chemical shifts? Or does it bring
any new piece of information which could be helpful in the research on
DNA structure and dynamics? Similarly as for the values of chemical
shifts at a given temperature, our data provide insight into the sequence
effects on their temperature dependence.

7.4.1 Linear fits of chemical shifts

Linear fits of the chemical shifts, cleaned from the deviating points, with
respect to temperature were performed. The magnitudes of the slopes
usually reach multiples of 0.001 ppm·K−1 for aromatic protons and are
generally similar in duplex and in single strands. Steeper slopes than for
other nuclei are observed for exchangeable protons (mainly CH42 and
TH3 and in terminal nucleotides) but also for 3′-terminal CH5 in duplex.

Our slopes of exchangeable resonances roughly agree with the values
mentioned alongside the NN prediction of chemical shifts [163]. However,
all the other aromatic and deoxyribose shifts are generally regarded as
constant in the cited article, although we found significant temperature
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7. Self-complementary DNA duplexes

dependence. The work establishing the prediction protocols for random-
coil chemical shifts [173] claims the slopes are less than 0.001 ppm·K−1.

The slopes, a, display a broadly scattered distribution and the cor-
relation among different occurrences of triplets is low – Fig. 7.14 and
Fig. A.16–A.19 of § A.3 of Appendix (page A-17). The situation improves
much in single strands compared to duplex but still remains unsatisfac-
tory from the NN-model point of view. Nevertheless, some simple rules
for shielding changes with increased temperature can be suggested:

a. all H6, H8, and exchangeable protons but 3′-terminal CH6 move
upfield in duplex;

b. AH2, CH5, and TH7 move downfield in duplex;
c. different surrounding cause different directions of H1′, but CH1′

generally move downfield in duplex;
d. apart from GH8 and terminal CH6 showing incoherent directions,

aromatic and anomeric protons move downfield in single strands.
The most striking exceptions to these points are presented by A2H8 and
T7H6 of the (GAACGTTC)2 duplex, both from the second base pair, going
downfield with higher T (a > 0 in Fig. 7.14), and C5H5 of CTTGCAAG
with a < 0. These cases might indicate some anomaly in the duplex prop-
erties. On the other hand, considering that there is no objective reason
that a = 0 should be the relevant threshold and these singular cases are
supported by no other spectral characteristics, accepting any conclusion
would be premature.

The experimental chemical shifts of most 1H in duplex are not strictly
linear at the whole temperature range. At about 284 K and below3, the
shifts are declining to either direction from the trend followed above this
point. This behaviour can be observed for all classes of protons analysed
and it is more evident close to the ODN ends, especially for CH5. It might
indicate some low-temperature structural transition of the double-helix,
condensation of the duplexes into multi-molecular complexes, or changes
in the interactions between water molecules or ions and the DNA.

3precise value is difficult to estimate and it varies between particular samples and
nuclei
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Figure 7.14 Correlation plots of chemical-shift slopes in the same
trinucleotides for H6 and H8 protons. Left: duplex; right: single
strands. The diagonals are indicated by grey lines. Two occurrences
of a trinucleotide are denoted as pairs, three occurrences as triples

7.4.2 Sequence effect on the chemical-shifts slopes

In order to test the applicability of the NN model, the differences be-
tween the slopes, ∆a, caused by the next-nearest neighbours are shown
in Fig. 7.15 (duplex) and Fig. 7.16 (single strands) for internal and in
Fig. 7.17 (duplex) and Fig. 7.18 (single strands) for terminal nucleotides
in the same way as for the values of chemical shifts in § 7.3.1 on page 66.

The agreement between slopes obtained for the same protons in the
same internal triplets from different occurrences in the data set is much
worse than in the case of shifts at a given temperature (Fig. 7.6–7.9). Dif-
ferences between the aromatic protons of the central nucleotide of a par-
ticular triplet commonly exceed the differences between hydrogen nuclei
found in different triplets. In other words: the effect of bases further than
one base away is comparable in magnitude with the influences of the
nearest neighbours. The proximal termini affect all 1H in duplex espe-
cially strongly.

Although some tendencies common for a set of triplets can be found,
mainly in single strands, there are no simple rules which could be ob-
tained from our limited data showing the effects of next-nearest neigh-
bours on a. The nucleotide sequence determines the temperature depen-
dence in much more complicated manner than what has been deduced
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Effect of 5′-penultimate position
∆a = a(SWWSSWWS)− a(SWWSSWWS)
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Figure 7.15 Next-nearest-neighbour effects on chemical-shift slopes
in nucleotides in bold (duplex). ACG and CGT found three times in
our ODN set. Bars colour-coded by the base type. W = A or T; S = C
or G
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Effect of 5′-penultimate position
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Figure 7.16 Next-nearest-neighbour effects on chemical-shift slopes
in nucleotides in bold (single strands). ACG and CGT found three
times in our ODN set. Bars colour-coded by the base type. W = A or T;
S = C or G. Asterisks: missing values due to ambiguous assignment
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Effect of 5′-next-neighbouring T relative to A
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Figure 7.17 Next-nearest-neighbour effects on chemical-shift slopes
in terminal nucleotides in bold (duplex). AG-3′ and 5′-CT found three
times in our ODN set. Bars colour-coded by the base type. W = A or T;
S = C or G. Asterisk: missing value due to an unobserved peak
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Figure 7.18 Next-nearest-neighbour effects on chemical-shift slopes
in terminal nucleotides in bold (single strands). AG-3′ and 5′-CT
found three times in our ODN set. Bars colour-coded by the base type.
W = A or T; S = C or G
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for values of δ at a single temperature. Based on our data we suggest that
at least five nucleotides in a row should be used in any potential study
attempting to reveal the base-context effects on the temperature depen-
dence of δ.

The ODN ends provide a bit different picture: the slopes span quite
large a range of values and extremely steep ones are found in the aromat-
ics of 3′-terminal cytosine in duplex, even exceeding 0.008 ppm·K−1 for
CH5 in the 3′-terminal TC. Although the absolute values of a in the ter-
minal residues are larger compared to the internal ones, the differences
between the same terminal doublets stay low, under 0.001 ppm·K−1 for all
the non-exchangeable protons and CH42 (Fig. 7.17 and Fig. 7.18). There-
fore, the absence of an adjacent nucleotide does much stronger an effect
than a sole variation of the neighbouring base.

7.4.3 Sensitivity to subtle conformational variations

The sensitivity of δ to T is caused by several phenomena, which commit
any attempt for quantitative analysis to become gravely non-elementary:
the average geometry and strength of hydrogen bonds varies with respect
to temperature [206, 207]; the stacking between bases can be affected,
too. As a consequence, the base-pair parameters and also the positions
of hydration water molecules change and that influences the electronic
distribution in the DNA molecule.

We have seen a complicated dependence of the temperature-induced
shielding changes on the DNA sequence above. It means that even a very
subtle conformational variation can cause observable differences in a.
They are found more sensitive to the base environment than the values
of δ at a single temperature. We now summarise what have been revealed:

a. temperature change about 10 K causes differences in 1H chemical
shifts in the order of 0.01 ppm which is well observable and should
not be neglected – a reference temperature at which the chemical-
shift values are presented should be part of any publication;

b. non-linearities of chemical shifts with respect to temperature indi-
cate some – yet unspecified – structural transitions occurring in du-
plex;

c. the NN model seriously fails to describe the sequence effects on
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7. Self-complementary DNA duplexes

temperature dependence of chemical shifts in the internal nucleo-
tides, although the chemical-shift slopes are surprisingly well con-
served in equal terminal dinucleotides.

7.5 Concentration dependence of 1H chemical shifts

Some of the ODN sequences have been measured by NMR spectroscopy
at two or more different concentrations, c, retaining the same buffer com-
position (Table 7.1 on page 62). Various goals have been challenged by
this approach: in two cases (CTACGTAG and GTAGCTAC), uncertain as-
signments of resonances in single strands have been resolved (Table 7.2
on page 65); in one case (CTTCGAAG), the possibility of a three-state
process during duplex melting has been addressed.

In this section, the effect of ODN concentration on 1H chemical shifts
is analysed, which has not been thoroughly done before and the literature
is silent on this subject.

7.5.1 CTACGTAG in duplex

Duplex 1H spectra for two concentrations of CTACGTAG sequence are
shown in Fig. 7.19. Clearly enough, all the peaks moved upfield after c
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Figure 7.19 Aromatic parts of 1H NMR spectra of CTACGTAG
measured at two different concentrations in duplex (300.7 K). Red:
0.90 mM; blue: 4.98 mM. The asterisk, *, marks an impurity. The spec-
tral intensities are scaled to approximately match each other
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had been increased4. The uniform direction of shift is observed for all the
aromatic, anomeric, and exchangeable protons. The resonances from the
terminal residues and AH2 protons appear to be the most sensitive.

Only the data in duplex are available for the more concentrated sam-
ple – the experiments were performed only up to 330 K where the duplex
is still not completely melted and the spectra cannot be interpreted as of
pure single strands.

7.5.2 GTAGCTAC in duplex and single strands

Comparison of 1H NMR spectra of GATGCTAC acquired at two differ-
ent ODN concentrations (Fig. 7.20) reveals that the resonances move up-
field in duplex and the differences grow toward the ODN termini, which
agrees perfectly with the CTACGTAG sequence just discussed. On the
other hand, downfield shifts of all peaks are observed after the concen-
tration increase in single strands5. The amplitudes of the differences in δ

are much smaller in random coil than in the double helix.

7.5.3 CTTCGAAG at four concentrations

Additionally to the basic sample, four different concentrations of CTTC-
GAAG in decreasing order were prepared (Table 7.1 on page 62) and their
1H VT NMR spectra were acquired in the whole usual range.

This sample series was prepared from another ODN batch and an-
other buffer solution, although all nominal parameters stayed the same.
The NMR spectra were measured from a special Shigemi tube for small
sample volumes, hence the temperature calibration may be slightly dif-
ferent from the basic sample. We tried to compare the chemical shifts
of the basic sample with this four-membered series, but it was found to
decline slightly from the trend observed in the dilution series, although
it follows the same qualitative rules which are common also to the two
ODN sequences described above. This illustrates how sensitive the NMR
spectroscopy is: subtle changes in the solvent composition caused just by
ordinary imprecisions in handling with chemicals or placement in an-

4with the only exception presented by T6H6; however, the difference is only 1.0 Hz
5only two tiny exceptions were found in this case, namely C5H42 which moves a

little downfield in duplex (by 1.2 Hz) and A7H8 which moves a little upfield in single
strand (by 0.4 Hz)
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Figure 7.20 Aromatic parts of 1H NMR spectra of GTAGCTAC mea-
sured at two different concentrations. Red: 0.95 mM; blue: 4.05 mM.
Top: single strands (354.3 K); bottom: duplex (296.4 K). The spectral
intensities are scaled to approximately match each other

other tube can measurably influence the chemical shifts. Only the four-
membered series is thus discussed below.

The chemical shifts at all temperatures obtained by Lorentzian curve
fitting are graphically presented in Fig. 7.21 for a selected nucleus and
in § A.4 of Appendix (page A-26) for all 1H. The values of δ at one T in
duplex and at another one in single strands are extracted as functions of c
in Fig. 7.22, Fig. 7.23, and Fig. 7.24.

We can directly see that completely all the protons6 move upfield with
increasing c in duplex. On the other hand, downfield change of all the

6we excluded the deoxyribose protons H2′ and H2′′ from this analysis because the
NOESY spectra were not acquired for all the concentrations without which the assign-
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Figure 7.21 Chemical shifts of T3H6 of CTTCGAAG in the whole
temperature range measured (crosses) and extrapolations to c = 0
(circles with errorbars)

single-strand shifts is observed, although the effect is not that strong. The
apparent linearity of δ(c) both in duplex and in single strands allows
extrapolation to zero concentration which could serve as a hypothetical
reference7. These values from linear regressions of δ(c) are included in
Fig. 7.21 and § A.4 of Appendix (page A-26).

One could argue that all the observed effects are quite weak, but the
chemical-shift differences well exceed the accuracy of their determination
because they are at least comparable to the line widths. Moreover, the
uniformity of change direction is striking.

7.5.4 Higher-order structures and salt effect

The previous paragraphs have shown that increased ODN concentration
causes upfield shift of all aromatic, H1′, and exchangeable protons in
duplex and downfield shift of all resonances in single strands. Among
the various effects on chemical shifts discussed (temperature in § 7.4
on page 81, melting in § 7.3.3 on page 79, and methylation in § 8.3 on

ment would not be reliable; nevertheless, visual comparison of the spectra reveals that
the upfield shift of all the saccharide resonances is very likely

7in reality, there would be no duplexes in an infinitely diluted sample, but this refer-
ence could serve as a model for non-interacting duplexes – an ideal-gas approximation
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Figure 7.22 Concentration dependence of 1H chemical shifts of H6,
H8, and H2 (top) and TH7 (bottom) of CTTCGAAG. Left: duplex,
283.5 K; right: single strands, 354.3 K. Dashed lines are linear fits
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Figure 7.23 Concentration dependence of 1H chemical shifts of CH5
and H1′ of CTTCGAAG. Left: duplex, 283.5 K; right: single strands,
354.3 K. Dashed lines are linear fits. Value of G5H1′ missing at the
highest concentration in duplex due to overlap with residual water
signal. The scales are the same as in Fig. 7.22

page 125), this is the only case of a concerted influence on all hydrogen
nuclei in distinct chemical moieties.

How can this behaviour be explained? One possible answer arises im-
mediately: the increased c increases the duplex stability, therefore δ would
be more ‘duplex-like’ at all temperatures. However, this option cannot
hold because there are both directions of the chemical-shift differences
induced by melting present for different kind of protons (Fig. 7.13 on
page 80), whereas the concentration affects all the hydrogen nuclei uni-
formly. Any change in macroscopic properties of the solution, mainly its
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Figure 7.24 Concentration dependence of 1H chemical shifts of ex-
changeable protons of CTTCGAAG in duplex (283.5 K). Left: amino,
right: imino protons. Dashed lines are linear fits. Different vertical
scales than in figures Fig. 7.22 and Fig. 7.23

magnetic susceptibility, can be discarded, too, because it would affect the
resonances of DSS and water in the same way as those of the DNA which
we do not observe.

The change in c modifies the molar ratio between ODN and ions. The
acidity slightly changed in the CTTCGAAG concentration series: esti-
mated from 31P chemical shift of the inorganic phosphate [208, 209, 210],
pH gradually increased with decreasing c from 6.6 to 7.0. Therefore, in
the search for the reasons of concentration-induced changes of chemical
shifts, additional experiments with varying the solvent composition were
also conducted.
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7.5 Concentration dependence of 1H chemical shifts

The following points have been revealed:
a. the sensitivity of δ of H6, H8, and H1′ on c in duplex increases

towards the ODN ends (Fig. 7.25);
b. the chemical shifts in duplex are the most sensitive to c at lower

temperatures – Fig. 7.21 and § A.4 of Appendix (page A-26);
c. increase in NaCl level from 80 mM to 250 mM shifts all 1H peaks in

the same direction and with magnitudes comparable to the changes
induced by increased c in single strands but not in duplex;

d. acidity of the solution has a negligible effect (difference 0.004 ppm
between pH 6.0 and 9.5 measured during titrations by NaOH and
HCl without any buffer).
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Figure 7.25 Slopes of chemical shifts of H6, H8, and H1′ in CTTC-
GAAG with respect to c. Left: duplex, 283.5 K; right: single strands,
354.3 K

These pieces of evidence indicate that some multi-molecular com-
plexes, possibly stacked duplexes, are formed at lower temperatures
which agrees with the heavy discrepancies between experimental and
predicted chemical shifts of terminal nucleosides (§ 7.3.2 on page 75) and
with the non-linearities of δ(T) in duplex (§ 7.4.1 on page 82). In the
literature, this phenomenon is described only for much higher DNA con-
centrations [211, 212] and in the presence of divalent cations [213]. On the
other hand, a favourable free energy of the end-to-end stacking was esti-
mated by MD [214] which would allow the presence of such complexes
even at our conditions.
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7. Self-complementary DNA duplexes

Well above Tm, where no complexes are expected, the main reason of
the changes of chemical shifts with c lies probably in the ionic strength of
the solution relative to the ODN concentration.

7.6 Duplex melting observed by 1H NMR

In this section, the results obtained from the line-shape analysis of 1H VT
NMR experiments are presented and discussed.

The least-square fitting of exchange or Lorentzian line shapes accord-
ing to § 6.2 on page 56 to the 1H spectra in the aromatic, methyl, and
anomeric regions was performed at all temperatures measured (exam-
ples are shown in Fig. 7.26). For every resonance, the melting curves and,
if applicable, the kinetic data were extracted. Examples of the tempera-
ture dependence of the duplex fraction, pA, and of the dissociation rate
constant, kA, are shown in Fig. 7.27 and Fig. 7.28, respectively. Exceptions
from the general approach were encountered; these cases are not consid-
ered in the following treatments.

The results of the thermodynamic analyses by the van ’t Hoff and
Eyring models are presented in the tables of § A.5 of Appendix (page A-
32). The global fits were conducted according to § 6.3.2 on page 59 – their
results are in Table 7.6 and Table 7.7.

The NMR-determined Tglob
m and also ∆Hglob are in a good agreement

with literature (Table 2.1 on page 22). Also, our data concerning two se-
quences studied earlier [117, 106], CATCGATG and CTTCGAAG, repro-
duce the lower stability of the latter.

7.6.1 Sequence effects on global characteristics

The eight ODN sequences can be grouped according to their stabilities
obtained from Ha (Table 7.6):

a. CAACGTTG and CATCGATG with Tglob
m ≈ 324 K;

b. CTTGCAAG, GAACGTTC, and GATGCATC with Tglob
m ≈ 321 K;

c. CTTCGAAG and GTAGCTAC with Tglob
m around 319 K and 320 K;

d. CTACGTAG with Tglob
m ≈ 314 K.

This classification is valid in the terms of both Tglob
m and ∆Gglob

310 K. On the
other hand, it is not clear from the underlying ∆Hglob and ∆Sglob except
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Figure 7.26 A part of 1H NMR spectrum of GAACGTTC (edited
outputs of the plotting method of Asymexfit class NMRspectra with
arbitrary vertical scales). Top: 309.3 K (melting, exchange line shapes);
bottom: 298.5 K (duplex, Lorentzian curves). Blue: experimental spec-
trum; black: fit; other colours: fit decomposition into resonances of
individual protons, labelled accordingly

for the least stable CTACGTAG having their lowest absolute values. How-
ever, the errors in ∆Hglob and ∆Sglob are underestimated (for instance, we
do not handle the error in temperature determination and neglect the
heat-capacity change, ∆Cp).

Among these four classes, the CA dinucleotide at the 5′ end appears
to have the most stabilising effect. Interestingly, there is a very big dif-
ference in the impact of the reversal of an A·T base pair in CAACGTTG:
while the A–T substitution at position 3 hardly has any influence, the
same change in the second nucleotide decreases Tglob

m by astonishing 10 K.

97



7. Self-complementary DNA duplexes

300 320 340
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

 T / K

 p
A

300 320 340
10

−2

10
0

10
2

10
4

 T / K
 K

b / 
m

M
−

1

300 320 340
−6

−5

−4

−3

−2

−1
x 10

4

 T / K

 ∆
 G

 / 
J.

m
ol

−
1

Figure 7.27 Melting curve of T2H6 in GATGCTAC (modified out-
put of the plotting method of Asymexfit class populationData). Left:
duplex fraction, pA; top right: logarithmic plot of the association equi-
librium constant, Kb; bottom right: Gibbs free energy of association,
∆G. Crosses and error bars: results from spectral fits; in the logarith-
mic scale, only the upper edges of the error bars are shown for relative
errors exceeding 100 %. Solid curves: van’t Hoff fit; dash–dot lines in
the bottom-right panel show the confidence limits of ∆G310 K. Vertical
dotted lines mark Tm and the dash–dot vertical lines in the left panel
correspond to its confidence limits. Grey horizontal lines indicate the
values at Tm
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Figure 7.28 Exchange rates of T2H6 in GATGCTAC (modified out-
put of the plotting method of Asymexfit class EyringData). Left: loga-
rithmic plot of the rate constant of duplex dissociation, kA; top right:
Eyring plot of kA; bottom right: Gibbs free energy of activation, ∆G†.
Crosses and error bars: results from spectral fits; in the logarithmic
scales, only the upper edges of the error bars are shown for relative
errors exceeding 100 %. Solid curves: Eyring fit; dash–dot lines in the
bottom-right panel show the confidence limits of ∆G†

310 K

No other simple rule can be extracted. There is no general trend seen
upon the sequence inversion encountered in the couples CATCGATG–
GTAGCTAC, CTACGTAG–GATGCATC, and CTTGCAAG–GAACGTTC,
but this is not surprising as it only stresses the asymmetry of the NA
chain. The members of ODN pairs having their first and second halves
swapped, CATCGATG–GATGCATC and CTACGTAG–GTAGCTAC, also
fall into different stability categories.
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Table 7.6 Results of global fitting of pA(T) for Ha (H2, H6, H7, and
H8) and δ(T) for H1′ protons. Tglob

m are calculated for 1 mM ODN con-
centration. The errors presented are coming purely from the fits

Tglob
m

K

∆Gglob
310 K

kJ ·mol−1
∆Hglob

kJ ·mol−1
∆Sglob

J ·mol−1 ·K−1

CAACGTTG
Ha 324.0± 0.1 −28.7± 0.2 −252± 4 −722± 12
H1′ 324.7± 0.1 −29.7± 0.3 −264± 5 −755± 16

CATCGATG
Ha 323.5± 0.1 −28.7± 0.1 −261± 2 −748± 7
H1′ 324.1± 0.1 −29.4± 0.2 −268± 4 −770± 13

CTACGTAG
Ha 314.5± 0.1 −20.6± 0.1 −195± 2 −564± 8
H1′ 318.6± 0.2 −24.8± 0.2 −257± 5 −749± 15

CTTCGAAG
Ha 318.7± 0.1 −24.6± 0.1 −252± 4 −732± 12
H1′ 320.7± 0.2 −27.6± 0.4 −294± 7 −858± 22

CTTGCAAG
Ha 321.3± 0.2 −26.1± 0.2 −236± 5 −677± 16
H1′ 322.6± 0.1 −27.6± 0.2 −252± 4 −724± 13

GAACGTTC
Ha 321.6± 0.1 −27.1± 0.1 −259± 3 −748± 9
H1′ 321.6± 0.2 −27.4± 0.3 −266± 5 −769± 16

GATGCATC
Ha 321.9± 0.1 −26.7± 0.2 −242± 5 −693± 16
H1′ 321.7± 0.1 −26.8± 0.2 −248± 4 −714± 13

GTAGCTAC
Ha 320.1± 0.1 −25.5± 0.1 −244± 3 −706± 10
H1′ 321.7± 0.2 −27.9± 0.4 −277± 8 −804± 26

There are significant and uniform differences between the parameters
obtained from Ha and H1′: Tglob

m and
∣∣∣∆Gglob

310 K

∣∣∣ are always higher in the
case of H1′. Based on tests comparing the results from exchange fitting
of Ha with their Lorentzian fits (see also § 7.7.1 on page 112), it cannot
be ascribed to a systematic error connected to the different methods of
analysis of the spectra of Ha and H1′. Therefore, some real process is
responsible; perhaps some local structural transitions accompanying the
duplex melting.
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Table 7.7 Results of global fitting of kA(T) of all relevant H2, H6, H7,
and H8 protons. The errors presented are coming purely from the fits

∆G†,glob
310 K

kJ ·mol−1
∆H†,glob

kJ ·mol−1
∆S†,glob

J ·mol−1 ·K−1

CAACGTTG 66.3± 0.1 210± 2 465± 8
CATCGATG 66.5± 0.1 242± 2 566± 7
CTACGTAG 63.2± 0.1 193± 3 420± 10
CTTCGAAG 66.4± 0.1 210± 5 465± 18
CTTGCAAG 66.4± 0.1 247± 5 583± 14
GAACGTTC 65.4± 0.1 250± 6 596± 18
GATGCATC 65.6± 0.1 243± 4 572± 14
GTAGCTAC 64.7± 0.1 233± 2 544± 8

Looking at the dissociation activation energy of the least stable ODN,
CTACGTAG (Table 7.7) reveals that its ∆G†,glob

310 K is also significantly
smaller but the difference in ∆G†,glob

310 K of this ODN compared to other
sequences is less than in ∆Gglob

310 K. Therefore, relative to single strands, the
free energy at 310 K of the (CTACGTAG)2 duplex as well as of the transi-
tion state is increased. No such trend can be observed for the other seven
duplexes – the correlation between ∆Gglob

310 K and ∆G†,glob
310 K is very poor.

This contrasts with the strong correlation found in a set of octamer DNA,
RNA, and hybrid duplexes [215]. In addition, our ∆G†,glob

310 K are lower than
determined by stopped-flow spectroscopy although ∆Gglob

310 K are compara-
ble [215], but it might be connected to the different buffer compositions.

Next, we compare Tm obtained from the pA melting curves with the
nearest-neighbour predictions (Fig. 7.29). Although some overall similari-
ties are present, the NN approaches do not reproduce the experimentally
determined order of stabilities, neither the categorisation into the four
classes. Therefore, there must be some longer-range effects underlying
the DNA duplex thermodynamics.

7.6.2 Sequence dependence of the labile-protons exchange

The integral intensities of amino and imino resonances, calculated as
the ratios between fitted values of the peak maxima and T∗2 , decrease at
gradually lower temperatures coming closer to the ODN ends (Fig. 7.30).
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Figure 7.29 Experimental Tm coming from the global NMR analysis
of Ha and predictions based on the NN model by DINAMelt [52]
and OligoCalc [55]. Right: correlation plot between experimental, Texp

m ,
and predicted values, Tpred

m , with the diagonal drawn in grey. The
correlation coefficients are 0.72 and 0.41 for DINAMelt and OligoCalc,
respectively

Therefore, their exchange with water is faster. There are two typical ex-
planations that are not mutually exclusive:

a. the solvent accessibility increases;
b. the base-pair opening rate increases.

Based only on the peak intensities, it cannot be discriminated between
them. There is no simple connection between the intensities of the la-
bile protons and the duplex melting since many aspects influence the
exchange rate. Chiefly, there are more possible ways how the exchange
happens: the water molecule can attain the base protons from the ODN-
end face or from one of the grooves; a flipped-out base can facilitate the
reaction. Detailed investigation of the exchange mechanisms involving
many steps requires specially devoted experiments involving titrations
by a catalyst [216, 217].

The data in Fig. 7.30 are not corrected for the temperature depen-
dence of the transverse relaxation times. This can be seen from the initial
increases of the integral intensities at low temperatures, caused by faster
relaxations at lower T and by the spin echo used for acquisition.
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Figure 7.30 Integral intensities of amino (left) and imino (right)
protons normalised to the maximal value in each plot, Inorm. ODN se-
quences in the right column. Dots, crosses, triangles, and circles used
for protons in the first, second, third, and fourth base pair, respectively.
CH41 in red, CH42 in black, GH1 in blue, and TH3 in green
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7.6.3 Local differences from global properties

One of the great capabilities of high-resolution NMR is that it can study
individual resonances belonging to different groups of equivalent nuclei.
Application of this experimental technique to the DNA-duplex melting
promises detection of local differences of its stability and flexibility. Once
the analysis of all the acquired spectra is done, what can we deduce from
the results?

The differences between Tm, ∆G310 K, and ∆G†
310 K obtained from in-

dividual spectral lines and the results from the global analysis of NMR
data, Tglob

m , ∆Gglob
310 K, and ∆G†,glob

310 K , are shown in Fig. 7.31, Fig. 7.32, and
Fig. 7.33. There are no general trends that would be common for all the
ODN sequences. Above all, the central regions of the duplexes do not
appear more stable than the outer parts. The activation energies stay rel-
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7. Self-complementary DNA duplexes

atively well conserved within every duplex, too. Therefore, we conclude
that the melting of the eight-base-pair double helices occurs in a very
cooperative way.

On the other hand, there are several related deviations that should not
be overlooked:

a. lower Tm and higher ∆G310 K for the 5′-terminal base protons H6
and H8;

b. lower Tm and higher ∆G310 K for the 3′-terminal protons H1′;
c. higher Tm and lower ∆G310 K for C4H6 and C4H1′ in CTACGTAG

and CTTCGAAG compared to the other nucleotides in these two
ODN sequences;

d. several singular deviations, in particular, Tm and ∆G310 K of T6H7
in CTACGTAG and T2H1′ in CTTCGAAG and ∆G†

310 K of A2H8 in
GAACGTTC.

7.6.4 Fraying?

The apparently lower stabilities of the duplex ends are asymmetric: it is
not seen for both nucleotides forming the terminal pair. On that account
we cannot simply attribute it to a lower stability of the closing base pair.

How can be this difference between the two opposing nucleotides at a
duplex end explained? Looking at the spatial structure (Fig. 7.34), the aro-
matic protons H6 and H8 in the major groove located at the 5′-terminal
base are more exposed to the environment than the hydrogens of the
3′-terminal base, shielded by the sugar–phosphate backbone to a similar
extent as in the inner nucleosides. The situation seems reversed for the
H1′ hydrogens: at the 5′-end they point towards the neighbouring phos-
phate while they are more freely accessible by the solvent molecules at the
3′-end. Hence, the differentially lower Tm and ∆G310 K determined for the
protons in terminal nucleotides can be ascribed to some changes in the
solvation shell which are not necessarily tied to the duplex melting. It can
also be connected to the formation of higher-order structures proposed in
§ 7.5.4 on page 95 based on the chemical shifts.

Contrary to this, the NMR signal intensities of exchangeable hydro-
gens in both DNA strands clearly decrease at lower temperatures for
those located near the ends of the duplex (Fig. 7.30). But, except for the
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7.6 Duplex melting observed by 1H NMR

Figure 7.34 A view from the major groove of three nucleotide pairs
of a B-DNA duplex close to its end (top side) with H6 and H8 of the
ultimate and penultimate bases shown as larger green spheres. Situa-
tion at the 5′-end (left) and at the 3′-end (right). Created in VMD [19]
from the solution structure of (CATGCATG)2, PDB 1D18 [20]

terminal nucleotides, the melting parameters obtained from line-shape
fitting of 1H NMR spectra do not show any observable dependence on
the position of a base pair in the sequence.

How this discrepancy should be imagined?
Is it FRAYING?
Very often, the duplex ends are imagined as more unstable than its

core [30, 218, 219, 220]. We understand our results from the 1H NMR
spectroscopy in another way: the picture of free motions of the termi-
nal nucleotides is in contradiction with the position-independence of the
melting parameters. The faster exchange of the terminal amino and imino
hydrogens with water can be explained by their easier accessibility from
the solvent: although the base-pair disruption frequency and amplitude
is very similar along the whole molecule, the middle is more buried in
the structure whilst the ends are much more exposed to the outer space.
As a consequence, the probability of a hydrogen exchange during a single
transient duplex-dissociation event grows towards the ODN ends.

7.6.5 Anomalies in the CpG motif

The H6 and H1′ protons in C4 of the central CpG steps in CTACGTAG
and CTTCGAAG show abnormally large stabilities in terms of both Tm
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7. Self-complementary DNA duplexes

(Fig. 7.31) and ∆G310 K (Fig. 7.32). In contrast, this is not accompanied by
any significant deviation in ∆G†

310 K (Fig. 7.33).8

The outlying values are located in distinct sequence context, ACGT
and TCGA, and, vice versa, this behaviour is not conserved in different
ODN samples sharing the same central tetrads. Two of the four cases
under discussion here have also been convicted of abnormally large de-
viations of experimental duplex chemical shifts from the NN model (Ta-
ble 7.3 on page 77). These two anomalies together bring new pieces of
evidence for the extraordinary malleability of the CpG dinucleotide and
the substantial importance of its surroundings in the DNA sequence.

7.6.6 Melting cooperativity and local deviations

From the above analysis of the results on the thermodynamics of duplexes
obtained from 1H NMR it follows that:

a. the NN model fails to predict the stabilities of the short octamer
ODN duplexes better than 3 K precision in Tm and cannot be reli-
ably used to compare the properties of closely related sequences;

b. generally, the stability parameters as well as the activation energies
do not significantly vary along the double-helix which suggests that
a high level of long-range cooperativity is associated with the melt-
ing process;

c. we observe no signs of fraying of the duplex ends;
d. anomalous melting is locally demonstrated by the duplex termini

and at the CpG motif.
Although the duplex melting itself has been found to proceed in a

two-state manner with negligibly populated intermediates, some modi-
fications of this general scheme have been revealed. Since the deviating
values of Tm and ∆G310 K located at the ODN ends and in some central
CpG steps contrast with non-significant variations of ∆G†

310 K, it is a fast
chemical exchange that influences the apparent stabilities observed for
the affected nucleotides. Most probably, some rapid temperature-sensitive
equilibrium is present in the system, additionally to the duplex–single
strand transition. Condensation of the duplexes into higher-order com-
plexes, conformational changes in the DNA backbone, locally different

8although only one value, namely for C4H6 in CTACGTAG, is available
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7.7 A three-state process in CTTCGAAG

degree of solvent accessibility, or some rearrangements in the water–DNA
interactions or changes in their dynamics may underlie our observations.

7.7 A three-state process in CTTCGAAG

The VT NMR spectra of G5H8 in CTTCGAAG cannot be reliably mod-
elled by the usual model assuming a two-state process with linear che-
mical-shift asymptotes: there appears a hump in the peak position in the
vicinity of 310 K (Fig. 7.35). This phenomenon has not been observed for
any other resonance of any other ODN. In addition, the melting-induced
upfield change of its chemical shift is unusual among GH8 (Fig. 7.13 on
page 80).

280 300 320 340 360
7.75

7.80

7.85

7.90

7.95

T / K

δ 
/ p

pm

Figure 7.35 Chemical shifts of G5H8 of CTTCGAAG (c = 1.06 mM)

The character of the melting curve may indicate that the unfolding is
in fact a two-state process but suffers from a non-linearity of the chemi-
cal shifts in single strands. A model with parabolic asymptotes has been
tested but it did not explain the data correctly. We assume that a three-
state equilibrium accompanies the duplex melting.

Properties of the two transitions, even their stoichiometries, can hardly
be estimated from a single melting curve. With the objective of a more
profound explanation of the processes happening around the central CpG
step, the 1H VT NMR spectra have been acquired for four ODN concen-
trations, spanning almost an order of magnitude (Table 7.1 on page 62).
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7. Self-complementary DNA duplexes

7.7.1 Global two-state characteristics at variable ODN concentration

Before any three-state model was employed, the usual two-state analy-
sis of the experimental data was performed. Both the aromatic and the
thymine methyl regions were fitted by the Lorentzian curves even at
medium temperatures, additionally to the exchange line shapes.

The results of the global fits of δ(T) for each of the concentrations
and for all concentrations jointly are presented in Table 7.8. Results of
the thermodynamic fits of pA(T) and kA(T) obtained from exchange fits
of Ha resonances are collected in Table 7.9 and Table 7.10. The values of
Tglob

m were also fitted by their estimated dependence on c, Eq. (3.24).
As expected, the overall double-helix stability in the terms of Tglob

m in-
creases with concentration. On the other hand, the values of both ∆Hglob

and ∆Sglob obtained from the fits of δ(T) clearly increase with increasing
c which is also true for ∆Gglob

310 K calculated from them (Table 7.8). This

Table 7.8 Results of global fitting of δ(T) assuming the two-state pro-
cess for various c of CTTCGAAG. All: joint fit of all profiles at all concen-
trations; vH: van ’t Hoff fit of Tm(c) by Eq. (3.24)

c
mM

Tglob
m

K

∆Gglob
310 K

kJ ·mol−1
∆Hglob

kJ ·mol−1
∆Sglob

J ·mol−1 ·K−1

H2, H6, H7, H8
0.53 319.7± 0.1 −29.1± 0.3 −317± 7 −927± 21
0.95 320.7± 0.1 −27.0± 0.3 −273± 5 −793± 16
1.80 322.6± 0.1 −25.9± 0.3 −245± 5 −708± 14
3.92 326.0± 0.1 −25.0± 0.2 −219± 4 −625± 11

All 321.1± 0.1a −26.6± 0.1 −255± 2 −737± 7
vH 321.2± 0.1a −26.8± 0.3 −260± 7 −751± 23

H1′
0.53 320.9± 0.2 −31.0± 0.4 −339± 9 −993± 28
0.95 322.0± 0.2 −28.1± 0.3 −275± 6 −796± 19
1.80 324.5± 0.2 −27.4± 0.4 −248± 6 −713± 18
3.92 327.5± 0.2 −26.9± 0.4 −236± 5 −673± 17

All 322.2± 0.1a −27.4± 0.1 −253± 3 −726± 8
vH 322.5± 0.1a −27.4± 0.3 −248± 8 −713± 25

aTm calculated for c = 1 mM
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7.7 A three-state process in CTTCGAAG

Table 7.9 Results of global fitting of pA(T) assuming the two-state
process for various c of CTTCGAAG. All: joint fit of all profiles at all
concentrations; vH: van ’t Hoff fit of Tm(c) by Eq. (3.24)

c
mM

Tglob
m

K

∆Gglob
310 K

kJ ·mol−1
∆Hglob

kJ ·mol−1
∆Sglob

J ·mol−1 ·K−1

H2, H6, H7, H8
0.53 318.0± 0.1 −25.6± 0.1 −245± 4 −707± 11
0.95 320.8± 0.1 −26.4± 0.2 −251± 4 −723± 13
1.80 323.0± 0.1 −26.5± 0.3 −254± 5 −733± 16
3.92 326.1± 0.1 −26.4± 0.3 −246± 4 −707± 14

All 320.7± 0.1a −25.8± 0.1 −242± 2 −697± 6
vH 320.6± 0.1a −24.7± 0.1 −210± 4 −597± 12

aTm calculated for c = 1 mM

Table 7.10 Results of global fitting of kA(T) assuming the two-state
process for various c of CTTCGAAG. All: joint fit of all profiles at all
concentrations; Ave: error-weighted averages and standard deviations

c
mM

∆G†,glob
310 K

kJ ·mol−1
∆H†,glob

kJ ·mol−1
∆S†,glob

J ·mol−1 ·K−1

H2, H6, H7, H8
0.53 66.6± 0.1 194± 4 411± 13
0.95 66.4± 0.2 188± 5 391± 14
1.80 66.4± 0.2 193± 5 409± 16
3.92 67.3± 0.3 234± 7 539± 21

All 66.6± 0.1 196± 2 419± 7
Ave 66.6± 0.3 200± 17 429± 54

effect cannot be explained by the simple thermodynamic model applied.
It is not observed for the results of pA(T) fitting where these quantities
stay – surprisingly well, almost perfectly – intact (Table 7.9). This discrep-
ancy might be connected to a duplex condensation witnessed already by
chemical shifts (§ 7.5.4 on page 95) to which the exchange fits would be
immune due to extrapolation of δ from the linear regions only.

The fits of Tglob
m (c) by Eq. (3.24) give very similar ∆H and ∆S to those

obtained from joint global fits of individual melting profiles (Fig. 7.36).
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Figure 7.36 Van ’t Hoff plot of Tglob
m (c) for indicated classes of nu-

clei and fitting methods. Solid lines: fits by Eq. (3.24); dashed lines:
results of joint fits of all δ(T) of the corresponding proton classes at
all concentrations

The largest differences are for the exchange-determined aromatic values.
We can ascribe it to the fact that the van ’t Hoff fit handles only the few
Tglob

m values, which are already products of previous fits of the melting
curves. The joint fits of pA(T), on the other hand, work with all the orig-
inal data together which leads to suppression of imprecisely obtained
numbers by the error weighting. This approach appears more reliable
and, indeed, the enthalpy and entropy changes lie closer to those from
the δ(T) dependence.

We can see that Tglob
m obtained from the H1′ resonances are more than

1 K higher than from the aromatic hydrogens, similarly to the findings
for other ODN sequences described in § 7.6.1 on page 99. Since the com-
parison of Tglob

m determined by the fits of Lorentzian and exchange line
shapes of Ha shows no big impact of the selection of a particular spectral-
fitting method, the higher apparent stabilities of H1′ relative to Ha are not
caused by the different approaches to these two classes of hydrogen nu-
clei. It indicates that there is an intrinsic structural transition to which the
Ha and H1′ protons are differently sensitive.
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7.7 A three-state process in CTTCGAAG

The kinetic parameters do not change significantly with c (Table 7.10)
which is in agreement with the presumptions. There is only a deviation
for the highest c but removing several values of kA that apparently have
accidentally underestimated errors much improves the match with the
other concentrations.

7.7.2 Deviations from the global two-state fits

Despite there are no obvious discrepancies in the global thermodynamic
quantities, a violation of the two-state model can be seen in the residuals
of the CTTCGAAG chemical shifts from their global fits9 (Fig. 7.37 and
Fig. 7.38). The deviations were not that high for any other ODN sequence
in our set.

The residuals from global fitting of pA are also larger than for other
ODN sequences (Fig. 7.39). The absence of any oscillations similar to what
was seen in the residuals of δ is probably caused by the exchange line-
shape analysis that presumes the two-state behaviour in its definition.

7.7.3 Equilibrium witnessed by G5H8

The most deviating chemical shifts are observed for the G5H8 nucleus.
Fits by the three-state processes described by Eq. (3.29) and Eq. (3.30)
have been performed for the G5H8 shifts. In accordance with the previous
analyses of NMR melting data, we suppose that δ of the states prevalent
at the lowest and highest temperatures are linear with respect to T. On the
other hand, δ of the third state is very poorly and indirectly determined
because there is no temperature at which this site dominates. In order to
improve the stability of the fits we model it as temperature independent.

First, we assumed the D1–D2–S scheme (3.29) with a duplex–duplex
transition in the first step. During the fit of δ(T) optimising all the ther-
modynamic parameters together with the chemical-shift asymptotes, the
characteristics of the first transition, D1–D2, were common for all c but the
melting transition, D2–S, was independent at each c. This analysis yielded
Tm of the D2–S process increasing with c, while ∆H and ∆S are relatively
unchanged (Fig. 7.40 and Table 7.11).

9performed independently for each concentration
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Figure 7.37 Residuals of δ of aromatic protons from their global
fits by the two-state model. All plots with the same scales. Error bars
shown only for the highest c for better clarity
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Figure 7.38 Residuals of δ of H1′ from their global fits by the
two-state model. All plots with the same scales (matching those in
Fig. 7.37). Error bars shown only for the highest c for better clarity

Next, the second type of the three-state model, D–S1–S2 (3.30), was ap-
plied, with the parameters of the second step kept independent on c. Sup-
posing that the fully unfolded single strands are identified as S2 resulted
in non-monotonic dependence of the duplex–single strand Tm. However,
the model in Eq. (3.30) can also be interpreted in another way: the fully
melted state can be S1 whereas S2 can be some unimolecular fold, e.g. a
hairpin, which is unstable at high temperatures. This gave more realistic
results but the temperature dependence of chemical shifts is not reliably
reproduced by the fit, especially around the local maxima near 310 K, and
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Figure 7.39 Residuals of pA from their global fits. All plots with the
same scales. Error bars shown only for the highest concentration for
better clarity
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Table 7.11 Results of fitting of the D1–D2–S three-state process (3.29)
to δ(T) of G5H8 in CTTCGAAG for various c

c
mM

Tm

K
∆G310 K

kJ ·mol−1
∆H

kJ ·mol−1
∆S

J ·mol−1 ·K−1

D1 À D2
All 308± 3 13± 3 −350± 160 −1190± 520

D2 À S + S
0.53 325± 5 −27± 4 −168± 47 −450± 140
0.95 326± 4 −27± 4 −174± 44 −470± 130
1.80 327± 3 −26± 4 −178± 43 −490± 130
3.92 330± 3 −26± 4 −187± 47 −520± 140
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Figure 7.40 Results of the fits of δ(T) of G5H8 in CTTCGAAG at
various c by the D1–D2–S three-state model (3.29). Top: chemical shifts;
dotted lines: chemical shifts of individual sites; dashed vertical lines:
transition temperatures of the two processes; error bars omitted for
clarity. Bottom: relative populations of D1, D2, and S
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the chemical shifts of the two single-strand species appear to be too much
away from the measured values (Fig. 7.41).

Based on the above analysis of G5H8 chemical shifts we could con-
clude that the D1–D2–S model involving a duplex–duplex transition fol-
lowed by its denaturation to single strands is more likely. On the other
hand, there are large errors in the fitted parameters that make the results
far from satisfactory without any additional experiments. Also, the high-
est deviations from the two-state model located close to Tm unexpectedly
decrease with increasing c (Fig. 7.37) which would be more consistent
with the D–S1–S2 model.
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Figure 7.41 Results of the fits of δ(T) of G5H8 in CTTCGAAG at
various c by the D–S1–S2 three-state model (3.30). Top: chemical shifts;
dotted lines: chemical shifts of duplex (δ of S1 below 7.76 ppm and
δ of S2 around 8.3 ppm are outside the plot limits); dashed vertical
lines: transition temperatures of the two processes; error bars omitted
for clarity. Bottom: relative populations of D, S2, and S1 (their maxima
from left to right)
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Analyses by the three-state model have also been tried for other 1H
nuclei of CTTCGAAG. Nevertheless, no reliable results can be obtained
because the melting curves can be relatively well explained by the ordi-
nary two-state melting. The two transitions which are observed separately
in the case of G5H8 resonance could still be present for the other spectral
lines but merged into apparently one process.

7.7.4 Comparison with CATCGATG

The central tetranucleotide, TCGA, is shared with another ODN in our se-
ries, namely CATCGATG, that differs from CTTCGAAG by the reversed
second base pair. This modification removes the series of four pyrimidines
followed by four purines and breaks the T2 and A2 repetitions.

In the melting profiles of CATCGATG, no severe violations of the
two-state model have been discovered. It explains the melting data much
more neatly for all the 1H resonances, except for those in the C1 terminal
residue (Fig. 7.42).

7.7.5 Melting curves from UV and Raman

During the research of the methylation impact in Chapter 8, the CTTC-
GAAG sample was also subjected to the measurements of UV and RS.

In UV, the hypothetical duplex–duplex transition around 308 K from
Table 7.11 would not be detectable because it is already above Tm = 300 K
due to low c = 12.0 µM. Any unimolecular folding process in the D–S1–
S2 model (3.30) is not detected either although this would be possible if
the transition temperatures were as in Fig. 7.41.

The two-state model suits also well the Raman spectra measured at
c = 2.8 mM with Tm = 323 K, which sufficiently separates the proper
duplex melting from the other transition.

It can be summarised that although at least one of these experimental
techniques in principle allows observation of the extra transition revealed
in NMR spectrum mainly for G5H8, it has not been detected. The spectral
changes in UV and RS are probably too small to be observed in the VT
measurements.
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7. Self-complementary DNA duplexes
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Figure 7.42 Residuals of pA of CATCGATG from their global fits.
All plots with the same scales (matching those in Fig. 7.39)
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7.7 A three-state process in CTTCGAAG

7.7.6 Extraordinary melting thermodynamics

The series of 1H VT NMR spectra with variable concentration of CTTC-
GAAG has revealed a deviation from the otherwise two-state DNA du-
plex melting. We observed that:

a. the overall concentration-dependent two-state melting follows well
the van ’t Hoff equation and the kinetics is conserved;

b. exchange and Lorentzian fits of the NMR spectra yield the same
thermodynamic results but the exchange approach profits from the
assessment of the kinetics;

c. different sensitivity of the aromatic and saccharide hydrogens to the
melting process has been confirmed;

d. there is clearly a non-two-state behaviour of the G5H8 chemical
shifts;

e. fitting of three-state processes to the G5H8 δ(T) favours the D1–D2–
S model (3.29) over the D–S1–S2 scheme (3.30) but a contradictory
conclusion comes from larger deviations at lower concentrations;

f. UV and RS conform to the two-state melting;
g. the anomalous behaviour is not detected in a closely related ODN

sequence CATCGATG.
Although we succeeded in modelling the data by the three-state equi-

libria, no evidence is strong enough to rule out any of the two possible
melting pathways. An unusual chemical exchange, ascribed to two differ-
ent duplex conformations, was also reported earlier for the 31P resonance
of the CpG phosphorus [221]. The interesting properties of this particular
DNA double-helix are yet to be investigated in more detail, employing
additional experiments with a wider range of ODN concentration.
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8 DUPLEXES WITH
5-METHYLCYTOSINE

8.1 Samples

To find out the effect of the methylation of cytosine in the CpG motif of
self-complementary DNA fragments on the spectral and thermodynamic
properties, variable-temperature NMR experiments were carried on so-
lutions of three ODN sequences carrying the symmetrically methylated
(m5CpG)·(m5CpG) central segment. They are listed in Table 8.1.

Table 8.1 Concentrations, c, of ODN samples with m5C measured by
31P qNMR and calculated from the provider data (Provider)

c / mM

Sequence 31P qNMR Provider

CAAm5CGTTG 1.01± 0.05 1.40
CATm5CGATG 1.12± 0.06 1.36
CTTm5CGAAG 0.92± 0.05 1.09

All of these DNA fragments have their unmodified counterparts in
the previous chapter dealing with the self-complementary duplexes. 1H
NMR spectra of one sample, CAAm5CGTTG, were measured by a bach-
elor student under my supervision [205] and the results are significantly
extended in this dissertation.

8.2 Assignment of 1H NMR spectra

The standard assignment protocols (§ 4.3.1 on page 40) are not affected
by the presence of m5C because the main scheme is based on H6 and
H8 resonances. The methyl hydrogens H7 of m5C experience the same
chemical shift range and the same direct dipole–dipole interactions as the
thymine methyl.
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8. Duplexes with 5-methylcytosine

All the aromatic, exchangeable, and anomeric protons have been suc-
cessfully identified from the NOESY spectra (Fig. A.9–A.11 in Appendix).
Even in the complicated region of H2′ and H2′′ resonances, all signals
were distinguished stereospecifically in the NOESY spectra except for the
G5 deoxyribose in CTTm5CGAAG, which is a feature conserved from the
unmethylated duplex. The resonances have been tracked to single strands
along the temperature series of 1D spectra.

Special treatments were needed in a few unclear cases (Table 8.2). An
example of the assignment of equivocal T and m5C methyl protons in
single strands is shown in Fig. 8.1.

The duplex shifts are presented in Table A.2 and the single-strand
shifts in Table A.4 in Appendix.

1.801.851.901.95 ppm

Figure 8.1 Assignment of methyl groups in CTTm5CGAAG at
350 K. From top to bottom: selective 1H COSY with selective irradi-
ation of T2H6, T3H6, and m5C4H6 protons; normal 1D 1H spectrum
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8.3 Effect of cytosine methylation on 1H chemical shifts

Table 8.2 Resonances assigned ambiguously and methods of resolving
them with marks indicating whether the approach has been successful.
Duplex is indicated by ‘d’ and single strands by ‘s’

Sample Ambiguities Method applied, conditions

CATm5CGATG AH2 (d) NOESY, 294 K X
TH3 (d) NOESY, 294 K X
TH7 (s) selective COSY, 338 K X

CTTm5CGAAG TH7 (s) selective COSY, 326 K, 350 K X
AH2 (s) analogy with CTTCGAAG X

8.3 Effect of cytosine methylation on 1H chemical shifts

This section evaluates the influence of the methyl group added to cytosine
on δ. The experimental chemical shifts for unmodified and methylated
ODN, obtained from Lorentzian-line fits, and their dependence on tem-
perature are analysed. In addition, new parameters for m5C-containing
ODN are modestly attached to the state-of-the-art prediction protocols.

8.3.1 Changes of chemical shifts

Differences between chemical shifts after methylation, δMe, and in un-
modified ODN, δNorm, are shown in Fig. 8.2 and Fig. 8.3 for duplex and
in Fig. 8.4 for single strands.

The increased shielding (∆δ
.
= −0.17 ppm) of the base protons H6 of

the modified cytosine itself is commonly explained by the positive induc-
tive effect caused by the electron-donating methyl group [105]. The shifts
of nucleotides adjacent to the chemical modification are also affected. In
duplex, this effect is propagated further along the double-helix compared
to the situation in the random-coil state.

A closer look on the data in duplex reveals that larger changes are
observed for the base and sugar protons of the 5′-adjacent nucleotide W3
(i.e., A3 or T3) than for the 3′-neighbouring G5. This finding agrees well
with a previous work [105] where changes very similar to our values were
measured for thymine in a (TCG)·(CGA) triplet. We explain such differ-
entially larger sensitivity of the 5′-neighbour by the spatial proximity of
the affected hydrogens to CH5/m5CH7.
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8. Duplexes with 5-methylcytosine
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Figure 8.2 Changes in chemical shifts of non-exchangeable protons
in duplex (284 K) induced by methylation of C4. ∆δ = δMe − δNorm.
The asterisks mark overlapping H2′ and H2′′ resonances
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Figure 8.3 Changes in chemical shifts of exchangeable protons in
duplex (284 K) induced by methylation of C4. ∆δ = δMe − δNorm
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8.3 Effect of cytosine methylation on 1H chemical shifts
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Figure 8.4 Changes in chemical shifts of protons in single strands
(354 K) induced by methylation of C4. ∆δ = δMe − δNorm

Remarkably large ∆δ are presented by G5H8, T6H7, and T7H3 pro-
tons of the (CAACGTTG)2 duplex (Table 8.3). The values for T6H7 are
close to those reported previously in the RACGTY1 fragments [109, 107]
(Table 8.3). While only a subtle conformational variation is seen after the
methylation in the GACGTC context [107], the central part of the dou-
ble helix containing an A-tract is significantly affected [109]. Changes in
the solvation shell were suggested as the cause of the shielding differ-
ences [107]. We also observed the differential sensitivity of TH7 to the
5′-surrounding one base apart (Fig. 7.6 on page 69). Therefore, because
of similar effects on δ regardless of the structural change, a net next-
nearest-neighbour influence or an inter-strand interaction is responsible
(Fig. 8.5). Experiments with asymmetrically methylated duplexes would
help to confirm or reject this hypothesis.

The above observations prove that the effect of methylation depends
on wider sequence context and not only on the nature of the neighbouring
bases. It should be regarded as a part of evidence that the DNA double-
helix possesses a long-range sensitivity to its modifications.

In single strands, the changes in neighbouring nucleotides are largely
suppressed. It seems that the much more flexible structure with weaker sta-
cking diminishes the through-space interactions between adjacent bases.

1R = A or G (purine bases); Y = C or T (pyrimidine bases)
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8. Duplexes with 5-methylcytosine

Table 8.3 Chemical-shift differences of selected 1H induced by sym-
metric methylation of cytosines in the central (CpG)·(CpG) in duplex.
∆δ = δMe − δNorm. The numbering of nucleotides refers to the octamer

∆δ / ppm

G5H8 T6H7 T7H3 Source

CAACGTTG −0.097 −0.073 −0.055 This work
GAAAACGTTTTC −0.10 −0.07 −0.01 [109]

GAGATGACGTCATCTC −0.08 −0.05 [107]

Figure 8.5 Scheme of the possible interactions of m5C methyl
groups (cyan dots) with T6H7 and T7H3 in CAACGTTG. The two-
fold symmetry of the self-complementary duplex is stressed by the
rotation of the bottom strand. Purines are shown larger than pyrim-
idines

8.3.2 New predictions for m5C-containing ODN

As described above, the effect of cytosine methylation on 1H chemical
shifts in adjacent nucleotides represents a complex problem. Despite this,
we propose new values for predictions of δ in DNA sequences containing
the m5C base according to the protocols developed by other researchers
for the major bases [163, 173]. We are aware of the lack of sufficiently
large set of experimental results to reliably establish statistically robust
predictions. Additionally, we don’t have enough data to predict every
possible triplet containing m5C due to the limited number of sequences
used. However, this could be a first approximation when dealing with
methylated oligonucleotides, which is not available in the literature yet.

The 1H chemical shifts of the m5C nucleotide in duplex are shown
in Table 8.4. The effects of cytosine methylation on nucleotides adjacent
to m5C are gathered in Table 8.5: these values should just be added to
the shifts predicted for duplexes bearing regular C [163]. The presented
values originate from our work joint with chemical shifts published else-
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8.3 Effect of cytosine methylation on 1H chemical shifts

Table 8.4 Average chemical shifts, δ, of m5C in various sequence con-
texts in duplex together with their standard deviations, σ, and counts of
experimental data used for the averaging, N

Non-exchangeable, (282–300) K Amino, 283 K

H6 H7 H1′ H2′ H2′′ H41 H42

δ / ppm

Am5CG 6.96 1.49 5.52 1.98 2.34 8.31 6.16
ATm5CG 7.25 1.69 5.54 2.04 2.35 8.70 6.45
TTm5CG 7.28 1.78 5.52 1.99 2.28 8.83 6.64

σ / ppm

Am5CG 0.07 0.10 0.01 0.08 0.01
ATm5CG 0.02 0.03 0.02 0.02 0.02 0.01 0.02
TTm5CG 0.02 0.04 0.09 0.04 0.02 0.02 0.01

N

Am5CG 2 2 2 2 2 1 1
ATm5CG 2 2 2 2 2 2 2
TTm5CG 3 2 3 2 2 2 2

where [105, 106, 109] from which all the values were used except for the
amino hydrogens from [109] which lie more than 0.3 ppm upfield from
ours. Due to the relatively strong influence of the 5′-next-nearest neigh-
bour on cytosine shifts in the TCG triplet and on methylation-induced
changes of guanine shifts in ACGT and TCGA, we treat these cases sep-
arately.

Another approach is taken for prediction of the single-strand chemi-
cal shifts [173]: the trinucleotides are considered independently and there
are supplementary numbers accounting for the effects of next-nearest
neighbours. We present only the average δ of the central residues in m5C-
containing triplets found in our samples (Table 8.6) which we suggest to
be used directly for eventual predictions of shifts in these triplets. We
ignore the next-nearest-neighbour corrections as they were found negli-
gible, less than 0.01 ppm. As opposed to the duplex state, we cannot join
our data with literature values because, unfortunately, only the double-
helical chemical shifts have been published [105, 106, 109].
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8. Duplexes with 5-methylcytosine

Table 8.5 Increments of chemical shifts in duplex, ∆δ = δMe− δNorm, of
nucleotides adjacent to cytosine caused by its methylation, together with
their standard deviations, σ, and counts of experimental data used for the
averaging, N

Non-exchangeable, (282–300) K Imino, 283 K

H6/H8 H2/H7 H1′ H2′ H2′′ H1/H3

∆δ / ppm

5′-A 0.05 0.02 0.03 −0.02 0.08
5′-T 0.04 0.02 0.03 −0.07 0.07 −0.03

3′-G in ACGT −0.09 −0.04 −0.03 −0.03 −0.01
3′-G in TCGA −0.01 −0.01 −0.01 −0.02 0.02

σ / ppm

5′-A 0.00 0.00 0.01 0.00 0.00
5′-T 0.01 0.01 0.02 0.01 0.01 0.03

3′-G in ACGT 0.01 0.01 0.01 0.01 0.01
3′-G in TCGA 0.01 0.01 0.02 0.01 0.01

N

5′-A 2 2 2 2 2
5′-T 5 5 5 4 4 4

3′-G in ACGT 2 2 2 2 2
3′-G in TCGA 5 5 4 4 5

8.3.3 Sensitivity of chemical-shift slopes to methylation

The differences between the slopes of δ(T), obtained by linear fitting, in
methylated, aMe, and in unmodified ODN, aNorm, are shown in Fig. 8.6
and Fig. 8.7 for duplex and in Fig. 8.8 for single strands.

In contrast to the shifts at a single temperature, the methylation-indu-
ced changes in the slopes have no general tendency to diminish further
from the methylated base. In single strands, the amplitudes of ∆a are
not significantly lowered compared to duplex. In addition to these global
statements, two main phenomena are found:

a. the slopes of C4H6 and G5H1′ shifts in duplex are affected homoge-
nously in the three sequences studied;
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8.3 Effect of cytosine methylation on 1H chemical shifts

Table 8.6 Chemical shifts δ of the central nucleotides N in various
triplets in single strands (354 K). The triplets Tm5CG and m5CGA occur
twice in our sequences, hence their averages are shown and standard
deviations σ appended

N Triplet H6/H8 H2/H7 H1′

δ / ppm

m5C Am5CG 7.34 1.76 6.10
Tm5CG 7.41 1.90 6.12

A AAm5C 8.23 7.98 6.24
T ATm5C 7.47 1.75 6.11

TTm5C 7.55 1.85 6.15
G m5CGA 7.77 5.80

m5CGT 7.88 6.09

σ / ppm

m5C Tm5CG < 0.01 0.01 0.02
G m5CGA < 0.01 0.06
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Figure 8.6 Changes in chemical-shift slopes of non-exchangeable
protons in duplex induced by methylation of C4. ∆a = aMe − aNorm
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8. Duplexes with 5-methylcytosine
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Figure 8.7 Changes in chemical-shift slopes of exchangeable pro-
tons in duplex induced by methylation of C4. ∆a = aMe − aNorm
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Figure 8.8 Changes in chemical-shift slopes in single strands in-
duced by methylation of C4. ∆a = aMe − aNorm
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8.4 Methylated-duplex melting observed by 1H NMR

b. a strong long-range influence is found in the double-helical CAAC-
GTTG: the highly positive ∆a of G5H8 and T6H7, correlating with
the anomalies observed for duplex chemical shifts at a single tem-
perature (Table 8.3), are supported by large slope differences of the
exchangeable protons throughout the entire molecule.

8.3.4 Delocalised shielding changes

We have shown that the cytosine methylation strongly affects not only
the chemical shifts of the most proximal hydrogen nuclei but also those
several base pairs away. This is also underlying the parameters for pre-
diction of chemical shifts proposed in this section. The importance of
the sequence context makes the nearest-neighbour approach untrustwor-
thy when accurate description of the duplex properties is needed. The
DNA double helix cannot be imagined as a series of isolated base-pair
couples. Instead, much longer segments must be considered in future
models, reflecting the propagation of the stacking interaction along the
double-stranded DNA.

Our results reveal that the temperature dependence of chemical shifts
can also serve as a sensitive probe of the double-helix properties. As an
example, a globally anomalous response to the CpG methylation is ob-
served for the CAACGTTG sequence.

8.4 Methylated-duplex melting observed by 1H NMR

The line-shape fitting of 1H spectra was performed in the same way as for
unmodified ODN (§ 7.6 on page 96). The results of the thermodynamic
analysis by the van ’t Hoff and Eyring models are tabulated in § A.5 of
Appendix (page A-32) and compared to the unmethylated analogues in
Fig. 8.9–8.11. The results of the global fits are in Table 8.7 and Table 8.8.

8.4.1 Methylation effect on duplex stability

Comparison of the results from the global fits of unmodified (Table 7.6
on page 100 and Table 7.7 on page 101) and methylated ODN (Table 8.7
and Table 8.8) reveals that the methylated analogues are a bit more stable
under the same conditions and that the activation energies for duplex
disruption are higher when m5C is present.
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8. Duplexes with 5-methylcytosine
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Figure 8.9 Individual Tm of 1H resonances in methylated and un-
modified ODN recalculated for c = 1 mM. Open symbols: unmethy-
lated; filled symbols: methylated. Black squares: CAACGTTG; green
circles: CATCGATG; blue triangles: CTTCGAAG. W = A or T. Dashed
lines only connecting points for better clarity

134



8.4 Methylated-duplex melting observed by 1H NMR
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Figure 8.10 Individual ∆G310 K of 1H resonances in methylated
and unmodified ODN. Open symbols: unmethylated; filled symbols:
methylated. Black squares: CAACGTTG; green circles: CATCGATG;
blue triangles: CTTCGAAG. W = A or T. Dashed lines only connect-
ing points for better clarity
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8. Duplexes with 5-methylcytosine
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Figure 8.11 Individual ∆G†
310 K of 1H resonances in methylated

and unmodified ODN. Open symbols: unmethylated; filled symbols:
methylated. Black squares: CAACGTTG; green circles: CATCGATG;
blue triangles: CTTCGAAG. W = A or T. Dashed lines only connect-
ing points for better clarity

The differences in duplex stability and in the activation energies are
not restricted to the central parts of the double helix (Fig. 8.9–8.11). In-
stead, the methylation-induced changes are distributed evenly among
the whole DNA strand. The duplex structure is highly cooperative and
the chemical modification in its middle base pair has a similar influ-
ence on all the nucleotides. No particular anomaly has been observed
even for CAACGTTG although there are unexpectedly high and delo-
calised changes in chemical shifts after methylation. Similar extent of the
melting cooperativity has been seen also after adenine substitution by
2-aminopurine [222].
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8.4 Methylated-duplex melting observed by 1H NMR

Table 8.7 Results of global fitting of pA(T) for Ha (H2, H6, H7, and
H8) and δ(T) for H1′ protons. Tglob

m are calculated for 1 mM ODN con-
centration. The errors presented are coming purely from the fits

Tglob
m

K

∆Gglob
310 K

kJ ·mol−1
∆Hglob

kJ ·mol−1
∆Sglob

J ·mol−1 ·K−1

CAAm5CGTTG
Ha 325.1± 0.1 −29.7± 0.1 −257± 2 −733± 7
H1′ 326.0± 0.1 −30.7± 0.3 −263± 4 −750± 13

CATm5CGATG
Ha 325.4± 0.1 −30.4± 0.1 −266± 2 −761± 7
H1′ 325.5± 0.1 −30.7± 0.3 −270± 5 −772± 14

CTTm5CGAAG
Ha 321.1± 0.1 −28.5± 0.2 −310± 4 −907± 13
H1′ 324.1± 0.1 −40.6± 0.2 −525± 3 −1561± 10

Table 8.8 Results of global fitting of kA(T) of all relevant H2, H6, H7,
and H8 protons. The errors presented are coming purely from the fits

∆G†,glob
310 K

kJ ·mol−1
∆H†,glob

kJ ·mol−1
∆S†,glob

J ·mol−1 ·K−1

CAAm5CGTTG 68.0± 0.1 256± 2 606± 7
CATm5CGATG 68.2± 0.1 239± 2 551± 8
CTTm5CGAAG 67.8± 0.1 186± 4 380± 13

Based on our results, it can be concluded that the symmetric cytosine
methylation of CpG:

a. increases the stability of the DNA double-helix;
b. slows down the DNA double-helix disruption;
c. affects at least three base pairs in both directions away from the

methylated site.

8.4.2 A three-state process in CTTm5CGAAG

Similarly to the non-methylated analogue (§ 7.7 on page 109), δ(T) of
G5H8 in CTTm5CGAAG was also subjected to the fit by the three-state
models according to the schemes in Eq. (3.29) and (3.30), although only
one ODN concentration is available (Fig. 8.12). In the case of the hypothet-
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Figure 8.12 Chemical shifts of G5H8 in CTTm5CGAAG together
with their fit by the D1–D2–S three-state model (3.29). Dotted lines:
chemical shifts of individual sites. Dashed vertical lines: transition
temperatures of the two processes

ical D1–D2–S process (3.29), both the first and second transition move to
higher temperatures by (4–5) K relative to the unmethylated ODN. This is
consistent with the generally observed higher rigidity of the methylated
double helix. Detailed description of the underlying thermodynamics re-
quires additional experiments, at least the variable-concentration mea-
surements, which are currently in progress.

8.5 Joint melting analysis by NMR, UV, and RS

In order to evaluate the melting parameters with lower mutual corre-
lation than from a single melting curve, we measured the temperature-
dependent UV and RS spectra of the methylated sequences as well as of
their unmodified counterparts in a large concentration range.

The absorption at 260 nm was used as the melting curve and fitted by
Eq. (3.25) with linear base lines xA and xB.

The Raman spectra show remarkable changes mainly in the inten-
sities of certain bands. We extracted the main melting signatures by a
SINGULAR-VALUE DECOMPOSITION (SVD, Fig. 8.13) of each VT data set
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8.5 Joint melting analysis by NMR, UV, and RS

Figure 8.13 SVD of VT RS of CATCGATG. Top: statistical weights
of the subspectrum j, W, and residual errors caused by considering j
subspectra, E. Bottom: the first three subspectra, U1, U2, and U3 (with
the wavenumber ν̃ on the horizontal axis), and their relative contri-
butions, V1, V2, and V3, to the experimental spectra acquired at the
temperature t indicated. Solid red curve: fit of V2
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8. Duplexes with 5-methylcytosine

of the six samples. We performed the fits of the melting curve (3.25) with
linear base lines to the scores of the second spectral component, V2.

The results of UV and RS analyses, together with the global 1H NMR
values from Ha (Table 7.6 on page 100 and Table 8.7 on page 137), yielded
Tm at a wide concentration window spanning almost three orders of
magnitude of c. Their errors were estimated as sums of squares of the
Tm errors coming from the underlying fits and the uncertainties in the
temperature settings during the experiments. It allows us to quite reli-
ably estimate the underlying changes in enthalpy and entropy and their
methylation-caused differences by using Eq. (3.24) – the fit results are
presented in Fig. 8.14 and Table 8.9. Interestingly, we found that upon
methylation, the values of ∆H and ∆S of the duplex formation have risen
in the case of TT preceding and AA following the CpG motif, they have
remained unchanged in the AA–TT surrounding and have decreased for
AT dinucleotide before and after CpG. Hence, the detailed thermody-
namic reasons for the methylation-induced stabilisation of DNA double-
helix vary in different sequence contexts.

Figure 8.14 Van ’t Hoff plot of Tm(c). Lines: fits by Eq. (3.24).
Empty symbols and dashed lines:unmethylated; filled symbols and
solid lines: methylated samples
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8.5 Joint melting analysis by NMR, UV, and RS

Table 8.9 Enthalpies and entropies of duplex formation obtained from
joint analysis of NMR, UV, and RS. The methylation-induced changes in
∆H and ∆S are shown as ∆∆H and ∆∆S, respectively

∆H
kJ mol−1

∆∆H
kJ mol−1

∆S
J mol−1 K−1

∆∆S
J mol−1 K−1

CAACGTTG −254± 11 −725± 35
CAAm5CGTTG −255± 13 −2± 17 −727± 39 −1± 52
CATCGATG −260± 11 −747± 36
CATm5CGATG −285± 14 −24± 18 −819± 44 −72± 57
CTTCGAAG −191± 7 −541± 23
CTTm5CGAAG −169± 6 21± 9 −469± 19 71± 30
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9 NON-CANONICAL
DNA MOTIFS

9.1 Sequences based on serum response element

We employed various strategies to determine whether ODN molecules
based on the serum response element (SRE) fold into a duplex or a hairpin
(Fig. 2.9 on page 24). Substantial part of this study is formed by NOESY
analysis and thermodynamic characterisation by variable-temperature 1H
NMR. Earlier, UV melting experiments were performed for selected ODN
sequences [132].

In our laboratory, the NMR work on ODN sequences coming from
one SRE strand was started during a master’s thesis under my supervi-
sion [223] and it was further developed in this dissertation. Three ODN
were studied (Table 9.1) at concentrations approximately 1 mM.

Table 9.1 ODN sequences based on SRE. Individual nucleotides are
numbered from 5′- to 3′-end of the longest sequence, s1fos16. Sequences
s1fos14 and s1fos12 are numbered starting from 2 and 3, respectively, so
that the nucleotide numbers match across the three sequences

Label Sequence

s1fos16 TGTCCATATTAGGACA
s1fos14 GTCCATATTAGGAC
s1fos12 TCCATATTAGGA

numbering 1 . . . 16

9.1.1 Assignment of 1H chemical shifts

The standard assignment procedures (§ 4.3.1 on page 40) were applied.
For this purpose, it is not important whether the real structure adopted
by the ODN is duplex or hairpin: although the NOE connectivities would
be distinct in the two cases, the stem (the double-helical part formed by
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9. Non-canonical DNA motifs

the complementary bases) would be approximately shared (Fig. 2.9 on
page 24).

Despite the basic sequential walks in NOESY were possible to follow
unambiguously (Fig. 9.1), there were modulations in the cross-peak in-
tensities in the central part of the ODN sequences compared to B-DNA.
No thymine imino protons from the central segment have been observed.
In addition, we failed to assign the H2 signals from the A6, A8, and A11
bases from NOESY. Therefore, 1H–13C HMBC experiments were run and
successfully interpreted in the folded state (Fig. 9.2). Some adenine amino
protons, most likely from A6, A8, or A11, also appear in the 1D 1H spec-
trum but are not assigned with certainty due to the small number of their
cross peaks and exchange with water.

The connectivities observed in the central part of s1fos16 are schemat-
ically depicted in Fig. 9.3. Several inter-residue cross peaks in NOESY
are rather unexpected (especially A6H2–A8H1′ and A8H2–A11H3′) and
favour the hairpin conformation. There is also a relative lack of inter-
nucleotide cross peaks involving T9 and T10 nucleotides.

Figure 9.1 A portion of 1H NOESY spectrum of s1fos16 (286 K).
Sequential walk H1′–H6/H8 depicted by dashed magenta line with
the intra-nucleotide cross peaks labelled. Other peaks fully annotated

144



9.1 Sequences based on serum response element

Figure 9.2 Parts of 1H–13C HMBC (top) and selective 1H–13C
HMBC (bottom) spectra of s1fos16 at 298 K. The green dashed lines
connect cross peaks from the same adenine bases. The blue dashed
lines in the upper plot show the limits of the lower one
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9. Non-canonical DNA motifs

Figure 9.3 Diagram of connectivities in the central part of s1fos16
observed in 1H NOESY (green) and in 1H–13C HMBC (blue) spec-
tra. Nuclei are designated by blue (base protons), cyan (deoxyribose
protons; H2′′ omitted and not all H3′ and H4′ are shown), and red
circles (carbons). Selected long-range NOESY peaks coloured by grey
and black as weak and strong, respectively. AH61 not assigned with
certainty. Created by Sparky [194]

In the VT 1H spectra, no strong line broadening is observed. Therefore,
tracking the signals to single strands brought no problems.

All 1H chemical shifts of s1fos16 and the aromatic resonances of
s1fos12 and s1fos14 are collected in § A.2.3 of Appendix (page A-13) for
the folded and in § A.2.4 of Appendix (page A-15) for the unfolded state.

9.1.2 Comparison of chemical shifts with predictions

Differences between δPred calculated by the NN model for double he-
lix [163] and single strands [173, 184] and the experimental values δExp

are shown in Fig. 9.4.
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Figure 9.4 Differences between predicted, δPred, and experimental
chemical shifts, δExp, of aromatic hydrogens in folded (298 K, left) and
unfolded state (360 K, right). Top: H6 and H8, bottom: H2, H5, and
H7
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9. Non-canonical DNA motifs

Since AH2 from the central part of the ODN sequences were not as-
signed successfully from NOESY and we cannot rely on the duplex pre-
diction because of an unknown structure yet to be investigated, their
chemical shifts in random coil are of a special importance. The predic-
tion suggests that the order (from high to low chemical shift) would be
A8H2, A6H2, A11H2. However, 1H–13C HMBC revealed that A8H2 and
A6H2 are transposed. The difference between these shifts is 0.01 ppm
at 360 K which is clearly resolvable so the predictions should always be
taken with doubts in similar cases. Therefore, the experimental assign-
ment by a method alternative to NOESY is invaluable in resolving ambi-
guities.

The predictions in the folded state are closer to the experiment in the
self-complementary part of the ODN than in the central segment. This
was expected to happen in both the hairpin and the mismatch-containing
duplex. Corrections for the A6·A11 and T7·T10 mismatches, implemented
from a combination of [187] and [188] (the uncertainties published around
0.07 ppm), were applied to δPred of the central part of the ODN. The com-
parison with uncorrected predictions (Fig. 9.5) shows that better agree-
ment with our experimental data was achieved at the boundary between
the complementary region and the central segment than in the central
part itself. This favours the possibility of formation of a hairpin over a
mismatched duplex.

9.1.3 Line widths

At low temperatures, the s1fos16 line widths are comparable to the oc-
tamer DNA duplexes. This indicates that the molecular weights of the
complexes are also similar. If 16-nucleotide duplexes were dominating in
the s1fos16 solution, the line widths would be approximately doubled,
using the simplest assumption that T−1

2 is proportional to the rotational
correlation time τc given by the Einstein–Stokes relation for isotropic mo-
tions as

τc =
ηV
kT

, (9.1)

where η is the solvent viscosity and V is the effective volume of the
molecule [224]. Therefore, this leads to a preference for the hairpin hy-
pothesis.
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Figure 9.5 Differences between predicted, δPred, and experimental
chemical shifts, δExp, in folded state (298 K) without (left) and with
(right) corrections for the A6·A11 and T7·T10 mismatch base pairs

9.1.4 Temperature dependence of chemical shifts

Linear fits of δ(T) in s1fos14 (because of its mediocre Tm among the three
ODN) in the folded and unfolded states have been performed in the tem-
perature regions outside melting where a good linearity is observed. The
slopes, shown in Fig. 9.6, mark unusual trends around the central part
of the ODN: as opposed to B-DNA double helix, where all H6 and H8
in non-terminal nucleotides have negative slopes (§ 7.4.1 on page 82), we
find positive slopes in C5H6, T9H6, and T10H6 in the folded state. Ad-
ditionally, the H2, H5, and H7 protons having positive slopes in B-DNA
show negative signs in A6H2, T7M7, and T10H7. In single strands, the
shifts move downfield with increasing T which agrees with the findings
for self-complementary DNA octamers.

We can conclude that there is some non-B-DNA structure in the mid-
dle part of the ODN s1fos14 (from C5 to A11). We cannot specify it more
precisely because both the mismatched base pairs and a hairpin loop
could be responsible, but the temperature sensitivities of δ clearly serve
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Figure 9.6 Slopes of chemical shifts with respect to T in folded (left)
and unfolded state (right) of s1fos14

as a marker of an unusual motif. Interestingly, this feature is reflected also
by the Watson–Crick C5·G12 base pair.

9.1.5 NMR melting curves

The thermodynamic stability is now evaluated by the analysis of 1H NMR
resonances. The peaks of H2, H6, H7, and H8 of all the three ODN se-
quences at all temperatures were fitted by Lorentzian curves because of
the fast exchange. Additionally, the variable-temperature H1′ and CH5
signals were fitted for the longest ODN, s1fos16. Owing to relatively fre-
quent overlaps in this spectral region, the fitting was performed with
common amplitudes1 of all the spectral lines at each temperature.

Global fits of δ(T) have been performed assuming two distinct folded
states, hairpin and duplex, using Eq. (3.27) and Eq. (3.27), respectively.
The fitted curves suit the experimental points quite neatly in both cases

1meaning the equilibrium magnetisations; due to dephasing by the spin echo this
does not imply the integral intensities are the same
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9.1 Sequences based on serum response element

with comparable residuals. However, confrontation of the folding en-
thalpies and entropies obtained from the two models with the results
from self-complementary octamer duplexes (Table 9.2) shows that they
are too low in absolute values to be associated with melting of a duplex,
which would have at least ten regular base pairs. Instead, ∆H and ∆S
lie between four and five base pairs2 which suits perfectly the idea of
a hairpin formation.

Table 9.2 Folding enthalpies and entropies obtained from global fits of
δ(T) or pA(T) by hairpin and duplex melting models. Ha: H2, H6, H7,
and H8. For SRE, c = 1 mM was assumed for the duplex model

Hairpin model Duplex model

∆Hglob

kJ mol−1
∆Sglob

J mol−1 K−1

∆Hglob

kJ mol−1
∆Sglob

J mol−1 K−1

SRE fragments, fits of δ(T)
s1fos16 – Ha −137± 1 −409± 3 −211± 1 −576± 4
s1fos16 – H1′ −146± 2 −435± 6 −220± 3 −604± 8
s1fos14 – Ha −129± 1 −397± 4 −196± 2 −549± 6
s1fos12 – Ha −62± 2 −204± 7 −83± 3 −220± 10

Self-complementary DNA, fits of pA(T)
CAACGTTG −169± 3 −524± 8 −252± 4 −722± 12
CATCGATG −170± 1 −525± 4 −261± 2 −748± 7
CTTCGAAG −170± 3 −534± 8 −252± 4 −732± 12

We present the thermodynamic parameters obtained from the fits
of individual δ(T) by the unimolecular model in § A.5.5 of Appendix
(page A-49).

Tglob
m determined from Ha of s1fos12, s1fos14, and s1fos16 are

(305± 2) K, (325.8± 0.1) K, and (333.9± 0.1) K, respectively. Except for
the shortest ODN which was found much less stable than predicted, these
values agree within a 4 K precision with the NN estimates for hairpin
melting and are at least 20 K higher than expected for duplex [52]. In
addition, Tm = 330 K of s1fos16 from UV absorption at c = 3 µM [132]

2supposing the average values ∆H = −32 kJ ·mol−1 and ∆S = −92 J ·mol−1 · K−1

per base pair from our data or ∆H = −35 kJ ·mol−1 and ∆S = −89 J ·mol−1 ·K−1 per
base pair from [39]
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agrees well with the 1 mM Tm from NMR which marks a concentration-
independent, therefore unimolecular process.

The residuals between the experimental data and the optimal global
fits are shown in Fig. 9.7, Fig. 9.8, and Fig. 9.9. Overall, the deviations stay
very small, lower than 0.01 ppm. Apart from the terminal nucleotides, the
largest differences – similar to those in CTTCGAAG (Fig. 7.37 and 7.38 on
pages 114 and 115) – are found for T7H6, T9H7, and A6H1′ located in the
central segment. It seems that some minor unexpected transition occurs
at lower temperatures rather than during the melting itself; removing the
data points below 300 K remarkably reduces the residuals at the whole
temperature range (Fig. 9.10).

What can we conclude from the above thoughts? First, the melting
curves are more likely to represent a hairpin than a duplex disruption.
Second, there is no clear violation of the two-state approximation. The
folded state melts in a strongly cooperative way and no local deviations
from the global behaviour can be seen during the temperature-induced
unfolding. However, declinations from linear trends at low temperatures
indicate that some structural rearrangements or formation of other com-
plexes with lower relative populations occur at low temperatures.

9.1.6 Duplex or hairpin?

We demonstrate that the folded state is a hairpin rather than a duplex.
Several reasons that have been described above lead to this conclusion:

a. in the central parts of the ODN molecules, the predictions of chem-
ical shifts match our experimental values much worse than in the
outer regions, even after the corrections for mismatches (Fig. 9.4);

b. we observe no resonances of the thymine imino protons from the
central parts of the ODN sequences;

c. several long-range cross peaks in NOESY are incompatible with the
double-helical arrangement (Fig. 9.3);

d. molecular weight of the folded s1fos16 is similar to the octamer
duplexes as witnessed by the NMR line widths;

e. the extensive thermodynamic quantities describing the melting pro-
cess correspond to disruption of 4 or 5 base pairs only;
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Figure 9.7 Residuals of chemical shifts of H6 and H8 from the
global fits by an unimolecular process. Error bars shown only for
s1fos16 for better clarity. All scales are the same
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Figure 9.8 Residuals of chemical shifts of H2 (left) and H7 (right)
from the global fits by an unimolecular process. Error bars shown only
for s1fos16 for better clarity. All scales are the same

f. the stabilities predicted by DINAMelt web server [52] for hairpins
agree with our results and are much higher than for the double
helices;

g. very similar melting parameters of s1fos16 have been obtained by
NMR (c = 1 mM) and UV absorption (c = 3 µM) [132].

154



9.1 Sequences based on serum response element

280 300 320 340 360

−0.01

 0.00

 0.01

 T / K
∆δ

 / 
pp

m

 

 
T1H1’

−0.01

 0.00

 0.01 G2H1’

∆δ
 / 

pp
m

−0.01

 0.00

 0.01 T3H1’

∆δ
 / 

pp
m

−0.01

 0.00

 0.01 C4H1’

∆δ
 / 

pp
m

−0.01

 0.00

 0.01 C5H1’

∆δ
 / 

pp
m

−0.01

 0.00

 0.01 A6H1’

∆δ
 / 

pp
m

−0.01

 0.00

 0.01 T7H1’

∆δ
 / 

pp
m

280 300 320 340 360

−0.01

 0.00

 0.01 A8H1’

∆δ
 / 

pp
m

 T / K

280 300 320 340 360

−0.01

 0.00

 0.01

 T / K

∆δ
 / 

pp
m

 

 
T9H1’

−0.01

 0.00

 0.01 T10H1’

∆δ
 / 

pp
m

−0.01

 0.00

 0.01 A11H1’

∆δ
 / 

pp
m

−0.01

 0.00

 0.01 G12H1’
∆δ

 / 
pp

m

−0.01

 0.00

 0.01 G13H1’

∆δ
 / 

pp
m

−0.01

 0.00

 0.01 A14H1’

∆δ
 / 

pp
m

−0.01

 0.00

 0.01 C15H1’

∆δ
 / 

pp
m

280 300 320 340 360

−0.01

 0.00

 0.01 A16H1’

∆δ
 / 

pp
m

 T / K

Figure 9.9 Residuals of H1′ chemical shifts of s1fos16 from the
global fit by an unimolecular process. All scales are the same

155



9. Non-canonical DNA motifs

280 300 320 340 360

−0.01

 0.00

 0.01

 T / K

∆δ
 / 

pp
m

 

 

Figure 9.10 Residuals of δ of A6H1′ in s1fos16 from the global fit
by an unimolecular process after deleting the points below 300 K. The
vertical axis and the colour are the same as in Fig. 9.9

9.2 Self-assemblies of guanosine monophosphate

The abilities of riboguanosine 5′-monophosphate (rGMP) and of 2′-deoxy-
riboguanosine 5′-monophosphate (dGMP) to form multimolecular com-
plexes in various conditions were studied by 1H and 31P NMR spec-
troscopy, conducted by the author of this thesis. These experiments were
inspired by earlier results from Raman scattering spectroscopy, measured
by the co-workers at the Institute of Physics of Charles University. Since
the available literature on dGMP complexes is much less numerous than
on the ribonucleotide counterpart, our work is focused more on the de-
oxynucleotide.

It was shown by RS that the sodium salt of rGMP (Na2rGMP) in water
solution with concentration above 250 mM forms supramolecular com-
plexes at ambient temperature. Vibrational band around 1730 cm−1 [225]
marks the presence of G-tetrads. Contrary to rGMP, only traces of
Na2rGMP assemblies have been revealed. The complexes are greatly sta-
bilised when K+ is added and the potassium-induced changes in RS are
very similar in rGMP and dGMP.

9.2.1 Sodium solutions

Even at concentration of Na2dGMP as high as 800 mM, 1H and 31P NMR
spectra show small changes (Fig. 9.11). Based on spectral integration, we
estimated that only around 20 % of the molecules are involved in the
supramolecular complexes after lowering the temperature down to 278 K.
This confirms the finding from RS that dGMP in sodium solutions forms
only weak assemblies.
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400 mM, 293 K

100 mM, 293 K

2.53.03.54.0 ppm

Figure 9.11 NMR spectra of Na2dGMP. Concentrations and tem-
peratures are indicated in the plot. Intensities normalised to the max-
ima. Spectra in blue have ten-fold magnified intensity scale relative to
black. Left: 1H spectra showing imino and H8 resonances; asterisks, *,
mark 13C-coupling satellites. Right: 31P spectra with 1H decoupling

9.2.2 Potassium effect

Addition of 400 mM KCl to the 400 mM Na2dGMP solution induces
strong complex formation clearly visible in NMR (Fig. 9.12). Less than
a half of the dGMP molecules remains free. Several overlapping peaks in
NMR show that there are more nonequivalent positions in the structure,
comprising comparable fractions of the individual molecules. This is in
accordance with the expected presence of multiple stacked G-tetrads in
the assembly whose number is limited because the outer segments still
constitute a significant portion. Imino signals appear in the 1H spectrum,
proving the formation of stable hydrogen bonds within the G-tetrads.

While such dramatic changes are invoked by KCl, control experiments
with addition of equimolar NaCl instead had a negligible impact on the
spectra (Fig. 9.12).

We obtained qualitatively different NMR spectra of the potassium-
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* *

* *

+ KCl

+ NaCl

No salt added

89101112 ppm 2.53.03.54.0 ppm

Figure 9.12 NMR spectra of 400 mM Na2dGMP at 278 K without
and with addition of 400 mM salt as indicated in the plot. Intensities
are normalised to the maxima. Spectra in blue have ten-fold magnified
intensity scale relative to black. Left: 1H spectra showing imino and
H8 resonances; asterisks, *, mark 13C-coupling satellites. Right: 31P
spectra with 1H decoupling

containing dGMP and rGMP solutions3 (Fig. 9.13). On the other hand,
the Raman spectra were very similar in the two cases. This could mean
that while the local conformational parameters observed by the vibra-
tional spectra are pertained, the mutual arrangements of the individual
nucleotides and stacking configuration of the G-tetrads, to which NMR
lines are sensitive, are changed. Furthermore, alternative folds with lower
populations are distinguished in the 1H and 31P NMR spectra of rGMP.

9.2.3 Differences between rGMP and dGMP

Our results arising from the combination of two spectroscopic techniques
reveal that there are substantial differences in the sensitivity of rGMP and
dGMP to the cation type. Previous observations made by RS have been
supported and extended by 1H and 31P NMR:

a. although there is a strong affinity to complex formation in sodium
solutions of rGMP, the deoxynucleotide hardly makes any supra-

3the conditions vary slightly
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dGMP

rGMP

89101112 ppm 2.02.53.03.54.04.5 ppm

Figure 9.13 NMR spectra of 400 mM Na2dGMP with 400 mM KCl
at 293 K (top) and of 400 mM K2rGMP at 298 K (bottom). Intensities
are normalised to the maxima. Spectra in blue have ten-fold magnified
intensity scale relative to black. Left: 1H spectra showing imino and
H8 resonances. Right: 31P spectra with 1H decoupling

molecular assemblies in Na+, unless its high concentration and low
temperature are set;

b. both rGMP and dGMP readily create stable G-tetrad-containing
complexes in K+ solutions, but their structures are different.

The astonishing variability of the supramolecular assemblies of the
simple nucleotides may be connected to the general polymorphism of
G-quadruplexes formed by RNA and DNA oligonucleotides.
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10 THIOBENZANILIDE

This chapter deals with an E–Z conversion observed in a class of sec-
ondary thiobenzanilides. All the samples were prepared and their NMR
spectra as well as other experiments were taken by colleagues of the De-
partment of Inorganic and Organic Chemistry, Faculty of Pharmacy in
Hradec Králové of Charles University. My task was to analyse the ac-
quired NMR spectra with respect to the undergoing chemical exchange,
using the strategy originally developed for the melting of nucleic acids.
The thermodynamic characterisation of the equilibrium and kinetics of
the transition between E and Z conformations of a selected compound
was then confronted with the results of quantum-chemical calculations
performed by Václav Profant from the Institute of Physics of Charles Uni-
versity, Faculty of Mathematics and Physics.

10.1 Conformers of secondary thiobenzanilides

Various derivatives of 2-methoxy-2′-hydroxybenzanilides were tested for
their antimycobacterial activity. 1H NMR spectra of thiobenzanilides pre-
sent among these substances contained two sets of resonances which
were unambiguously attributed to two distinct orientations around the
partially double CS—NH bond [226]. A detailed study of 5-chloro-N-(5-
chloro-2-hydroxyphenyl)-2-methoxybenzothioamide (compound 1) fol-
lowed. Assignment of the resonances, based on a 1H NOESY spectrum,
proved that there is an undergoing E–Z transition (Fig. 10.1), which is
accompanied with chemical exchange observable in 1H and 13C NMR
spectra at 11.7 T. The Z conformer is more populated than E.

It was speculated that intramolecular hydrogen bonds could stabilise
the Z conformer. A set of derivatives with non-polar moieties instead of
the methoxy and hydroxy groups were prepared with the aim of veri-
fying or rejecting this possibility. The conformational equilibrium hardly
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Figure 10.1 Equilibrium between Z (left) and E (right) conformation
around the CS—NH bond of 1. The rate constants of the forward and
backward process and the atom numbering are indicated

changed. Therefore, it is the steric hindrance of the ortho substituents
rather than a hydrogen bond which is the most important source of the
observed properties of the rotation around the CS—NH bond.

10.2 Characterisation of the E–Z transition by 1H NMR

In order to address the thermodynamics of the process under study, the
1H spectra of 1 in deuterated dimethyl sulfoxide, DMSO-d6, were ac-
quired in a broad temperature range (Fig. 10.2). The spectral series brings
qualitative changes: a slow exchange is present and two sets of resonances
are distinguished at lower temperatures, whilst the lines broaden when
increasing T and the minor species is no longer resolved above some
point. The general procedure of line-shape analysis during the two-site
chemical exchange (§ 6.2 on page 56) was followed, but several modifica-
tions were needed.

For each temperature, the fitting was done simultaneously for H3,
H4, H6, H3′, H4′, H6′, and OMe resonances with common equilibrium
constant of the forward process from Fig. 10.1, Kf, and exchange rate,
kf. Resonances of NH and OH protons were excluded from the analysis
because of their exchange with water.

The line widths in the terms of T∗2A and T∗2B of the two exchanging sites
could not be estimated directly because the exchange modifies the lines
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10. Thiobenzanilide

even for the lowest temperature measured. We followed a protocol based
on [224]: possible rates kf at 316.1 K were estimated by repeated fitting
with different fixed values of kf during which all the other parameters
(δA, δB, T∗2A, and T∗2B of all peaks and the common Kf) were optimised.
Visual inspection of the results, comparison of chi-square, and rejection
of relaxation times that were too high yielded minimal and maximal pos-
sible rates kmin = 0.001 s−1 and kmax = 0.5 s−1. Optimal kopt = 0.2 s−1

served for determining the corresponding values of T∗2A and T∗2B of all the
peaks. These were used in all further analysis as fixed parameters; values
obtained for kmin and kmax were taken as their confidence limits.

In the spectra up to 328.5 K, where the exchange is in a slow regime
and two relatively narrow peaks can be distinguished for each pair of ex-
changing nuclei, δA and δB were optimised by the fitting procedure, along
with the exchange parameters, Kf and kf. For higher temperatures, severe
broadening of the resonance lines of E occurs. This, together with the
overlap of H3E, H3′E, and H6′E, disables independent fitting of the chem-
ical shifts of this conformer. Therefore, their values were fixed to linear
extrapolations from the lower temperatures, while the chemical shifts of
the hydrogen nuclei belonging to Z were still taken as free parameters.

The functions Kf(T) and kf(T) obtained from the line-shape analysis
were fitted by van ’t Hoff (3.6) and Eyring (3.8) equations for a first-order
process, respectively (Fig. 10.3). The following values of the thermody-
namic quantities describing the transition of 1 from Z to E were deter-
mined:

∆H = (−3.1± 1.3) kJ ·mol−1,

∆S = (−26.9± 3.6) J ·mol−1 ·K−1,

∆G310 K = (5.2± 0.3) kJ ·mol−1,

∆H† = (77.7± 1.7) kJ ·mol−1,

∆S† = (−12.5± 4.6) J ·mol−1 ·K−1,

∆G†
310 K = (81.6± 0.4) kJ ·mol−1.
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Figure 10.3 Linearised van ’t Hoff (left) and Eyring (right) plots of
the temperature dependence of the experimental values and errors of
equilibrium and rate constants, respectively, and their fits

10.3 Comparison with quantum-chemical calculations

The DFT calculations with one explicit DMSO molecule and implicit sol-
vent around showed that there is no intramolecular hydrogen bond in 1
which supports the experimental finding. Instead, there is a hydrogen
bridge between the thioamide hydrogen and the DMSO oxygen.

Free rotation of the two aryl moieties was revealed in the Z conformer.
This freedom is much limited in E due to steric hindrance between the
substituents on the rings but the barriers still correspond to a relatively
high reorientation rate above 105 s−1. Such results are in agreement with
the entropy loss observed experimentally. The enthalpy decrease can be
explained by the π–π stacking interaction which is, however, too weak to
overweight the entropic penalty at the ambient temperatures.

An energy change 4.1 kJ ·mol−1 for the Z to E transition, obtained as
the difference between population-weighted mean DFT energies of the
two conformers, is near the free-energy change, ∆G310 K, coming from VT
NMR. Two transition states of the Z–E equilibrium were found to pose
similar activation barriers of 80.8 kJ · mol−1 in average – again, a nice
match with the NMR-determined value was achieved.
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10. Thiobenzanilide

10.4 Synergy of the chemical treatment, NMR, and calcula-
tions

By combination of chemical modifications, variable-temperature 1H NMR
spectroscopy, and detailed quantum-chemical DFT calculations, we re-
vealed that 5-chloro-N-(5-chloro-2-hydroxyphenyl)-2-methoxybenzothio-
amide (1) undergoes a Z–E transition and that:

a. no intramolecular hydrogen bond stabilises either conformer;
b. the Z conformer is more populated at a wide temperature range due

to its higher entropy arising from free rotations of the aryl groups;
c. moderately high activation barrier permits the Z–E interconversion

around the partially double thioamide bond;
d. consensus was reached in quantitative thermodynamic analysis of

the transition by NMR and DFT.
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11 CONCLUSIONS

This dissertation is devoted to detailed NMR studies of short nucleic-
acid segments. The structural variability of their intra- and intermolecular
complexes in aqueous solutions was investigated under various environ-
mental conditions such as temperature, oligonucleotide concentration, or
type and concentration of metal counter-ions. The obtained results clearly
show that the NMR technique allied with detailed analysis of the posi-
tions and shapes of the resonance lines provides – even in the case of
the commonly used magnetic field (500 MHz spectrometer) – valuable
information that is often not achievable by other methods. It comprises
not only the basic structural data but also the equilibrium and kinetic
parameters of temperature-induced conformational transitions, above all
unfolding of the complexes. These thermodynamic quantities can be ob-
tained independently for numerous sites along the oligonucleotide chain,
thus providing insight into the physical processes on the level of individ-
ual nucleotides. The NMR results represent then a priceless complement
to the outcomes of other methods such as electron or vibrational spec-
troscopy.

The temperature dependence of 1H chemical shifts outside the tem-
perature region of the folding–unfolding transition was shown to be an
important NMR characteristic. At first, the magnitude of the chemical-
shift changes (about 0.01 ppm per 10 K) indicates the necessity to spec-
ify the temperature whenever the values of oligonucleotide 1H chemical
shifts are presented. Next, the slope of the 1H chemical-shift change was
found to depend remarkably on the oligonucleotide sequence, being sen-
sitive not only to the nearest neighbours of the nucleoside in question but
also to the next-nearest and even to more distant nucleosides. The only
exceptions are terminal nucleosides where the chemical-shift slopes are
surprisingly well conserved for equal terminal doublets.
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A particular attention was paid to analyse the NMR spectra in the area
of the temperature-induced transition. The relation between the transi-
tion properties and the spectral shape had been verified in my previous
work [154]. This doctoral thesis demonstrated the applicability of the ap-
proach also in the case of a Z–E conformational transition in a secondary
thiobenzanilide, where the effect of the transition on the 1H NMR cor-
responded to a slow exchange regime within a large temperature range.
NMR results revealed higher entropy of the Z conformer as the reason
for its preferential population and a moderately high activation barrier.

In the case of oligodeoxynucleotides, duplex formation and dissocia-
tion occurs in a medium to fast exchange regime when investigated us-
ing the 500 MHz spectrometer. The melting transition is manifested by
gradual changes of positions of resonance lines. Moreover, the 1H NMR
line widths allowed determining the activation parameters from individ-
ual aromatic hydrogens of the studied series of self-complementary oc-
tamers. It can be assumed that the importance of the line-shape analy-
sis during melting would be even greater if the nucleic acids were stud-
ied in higher magnetic fields, which relatively slow down the chemical-
exchange regime.

Besides the findings mentioned above, this thesis has brought about
further results, mainly:

a. Systematic study of a set of eight self-complementary DNA oc-
tamers allowed considering the applicability of the 1H chemical-
shift predictions based on the nearest-neighbour model. Although
the predictions offered rough estimates, numerous differences ex-
ceeding 0.1 ppm were found for duplexes. This concerns mainly the
terminal nucleosides, but the differences often exceeded the pub-
lished deviations in the internal nucleotides, too, showing rather
complicated sequence effects.

b. Several duplexes possess a surprisingly strong dependence of 1H
chemical shifts on concentration, probably suggesting an end-to-
end duplex stacking via terminal C·G base pairs.

c. For all the studied octamers, a long-range cooperativity in the DNA
duplex melting and no fraying of the ends were observed. Although
the spatial structures of all the double helices were close to
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the canonical B-form according to the standard patterns found in
NOESY spectra, several anomalies in the local structure were found:
above all, the octamers with a central CpG motif are remarkably
sensitive to the remote sequence context. In the case of CTTCGAAG,
even a three-state duplex melting was revealed, most probably
caused by a local conformational transition in the double-helical
state.

d. Symmetric methylation of the central CpG motif was found to in-
crease the duplex stability, the effect being equally transmitted at
least three base pairs away. The joint treatment of the melting pa-
rameters obtained by NMR, UV absorption, and Raman scattering
in a wide concentration range revealed that the bases of the nearest
and next-nearest neighbours of the CpG motif strongly influence
the thermodynamic parameters of the duplex formation, particu-
larly the entropic penalty.

e. It was possible to distinguish unambiguously the duplex dissocia-
tion from a single-molecular conformational transition and it was
confirmed that the single-strand transcription element SRE forms a
stable hairpin loop.

f. The results obtained from 1H and 31P NMR spectra of rGMP and
dGMP in aqueous solutions supported the conclusions from Raman
experiments that dGMP can form supramolecular tetrads only in
the presence of potassium ions, whereas rGMP forms stable tetrads
also in the case of sodium cations. The NMR experiments indi-
cated structural differences between the tetrads formed by the two
kinds of mononucleotides, which may explain the different stabil-
isation effect of particular counter-ions. This experience has been
later employed in an NMR study of concentration-dependent poly-
morphism of human telomeric G-quadruplexes d[G3(TTAG3)3] and
d[AG3(TTAG3)3], which is currently in progress.

To conclude, numerous findings indicate that the ability of individ-
ual nucleotides to create various types of differently strong non-covalent
bonds to other nucleotides or other molecules in the environment is a key
aspect of nucleic-acid polymorphism. These bonds are realised according
to the nucleotide position in a particular sequence depending not only on
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the nearest neighbours but also on the long-range sequence composition,
which takes place even in the case of relatively simple segments of nucleic
acids.
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A APPENDIX

A.1 Assignment of 1H resonances from NOESY

This section contains figures with H1′–H6/H8 sequential walks in 1H
NOESY spectra of all octamer duplexes. These figures form the basis of
the resonance assignments described in § 7.2.1 on page 62 for unmethy-
lated and in § 8.2 on page 123 for methylated ODN.

Portions of 1H NOESY spectra that contain the H1′–H6/H8 are shown.
Sequential walks are depicted by dashed magenta lines and the intra-
nucleotide cross peaks are labelled. Extra cross-peaks not involved in
these sequential walks are annotated, if the assignments are known.

Figure A.1 CAACGTTG: the H1′–H6/H8 sequential walk
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Figure A.2 CATCGATG: the H1′–H6/H8 sequential walk

Figure A.3 CTACGTAG: the H1′–H6/H8 sequential walk
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A.1 Assignment of 1H resonances from NOESY

Figure A.4 CTTCGAAG: the H1′–H6/H8 sequential walk

Figure A.5 CTTGCAAG: the H1′–H6/H8 sequential walk
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Figure A.6 GAACGTTC: the H1′–H6/H8 sequential walk

Figure A.7 GATGCATC: the H1′–H6/H8 sequential walk
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Figure A.8 GTAGCTAC: the H1′–H6/H8 sequential walk

Figure A.9 CAAm5CGTTG: the H1′–H6/H8 sequential walk
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Figure A.10 CATm5CGATG: the H1′–H6/H8 sequential walk

Figure A.11 CTTm5CGAAG: the H1′–H6/H8 sequential walk
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A.2 Chemical shifts of 1H resonances

A.2 Chemical shifts of 1H resonances

This section accompanies the texts of § 7.2 on page 61, § 8.2 on page 123,
and § 9.1.1 on page 143.

The 1H chemical shifts of all ODN samples (self-complementary oc-
tamers without and with m5C, as well as sequences based on SRE) are
collected in the following tables.

A.2.1 Duplex

Table A.1 1H chemical shifts of self-complementary DNA strands in
duplex. All values obtained from Lorentzian-line fitting of 1D spectra at
temperature T1D except for H2′ and H2′′ protons which come from 2D
NOESY acquired at T2D

δ/ppm

Non-exchangeable Exchangeable
Base Deoxyribose Amino Imino
H6/8 H2/5/7 H1′ H2′ H2′′ H41 H42 H1/3

CAACGTTG T1D = 283.5 K T2D = 282.2 K
C1 7.668 5.951 5.577 1.818 2.325 8.271 6.995
A2 8.356 7.443 5.851 2.835 2.904
A3 8.208 7.747 6.177 2.642 2.871
C4 7.200 5.189a 5.547 1.982 2.342 8.044 6.533
G5 7.840 5.972 2.633 2.778 12.738
T6 7.298 1.389 6.057 2.083 2.549 13.971
T7 7.339 1.704 5.904 1.979 2.394 14.160
G8 7.945 6.170 2.636 2.372 12.850

CATCGATG T1D = 283.5 K T2D = 281.4 K
C1 7.747 5.973 5.669 2.095 2.481 8.142 7.053
A2 8.458 7.856 6.349 2.787 3.001
T3 7.236 1.412 5.946 2.074 2.471 13.627
C4 7.436 5.580 5.611 1.996 2.394 8.439 6.832
G5 7.933 5.628 2.736 2.800 12.666
A6 8.221 7.813 6.222 2.616 2.911
T7 7.093 1.429 5.795 1.855 2.314 13.713
G8 7.870 6.134 2.577 2.335 12.820
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Table A.1 (continued)

δ/ppm

H6/8 H2/5/7 H1′ H2′ H2′′ H41 H42 H1/3

CTACGTAG T1D = 283.5 K T2D = 284 Kb

C1 7.858 5.929 5.856 2.190 2.559 7.905 7.146
T2 7.598 1.722 5.698 2.263 2.556 13.823
A3 8.355 7.546 6.253 2.768 2.907
C4 7.280 5.284 5.558 2.032 2.342 8.195 6.614
G5 7.855 5.914 2.609 2.721 12.729
T6 7.247 1.505 5.555 2.029 2.303 13.743
A7 8.194 7.499 6.069 2.700 2.873
G8 7.713 6.000 2.428 2.271 13.137

CTTCGAAG T1D = 283.5 K T2D = 283.5 K
C1 7.911 5.954 5.858 2.333 2.607 7.782 7.190
T2 7.698 1.706 6.201 2.284 2.654 14.260
T3 7.488 1.685 6.135 2.205 2.556 13.982
C4 7.478 5.683 5.504 2.002 2.326 8.615 7.024
G5 7.911 5.372 2.713c 12.736
A6 8.152 7.365 5.906 2.670 2.870
A7 8.043 7.653 5.997 2.569 2.826
G8 7.581 5.972 2.327 2.243 13.329

CTTGCAAG T1D = 283.6 K T2D = 283.6 K
C1 7.896 5.958 5.880 2.269 2.591 7.773 7.191
T2 7.664 1.699 6.180 2.247 2.617 14.200
T3 7.399 1.721 5.868 2.173 2.506 13.935
G4 7.921 5.832 2.665c 12.688
C5 7.359 5.419 5.429 1.905 2.261 8.412 6.420
A6 8.235 7.296 5.811 2.753 2.842
A7 8.092 7.637 6.011 2.589 2.830
G8 7.609 5.959 2.334c 13.268
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Table A.1 (continued)

δ/ppm

H6/8 H2/5/7 H1′ H2′ H2′′ H41 H42 H1/3

GAACGTTC T1D = 283.5 K T2D = 285.7 K
G1 7.892 5.540 2.526 2.731 d

A2 8.238 7.460 5.916 2.786 2.904
A3 8.157 7.758 6.151 2.611 2.857
C4 7.174 5.154a 5.541 1.961 2.325 8.012 6.476
G5 7.834 5.966 2.639 2.766 12.722
T6 7.291 1.381 6.053 2.108 2.586 13.981
T7 7.425 1.655 6.134 2.137 2.550 14.144
C8 7.560 5.646 6.251 2.286c 8.314 7.080

GATGCATC T1D = 283.8 K T2D = 283.8 K
G1 7.934 5.682 2.627 2.787 12.615
A2 8.324 7.952 6.309 2.747 2.972
T3 7.119 1.375 5.768 2.048 2.440 13.500
G4 7.828 5.848 2.599 2.689 12.538
C5 7.367 5.343 5.622 2.129 2.433 8.264 6.402
A6 8.303 7.665 6.249 2.666 2.919
T7 7.212 1.426 5.988 2.007 2.452 13.763
C8 7.537 5.588 6.233 2.256c 8.206 7.007

GTAGCTAC T1D = 283.5 K T2D = 284.2 K
G1 7.962 5.968 2.669 2.777 12.787
T2 7.446 1.380 5.692 2.233 2.522 13.739
A3 8.218 7.419 6.122 2.759 2.936
G4 7.689 5.714 2.544 2.593 12.803
C5 7.352 5.207a 5.825 2.037 2.457 8.074 6.485
T6 7.435 1.639 5.702 2.141 2.476 13.798
A7 8.315 7.557 6.256 2.680 2.875
C8 7.326 5.290 6.034 2.108c 8.149 6.816

aPeak position in the region of water signal doesn’t permit direct analysis of 1D spec-
trum, value from NOESY presented instead. bTemperature was not calibrated at the
corresponding conditions. cSeparate signals of the diastereotopic protons H2′ and H2′′
have not been distinguished. dThe terminal imino proton not observed
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Table A.2 1H chemical shifts of self-complementary DNA strands with
5-methylcytosine in duplex. All values obtained from Lorentzian-line fit-
ting of 1D spectra at temperature T1D except for H2′ and H2′′ protons
which come from 2D NOESY acquired at T2D

δ/ppm

Non-exchangeable Exchangeable
Base Deoxyribose Amino Imino
H6/8 H2/5/7 H1′ H2′ H2′′ H41 H42 H1/3

CAAm5CGTTG T1D = 283.5 K T2D = 282.2 K
C1 7.668 5.949 5.573 1.818 2.323 8.277 6.989
A2 8.347 7.433 5.881 2.837 2.915
A3 8.260 7.770 6.211 2.616 2.953

m5C4 7.025 1.556 5.522 2.030 2.351 8.313 6.163
G5 7.743 5.940 2.593 2.758 12.729
T6 7.316 1.316 6.093 2.119 2.558 13.978
T7 7.337 1.695 5.919 1.988 2.407 14.106
G8 7.947 6.169 2.641 2.374 12.854

CATm5CGATG T1D = 283.5 K T2D = 283.5 K
C1 7.747 5.978 5.667 2.097 2.483 8.126 7.056
A2 8.458 7.852 6.344 2.808 2.991
T3 7.273 1.415 5.987 2.006 2.554 13.589

m5C4 7.273 1.706 5.537 2.054 2.362 8.704 6.461
G5 7.910 5.611 2.725 2.784 12.680
A6 8.246 7.852 6.237 2.635 2.919
T7 7.095 1.446 5.789 1.860 2.312 13.706
G8 7.872 6.130 2.579 2.334 12.816

CTTm5CGAAG T1D = 283.5 K T2D = 283.5 K
C1 7.914 5.966 5.872 2.312 2.617 7.750 7.206
T2 7.689 1.702 6.207 2.293 2.638 14.247
T3 7.538 1.702 6.154 2.143 2.611 13.937

m5C4 7.312 1.799 5.466 2.021 2.295 8.842 6.649
G5 7.903 5.358 2.687a 12.751
A6 8.170 7.395 5.912 2.680 2.870
A7 8.056 7.645 5.998 2.578 2.830
G8 7.589 5.965 2.336 2.246 13.336

aSeparate signals of the diastereotopic protons H2′ and H2′′ have not been distinguished
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A.2 Chemical shifts of 1H resonances

A.2.2 Single strands

Table A.3 1H chemical shifts of self-complementary DNA strands in
single strands. All values obtained from Lorentzian line-shape fitting of
1D spectra at temperatures T indicated

δ/ppm

H6/8 H2/5/7 H1′

CAACGTTG T = 354.3 K
C1 7.515 5.932 6.026
A2 8.150 8.065 6.109
A3 8.234 7.982 6.253
C4 7.578 5.850 6.106
G5 7.880 6.097
T6 7.501 1.746 6.156
T7 7.488 1.833 6.118
G8 7.950 6.211

CATCGATG T = 354.3 K
C1 7.553 5.945 6.059
A2 8.332 8.170 6.376
T3 7.464 1.746 6.133
C4 7.610 5.966 6.106
G5 7.769 5.850
A6 8.273 8.053 6.315
T7 7.417 1.743 6.090
G8 7.927 6.175

CTACGTAG T = 354.3 K
C1 7.700 5.969 6.159
T2 7.411 1.847 6.039
A3 8.292 8.144 6.322
C4 7.580 5.848 6.122
G5 7.883 6.061
T6 7.311 1.710 5.974
A7 8.188 8.117 6.236
G8 7.912 6.131

δ/ppm

H6/8 H2/5/7 H1′

CTTCGAAG T = 354.3 K
C1 7.735 5.992 6.180
T2 7.598 1.862 6.213
T3 7.559 1.856 6.182
C4 7.617 5.976 6.130
G5 7.770 5.773
A6 8.106 7.956 6.042
A7 8.138 7.965 6.170
G8 7.887 6.097

CTTGCAAG T = 354.8 K
C1 7.733 5.990 6.179
T2 7.595 1.868 6.206
T3 7.461 1.847 6.096
G4 7.915 6.085
C5 7.547 5.840 6.070
A6 8.132 8.016 6.073
A7 8.159 7.968 6.174
G8 7.893 6.116

GAACGTTC T = 354.3 K
G1 7.735 5.907
A2 8.120 7.978 6.081
A3 8.225 7.966 6.244
C4 7.578 5.845 6.105
G5 7.880 6.100
T6 7.505 1.745 6.172
T7 7.568 1.843 6.207
C8 7.829 6.053 6.248
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Table A.3 (continued)

δ/ppm

H6/8 H2/5/7 H1′

GATGCATC T = 353.7 K
G1 7.759 5.959
A2 8.283 8.078 6.326
T3 7.373 1.735 6.052
G4 7.888 6.045
C5 7.565 5.832 6.098
A6 8.312 8.121 6.351
T7 7.483 1.739 6.175
C8 7.797 6.025 6.220

δ/ppm

H6/8 H2/5/7 H1′

GTAGCTAC T = 354.3 K
G1 7.866 6.144
T2 7.367 1.767 6.005a

A3 8.168 8.094 6.174
G4 7.870 6.019a

C5 7.706 5.870 6.193
T6 7.386 1.816 6.036a

A7 8.321 8.156 6.378
C8 7.779 5.947 6.225

aAssignments not possible due to mutual overlaps; values shown in increasing order

Table A.4 1H chemical shifts of self-complementary DNA strands with
5-methylcytosine in single strands. All values obtained from Lorentzian
line-shape fitting of 1D spectra at temperatures T indicated

δ/ppm

H6/8 H2/5/7 H1′

CAAm5CGTTG T = 354.3 K
C1 7.510 5.927 6.025
A2 8.162 8.061 6.113
A3 8.232 7.980 6.240

m5C4 7.344 1.764 6.100
G5 7.875 6.089
T6 7.500 1.745 6.152
T7 7.488 1.832 6.118
G8 7.949 6.212

CATm5CGATG T = 354.3 K
C1 7.551 5.945 6.057
A2 8.333 8.166 6.372
T3 7.468 1.747 6.111

m5C4 7.414 1.888 6.111
G5 7.767 5.844
A6 8.271 8.052 6.314
T7 7.414 1.740 6.089
G8 7.926 6.175

δ/ppm

H6/8 H2/5/7 H1′

CTTm5CGAAG T = 354.3 K
C1 7.735 5.992 6.177
T2 7.595 1.857 6.205
T3 7.551 1.849 6.154

m5C4 7.416 1.910 6.134
G5 7.774 5.755
A6 8.105 7.959 6.038
A7 8.132 7.969 6.171
G8 7.886 6.089
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A.2 Chemical shifts of 1H resonances

A.2.3 SRE – folded state

Table A.5 1H chemical shifts of folded s1fos16, TGTCCATATTAG-
GACA. All values were obtained from Lorentzian-line fitting of 1D spec-
tra at 284 K except for H2′ and H2′′ protons which come from 2D NOESY
acquired at 286 K

δ/ppm

Non-exchangeable Exchangeable
Base Deoxyribose Amino Imino
H6/8 H2/5/7 H1′ H2′ H2′′ H41/61 H42 H1/3

T1 7.446 1.622 5.928 2.016 2.351 c

G2 8.102 6.091 2.796 2.900 12.665
T3 7.389 1.417 6.131 2.262 2.579 13.731
C4 7.583 5.686 5.973 2.111 2.427 8.418 6.934
C5 7.228 5.675 5.970 1.500 1.919 8.558 7.152
A6 8.309 8.072 6.175 2.749b 6.845
T7 7.434 1.727 6.055 2.028 2.312 c

A8 8.201 7.931 6.136 2.581b

T9 7.370 1.502 6.030 2.116 2.293 c

T10 7.186 1.703 5.718 1.915 2.187 c

A11 8.153 7.869 5.668 2.586b 6.748
G12 7.876 5.448a 2.699b 12.797
G13 7.805 5.606 2.653 2.744 12.853
A14 8.163 7.927 6.198 2.606 2.831
C15 7.234 5.313a 5.617 1.879 2.251 8.260 6.764
A16 8.193 7.672 6.302 2.443 2.609

aSpectral overlap doesn’t permit direct analysis of 1D spectrum, value from NOESY
presented instead. bSeparate signals of the diastereotopic protons H2′ and H2′′ have not
been distinguished. cImino proton not observed
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Table A.6 Aromatic 1H chemical shifts of folded s1fos12 and s1fos14
obtained from Lorentzian-line fitting of 1D spectra at 284 K

δ/ppm

H6/8 H2/5/7

GTCCATATTAGGAC
s1fos14

G2 7.934
T3 7.542 1.308
C4 7.605 b

C5 7.224 b

A6 8.317 8.087
T7 7.438 1.730
A8 8.201 7.931
T9 7.370 1.502
T10 7.188 1.707
A11 8.153 7.879
G12 7.879a

G13 7.808
A14 8.165 8.010
C15 7.255 b

δ/ppm

H6/8 H2/5/7

TCCATATTAGGA
s1fos12

T3 7.565 1.733
C4 7.714 b

C5 7.355 b

A6 8.346 7.968c

T7 7.347c 1.701c

A8 8.252 8.095c

T9 7.370c 1.530
T10 7.210 1.717c

A11 8.153 7.950c

G12 7.849
G13 7.769
A14 8.214 7.978

aSpectral overlap with A11H2. bResonance not analysed. cSignal too broad at 284 K,
value from 292 K instead
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A.2 Chemical shifts of 1H resonances

A.2.4 SRE – unfolded state

Table A.7 1H chemical shifts of unfolded s1fos16, TGTCCATATTAG-
GACA. All values presented were obtained from Lorentzian line-shape
fitting of 1D spectra at 360 K

δ/ppm

H6/8 H2/5/7 H1′

T1 7.439 1.844 6.094
G2 7.958 6.173
T3 7.515 1.782 6.190
C4 7.750 6.017 6.216
C5 7.621 5.996 6.097
A6 8.303 8.137 6.335
T7 7.320 1.720 5.996
A8 8.294 8.120 6.328
T9 7.459 1.723 6.114
T10 7.342 1.803 5.959
A11 8.155 8.094 6.142
G12 7.739 5.855
G13 7.746 5.793
A14 8.230 8.026 6.288
C15 7.625 5.882 6.123
A16 8.293 8.149 6.380
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Table A.8 Aromatic 1H chemical shifts of unfolded s1fos12 and s1fos14
obtained from Lorentzian-line fitting of 1D spectra at 360 K

δ/ppm

H6/8 H2/5/7

GTCCATATTAGGAC
s1fos14

G2 7.889
T3 7.536 1.790
C4 7.752 a

C5 7.625 a

A6 8.300 8.135
T7 7.323 1.725
A8 8.290 8.118
T9 7.460 1.722
T10 7.344 1.803
A11 8.157 8.098
G12 7.748
G13 7.761
A14 8.262 8.069
C15 7.761 a

δ/ppm

H6/8 H2/5/7

TCCATATTAGGA
s1fos12

T3 7.530 1.845
C4 7.763 a

C5 7.635 a

A6 8.303 8.139
T7 7.324 1.725
A8 8.289 8.117
T9 7.462 1.722
T10 7.345 1.803
A11 8.158 8.096
G12 7.761
G13 7.785
A14 8.274 8.100

aResonance not analysed
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A.3 Chemical shifts and their temperature dependence in the same neighbourhood

A.3 Chemical shifts and their temperature dependence in the
same neighbourhood

The chemical shifts obtained for the same triplets or terminal doublets
are shown in Fig. A.12 through Fig. A.15 as correlation plots between the
experimental values, accompanying the text of § 7.3.1 on page 66. These
graphs are constructed as follows: where exactly two occurrences of a
nucleotide triplet are found within our ODN (these case are labelled as
‘pairs’ in the figure legends), each of the two shifts of the middle nu-
cleotide is put on its own axis of the graph in a way that the created point
lies under the diagonal. Where three occurrences of a nucleotide triplet
are found (‘triples’), the three middle-nucleotide shifts are coupled into
three pairs and treated as above but placed over the diagonal.

The same approach is used for the slopes of chemical shifts with re-
spect to temperature in the graphs from Fig. A.16 to Fig. A.19 that accom-
pany the text of § 7.4.1 on page 81.
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A.3.1 Chemical shifts
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Figure A.12 Correlation plots of non-exchangeable chemical shifts
in the same trinucleotides. Left: duplex; right: single strands
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Figure A.13 Correlation plots of chemical shifts of exchangeable
protons in the same trinucleotides in duplex
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Figure A.14 Correlation plots of chemical shifts of non-
exchangeable protons of terminal nucleotides with the same neigh-
bours. Left: duplex; right: single strands
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Figure A.15 Correlation plots of chemical shifts of exchangeable
protons of terminal nucleotides with the same neighbours in duplex
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A.3.2 Slopes of chemical shifts
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Figure A.16 Correlation plots of chemical-shift slopes in the same
trinucleotides. Left: duplex; right: single strands
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Figure A.17 Correlation plots of chemical-shift slopes of exchange-
able protons in the same trinucleotides in duplex
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Figure A.18 Correlation plots of chemical-shift slopes of non-
exchangeable protons in terminal nucleotides with the same neigh-
bours. Left: duplex; right: single strands
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Figure A.19 Correlation plots of chemical-shift slopes of exchange-
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A.4 CTTCGAAG chemical shifts at various concentrations

The following plots of 1H δ(T) accompany the text of § 7.5.3 on page 89.
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Figure A.20 (to be continued)
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Figure A.20 Chemical shifts of H6, H8, and AH2 of CTTCGAAG in
the whole temperature range measured (crosses) and extrapolations to
c = 0 (circles with errorbars). Vertical axes are not in the same scales
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Figure A.21 (to be continued)
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Figure A.21 Chemical shifts of H1′ and CH5 of CTTCGAAG in
the whole temperature range measured (crosses) and extrapolations
to c = 0 (circles with errorbars). Vertical axes are not in the same
scales
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Figure A.22 Chemical shifts of TH7 of CTTCGAAG in the whole
temperature range measured (crosses) and extrapolations to c = 0
(circles with errorbars). Vertical axes are in the same scales
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Figure A.23 Chemical shifts of exchangeable protons of CTTC-
GAAG in the whole temperature range measured (crosses) and ex-
trapolations to c = 0 (circles with errorbars). Vertical axes are in the
same scales. Left: amino, right: imino protons
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A.5 Thermodynamic parameters obtained from 1H NMR

This section contains tabulated results of analysis of melting profiles ob-
tained from 1H NMR spectroscopy of self-complementary ODN – without
(§ 7.6 on page 96) and with methylation (§ 8.4 on page 133) of cytosine in
the central CpG dinucleotide – and SRE-based ODN (§ 9.1.5 on page 150).

A.5.1 Equilibrium – non-methylated ODN

Table A.9 Association parameters of self-complementary duplex DNA
obtained from 1H NMR of H6 and H8

Tm

K
∆G310 K

kJ ·mol−1
∆H

kJ ·mol−1
∆S

J ·mol−1 ·K−1

CAACGTTG
C1 323.3± 0.3 −27.3± 0.6 −236± 13 −673± 39
A2 324.6± 0.4 −28.2± 0.7 −235± 14 −669± 42
A3 321.6± 0.6 −25.3± 0.8 −214± 16 −608± 49
C4 325.2± 0.4 −30.2± 0.8 −271± 16 −777± 49
G5 323.4± 0.4 −27.0± 0.7 −228± 13 −648± 41
T6 324.6± 0.3 −29.4± 0.7 −264± 14 −755± 44
T7 323.8± 0.5 −27.9± 0.9 −243± 18 −694± 55
G8 326.1± 0.8 −31.7± 2.3 −286± 42 −820± 130

CATCGATG
C1 321.6± 0.3 −26.0± 0.3 −239± 9 −688± 28
A2 322.8± 1.0 −27.1± 1.8 −245± 34 −700± 100
T3 323.2± 0.2 −27.6± 0.3 −249± 7 −713± 23
C4 323.6± 0.4 −27.2± 0.5 −233± 12 −664± 38
G5 325.1± 0.4 −30.3± 0.9 −277± 20 −795± 63
A6 322.9± 0.3 −26.8± 0.5 −235± 11 −672± 34
T7 324.1± 0.1 −29.2± 0.2 −271± 6 −781± 18
G8 324.1± 0.4 −28.9± 0.8 −264± 18 −760± 54
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Table A.9 (continued)

Tm

K
∆G310 K

kJ ·mol−1
∆H

kJ ·mol−1
∆S

J ·mol−1 ·K−1

CTACGTAG
C1 312.4± 0.6 −19.9± 0.5 −236± 18 −698± 56
T2 312.2± 0.2 −19.3± 0.1 −173± 5 −497± 15
A3 314.8± 0.2 −21.4± 0.2 −217± 10 −630± 32
C4 319.2± 0.7 −23.1± 0.7 −174± 18 −488± 57
G5c 314.4± 0.3 −21.4± 0.4 −239± 14 −703± 44
T6a 318.3± 0.8 −23.1± 0.6 −191± 13 −541± 42
A7 313.5± 0.4 −20.8± 0.3 −249± 24 −736± 78
G8 314.4± 0.4 −21.0± 0.4 −207± 10 −600± 31

CTTCGAAG
C1 317.4± 0.6 −23.4± 0.8 −246± 20 −717± 61
T2 315.3± 0.8 −22.7± 0.8 −305± 53 −910± 170
T3 317.8± 0.4 −22.8± 0.3 −212± 14 −611± 46
C4 324.1± 0.8 −30.4± 1.8 −292± 40 −840± 120
G5cd 317.1± 1.9 −22.0± 0.5 −195± 48 −560± 150
A6ab 280 ± 56 −13.0± 6.0 −43± 36 −98± 97
A7 315.0± 0.4 −20.9± 0.4 −202± 14 −586± 43
G8 319.8± 0.5 −26.5± 1.0 −291± 21 −854± 64

CTTGCAAG
C1 319.0± 0.7 −24.5± 1.0 −229± 25 −659± 76
T2 323.1± 2.4 −32.0± 7.6 −340± 140 −1010± 430
T3 319.5± 0.4 −24.7± 0.5 −222± 14 −637± 44
G4 317.9± 0.5 −23.2± 0.4 −206± 16 −591± 52
C5 321.2± 0.5 −25.9± 0.8 −225± 21 −641± 64
A6 322.7± 0.5 −28.7± 0.7 −270± 21 −778± 64
A7 319.4± 0.7 −24.1± 1.0 −206± 23 −585± 70
G8 321.9± 0.5 −28.1± 1.4 −272± 30 −787± 92
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Table A.9 (continued)

Tm

K
∆G310 K

kJ ·mol−1
∆H

kJ ·mol−1
∆S

J ·mol−1 ·K−1

GAACGTTC
G1 318.0± 0.5 −24.2± 0.8 −247± 20 −720± 63
A2 317.8± 0.6 −23.1± 0.8 −210± 19 −602± 60
A3 320.6± 0.5 −26.4± 1.1 −255± 28 −738± 85
C4 322.0± 0.3 −26.8± 0.5 −237± 15 −678± 47
G5 321.5± 0.5 −27.4± 1.3 −264± 29 −764± 90
T6 320.6± 0.3 −26.0± 0.6 −243± 17 −700± 52
T7 322.3± 0.6 −28.5± 1.3 −276± 35 −800± 110
C8 323.3± 1.4 −27.6± 0.4 −236± 15 −673± 50

GATGCATC
G1 319.7± 0.5 −25.4± 0.7 −238± 18 −687± 57
A2a 313.2± 5.1 −20.2± 4.0 −198± 86 −570± 270
T3 321.4± 0.3 −27.1± 0.5 −252± 13 −726± 39
G4 320.7± 0.4 −26.2± 0.5 −241± 13 −692± 42
C5 322.1± 0.4 −28.3± 0.7 −268± 17 −774± 54
A6 321.6± 0.6 −27.5± 1.1 −257± 23 −741± 71
T7 321.9± 0.4 −26.6± 0.8 −232± 18 −663± 57
C8 322.8± 0.5 −27.7± 1.1 −240± 23 −685± 72

GTAGCTAC
G1 314.2± 0.4 −21.1± 0.2 −236± 15 −694± 50
T2 317.2± 0.4 −23.5± 0.5 −245± 16 −714± 51
A3 320.4± 0.7 −26.9± 0.8 −274± 27 −796± 86
G4 319.9± 0.1 −25.7± 0.2 −251± 6 −728± 19
C5 320.8± 0.4 −26.5± 0.9 −254± 21 −733± 64
T6 319.6± 1.6 −25.8± 1.7 −264± 57 −770± 180
A7a 322.4± 1.0 −29.5± 2.3 −299± 51 −870± 160
C8 319.7± 0.4 −24.2± 0.7 −207± 17 −589± 52

aFitting of the exchange line shape not possible, the results are from chemical shifts
only. bThe two-state model fails, peak positions in the melting region outside the inter-
val defined by extrapolations from duplex and single strands. cParabolic extrapolation
of single-strand chemical shifts. dAnomalous behaviour violating the two-state model,
discussed in § 7.7 on page 109
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Table A.10 Association parameters of self-complementary duplex
DNA obtained from 1H NMR of AH2, CH5 and TH7

Tm

K
∆G310 K

kJ ·mol−1
∆H

kJ ·mol−1
∆S

J ·mol−1 ·K−1

CAACGTTG
C1ab 314.5± 1.3 −20.5± 1.1 −204± 27 −594± 84
A2 325.1± 1.1 −29.9± 3.0 −265± 47 −760± 140
A3 323.7± 0.5 −27.4± 0.8 −232± 16 −660± 50
C4c

T6 324.9± 0.2 −29.2± 0.3 −255± 9 −727± 27
T7 324.8± 0.4 −28.3± 0.5 −237± 12 −672± 36

CATCGATG
C1ab 315.9± 0.9 −22.2± 1.2 −257± 30 −756± 92
A2 324.0± 0.3 −27.8± 0.6 −241± 13 −689± 39
T3 324.6± 0.1 −29.5± 0.2 −270± 4 −774± 13
C4a 324.7± 0.2 −30.2± 0.6 −282± 10 −814± 30
A6 323.1± 0.3 −27.4± 0.7 −247± 15 −708± 47
T7 324.1± 0.1 −28.7± 0.2 −260± 4 −747± 12

CTACGTAG
C1ab 305.6± 1.1 −13.6± 1.0 −311± 20 −959± 64
T2a 321.9± 1.2 −24.9± 1.4 −186± 26 −520± 79
A3 317.1± 1.8 −23.3± 2.5 −231± 58 −670± 180
C4a 318.8± 0.5 −23.8± 0.6 −208± 12 −595± 35
T6 321.4± 1.0 −26.3± 1.0 −231± 28 −660± 86
A7 314.0± 1.0 −20.5± 0.8 −194± 15 −560± 45

CTTCGAAG
C1ab 307.8± 1.0 −15.1± 1.1 −346± 8 −1069± 25
T2 324.1± 0.8 −26.5± 0.7 −202± 19 −568± 61
T3 320.0± 0.3 −22.8± 0.2 −166± 7 −463± 21
C4a 321.0± 0.4 −25.9± 0.7 −240± 12 −690± 38
A6 321.0± 0.2 −29.2± 0.5 −339± 12 −999± 36
A7 318.0± 1.5 −25.0± 3.6 −292± 90 −860± 280
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Table A.10 (continued)

Tm

K
∆G310 K

kJ ·mol−1
∆H

kJ ·mol−1
∆S

J ·mol−1 ·K−1

CTTGCAAG
C1ab 311.6± 1.0 −19.8± 1.2 −330± 51 −1000± 160
T2 321.8± 0.5 −26.4± 0.5 −227± 13 −647± 42
T3 322.6± 0.6 −27.5± 1.0 −240± 24 −687± 73
C5a 323.3± 0.2 −29.3± 0.6 −271± 11 −780± 33
A6 323.5± 0.9 −30.4± 2.3 −295± 37 −850± 110
A7 321.1± 0.6 −26.0± 1.1 −229± 27 −655± 83

GAACGTTC
A2 319.5± 1.9 −24.5± 3.6 −220± 61 −630± 180
A3 323.4± 1.2 −30.7± 4.0 −308± 86 −890± 260
C4c

T6 321.8± 0.1 −27.6± 0.2 −255± 5 −734± 17
T7 323.1± 0.5 −28.7± 0.9 −258± 18 −738± 56
C8ab 325.9± 1.3 −30.8± 2.1 −263± 28 −750± 84

GATGCATC
A2 325.0± 0.9 −34.0± 3.4 −344± 64 −1000± 200
T3 321.4± 0.2 −26.7± 0.4 −248± 11 −714± 34
C5a 322.8± 0.3 −29.4± 0.7 −284± 12 −820± 36
A6 321.9± 0.4 −27.7± 0.9 −257± 18 −741± 55
T7 321.5± 0.3 −26.2± 0.4 −233± 10 −666± 32
C8ab 324.4± 0.7 −30.9± 1.6 −287± 27 −825± 83

GTAGCTAC
T2 320.7± 0.2 −25.9± 0.2 −240± 8 −691± 25
A3 320.1± 1.1 −26.9± 2.1 −283± 40 −830± 120
C5a 322.6± 0.4 −30.2± 1.0 −314± 17 −916± 53
T6 320.8± 0.2 −26.0± 0.2 −238± 7 −683± 22
A7 318.1± 0.9 −21.7± 0.6 −147± 13 −405± 41
C8ab 322.5± 0.4 −30.3± 1.0 −320± 18 −933± 55

aFitting of the exchange line shape not possible, the results are from chemical shifts only.
bSerious deviation from chemical-shift linearity in duplex makes the analysis unreliable.
cValues in duplex missing due to spectral overlap with residual water signal
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Table A.11 Association parameters of self-complementary duplex
DNA obtained from 1H NMR of H1′. All values obtained from fitting
of chemical shifts (no exchange line shape)

Tm

K
∆G310 K

kJ ·mol−1
∆H

kJ ·mol−1
∆S

J ·mol−1 ·K−1

CAACGTTG
C1 325.1± 0.3 −29.9± 0.7 −267± 13 −765± 39
A2 326.2± 0.3 −31.4± 0.8 −279± 15 −800± 46
A3 325.5± 1.2 −28.7± 1.2 −234± 21 −661± 65
C4 325.8± 0.2 −33.5± 0.9 −328± 15 −952± 45
G5 325.1± 0.7 −28.2± 0.9 −230± 18 −652± 55
T6 323.7± 0.6 −26.6± 0.7 −213± 15 −602± 47
T7 323.8± 0.5 −26.2± 0.5 −204± 10 −574± 30
G8 327.8± 1.9 −34.3± 5.2 −308± 91 −880± 280

CATCGATG
C1 324.2± 0.2 −29.1± 0.5 −268± 9 −770± 29
A2 325.9± 1.2 −31.3± 2.9 −284± 54 −820± 170
T3 324.1± 0.3 −29.4± 0.5 −276± 11 −795± 32
C4 325.1± 0.2 −30.4± 0.6 −281± 9 −808± 29
G5 325.4± 0.3 −29.8± 0.6 −262± 12 −751± 37
A6 323.5± 0.7 −26.8± 0.9 −225± 18 −638± 54
T7 324.1± 0.3 −29.1± 0.7 −268± 12 −772± 37
G8 326.3± 1.5 −32.4± 4.4 −299± 78 −860± 240

CTACGTAG
C1 316.9± 0.5 −22.9± 0.6 −224± 12 −648± 36
T2 318.7± 0.4 −25.9± 0.6 −287± 13 −843± 40
A3 311.1± 0.9 −19.4± 1.0 −380± 4 −1164± 11
C4 322.5± 0.2 −31.7± 0.8 −350± 16 −1028± 50
G5 314.2± 0.8 −20.8± 0.7 −206± 20 −597± 62
T6 316.7± 0.4 −22.8± 0.5 −225± 10 −653± 31
A7 314.9± 0.4 −25.5± 0.7 −482± 2 −1473± 5
G8 308.1± 1.6 −16.5± 1.1 −253± 49 −760± 160
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Table A.11 (continued)

Tm

K
∆G310 K

kJ ·mol−1
∆H

kJ ·mol−1
∆S

J ·mol−1 ·K−1

CTTCGAAG
C1 321.4± 0.7 −28.5± 1.7 −304± 31 −889± 94
T2 309.3± 1.3 −16.8± 1.6 −377± 6 −1162± 18
T3 318.0± 0.9 −22.4± 0.8 −189± 20 −537± 61
C4 325.5± 0.4 −41.9± 2.4 −509± 39 −1510± 120
G5 320.1± 0.4 −24.5± 0.5 −217± 11 −622± 34
A6a 305.2± 3.2 −15.4± 1.6 −141± 17 −404± 57
A7 316.5± 0.9 −25.1± 1.6 −366± 35 −1100± 110
G8 313.7± 1.4 −21.2± 1.9 −300± 61 −900± 190

CTTGCAAG
C1 322.9± 0.3 −28.3± 0.6 −256± 11 −734± 34
T2 322.0± 1.1 −27.1± 1.9 −241± 40 −690± 120
T3 321.6± 0.2 −27.1± 0.5 −248± 10 −714± 30
G4 321.6± 0.3 −25.8± 0.6 −214± 11 −607± 35
C5 324.0± 0.3 −31.4± 0.8 −308± 13 −891± 40
A6 320.9± 0.3 −26.3± 0.6 −242± 12 −694± 38
A7 322.1± 0.7 −27.1± 0.8 −241± 18 −689± 55
G8 323.1± 0.7 −28.0± 1.2 −245± 25 −700± 78

GAACGTTC
G1 320.2± 0.3 −25.7± 0.4 −245± 8 −707± 24
A2 322.9± 0.4 −31.3± 1.3 −334± 26 −975± 80
A3 322.5± 1.0 −28.6± 1.9 −274± 40 −790± 120
C4 324.3± 0.4 −33.6± 1.5 −356± 23 −1039± 71
G5 322.2± 0.6 −27.7± 1.1 −257± 22 −741± 69
T6 320.8± 0.5 −26.3± 0.9 −247± 18 −713± 57
T7a 317.1± 7.0 −20.8± 2.6 −125± 27 −336± 88
C8 312.5± 1.6 −19.1± 0.9 −147± 22 −414± 69
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Table A.11 (continued)

Tm

K
∆G310 K

kJ ·mol−1
∆H

kJ ·mol−1
∆S

J ·mol−1 ·K−1

GATGCATC
G1 320.2± 0.2 −25.5± 0.3 −230± 7 −660± 21
A2 312.0± 1.5 −19.5± 1.1 −200± 28 −583± 88
T3 321.7± 0.3 −28.6± 0.7 −286± 14 −830± 44
G4 323.7± 0.4 −28.1± 0.7 −234± 14 −664± 45
C5 323.8± 0.4 −32.0± 1.1 −325± 18 −946± 56
A6 321.9± 0.8 −26.4± 1.2 −223± 24 −635± 75
T7 322.6± 0.6 −27.5± 1.1 −239± 21 −681± 66
C8 313.3± 1.7 −19.6± 0.9 −138± 21 −381± 65

GTAGCTAC
G1 322.0± 0.4 −28.0± 0.9 −269± 19 −779± 60
T2b 322.2± 1.2 −30.7± 3.5 −338± 63 −990± 190
A3 313.9± 1.6 −21.1± 1.7 −258± 45 −760± 140
G4b 320.6± 0.4 −25.6± 0.6 −231± 13 −663± 39
C5 321.5± 0.3 −28.1± 0.6 −284± 12 −826± 37
T6b 320.9± 0.3 −27.1± 0.6 −269± 14 −780± 44
A7 322.0± 0.7 −27.6± 1.2 −259± 27 −748± 84
C8 321.3± 0.5 −26.9± 0.9 −254± 20 −732± 61

aThe two-state model fails, peak positions in the melting region outside the interval
defined by extrapolations from duplex and single strands. bAmbiguous assignment of
resonances in single strands (see Table A.3)
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A.5.2 Equilibrium – methylated ODN

Table A.12 Association parameters of self-complementary duplex
DNA with methylated cytosine obtained from 1H NMR of H6 and H8

Tm

K
∆G310 K

kJ ·mol−1
∆H

kJ ·mol−1
∆S

J ·mol−1 ·K−1

CAAm5CGTTG
C1 323.4± 0.3 −28.8± 0.6 −267± 10 −769± 31
A2 325.4± 0.5 −28.7± 0.9 −230± 17 −648± 53
A3 320.0± 0.7 −24.0± 0.8 −199± 12 −563± 37
m5C4 325.2± 0.3 −29.2± 0.5 −245± 11 −697± 33
G5 324.9± 0.2 −28.6± 0.3 −237± 7 −674± 21
T6 325.1± 0.2 −29.3± 0.4 −248± 8 −707± 23
T7 324.7± 0.4 −28.7± 0.8 −240± 15 −680± 45
G8 327.2± 0.4 −32.4± 1.3 −279± 23 −795± 70

CATm5CGATG
C1 324.3± 0.3 −29.7± 0.6 −276± 12 −795± 36
A2 324.7± 0.6 −29.0± 1.2 −253± 22 −722± 66
T3 325.5± 0.2 −30.2± 0.5 −267± 9 −763± 28
m5C4 325.3± 0.4 −28.8± 0.7 −241± 13 −686± 41
G5 326.8± 0.4 −32.8± 0.8 −297± 17 −853± 52
A6 324.3± 0.3 −27.9± 0.6 −236± 11 −673± 34
T7 325.4± 0.2 −30.2± 0.4 −268± 7 −768± 21
G8 325.4± 0.4 −29.9± 0.8 −263± 16 −751± 50

CTTm5CGAAG
C1 320.0± 0.4 −27.3± 0.9 −299± 23 −876± 72
T2 316.6± 0.6 −24.5± 0.8 −308± 48 −920± 150
T3 317.8± 0.5 −23.8± 0.5 −237± 18 −686± 58
m5C4e 319.5± 3.8 −22.8± 3.8 −160± 70 −440± 210
G5cd 320.0± 0.5 −25.3± 0.5 −231± 21 −663± 65
A6ab 294 ± 42 −15.3± 5.6 −50± 39 −110± 110
A7 315.7± 0.4 −22.0± 0.5 −223± 17 −647± 54
G8 322.6± 0.3 −30.4± 0.9 −319± 16 −931± 49

aFitting of the exchange line shape not possible, the results are from chemical shifts
only. bThe two-state model fails, peak positions in the melting region outside the inter-
val defined by extrapolations from duplex and single strands. cParabolic extrapolation
of single-strand chemical shifts. dAnomalous behaviour violating the two-state model,
discussed in § 8.4.2 on page 137. eFitting of the exchange line shape not possible for
several temperatures near duplex which affects the precision

A-40



A.5 Thermodynamic parameters obtained from 1H NMR

Table A.13 Association parameters of self-complementary duplex
DNA with methylated cytosine obtained from 1H NMR of AH2, CH5,
m5CH7, and TH7

Tm

K
∆G310 K

kJ ·mol−1
∆H

kJ ·mol−1
∆S

J ·mol−1 ·K−1

CAAm5CGTTG
C1ab 315.7± 1.1 −21.9± 1.2 −225± 26 −655± 82
A2 326.2± 1.0 −31.5± 2.5 −276± 37 −790± 110
A3 324.4± 0.3 −27.7± 0.6 −224± 11 −634± 34
m5C4 325.4± 0.1 −29.0± 0.2 −238± 5 −675± 15
T6 325.7± 0.1 −29.9± 0.2 −253± 5 −718± 14
T7 325.7± 0.2 −29.2± 0.3 −237± 6 −669± 18

CATm5CGATG
C1ab 312.8± 1.2 −19.0± 0.8 −172± 19 −495± 61
A2 325.9± 0.2 −30.5± 0.6 −266± 10 −761± 29
T3 326.3± 0.1 −30.3± 0.4 −257± 7 −730± 22
m5C4 325.8± 0.2 −30.3± 0.3 −264± 7 −754± 21
A6 324.1± 0.4 −27.7± 0.6 −233± 12 −663± 38
T7 326.0± 0.1 −30.5± 0.3 −265± 6 −755± 18

CTTm5CGAAG
C1ab 308.7± 1.1 −16.6± 1.2 −344± 15 −1056± 46
T2 326.8± 1.2 −29.4± 1.4 −220± 34 −620± 100
T3 322.6± 0.6 −24.9± 0.5 −177± 17 −490± 54
m5C4 321.9± 0.4 −24.7± 0.2 −180± 10 −500± 32
A6 323.7± 0.5 −34.6± 0.8 −393± 17 −1154± 52
A7 318.0± 0.7 −23.4± 0.8 −215± 15 −617± 47

aFitting of the exchange line shape not possible, the results are from chemical shifts only.
bSerious deviation from chemical-shift linearity in duplex makes the analysis unreliable.
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Table A.14 Association parameters of self-complementary duplex
DNA with methylated cytosine obtained from 1H NMR of H1′. All values
obtained from fitting of chemical shifts (no exchange line shape)

Tm

K
∆G310 K

kJ ·mol−1
∆H

kJ ·mol−1
∆S

J ·mol−1 ·K−1

CAAm5CGTTG
C1 325.6± 0.2 −30.3± 0.6 −261± 10 −746± 31
A2 327.9± 0.3 −33.9± 0.7 −295± 13 −843± 38
A3 324.9± 2.0 −28.7± 2.7 −238± 39 −680± 120
m5C4 327.1± 0.2 −33.6± 0.7 −303± 11 −869± 33
G5 326.2± 0.5 −29.3± 0.7 −232± 14 −653± 42
T6 323.5± 0.8 −25.9± 0.8 −194± 16 −543± 49
T7 323.9± 0.4 −26.8± 0.6 −209± 12 −588± 37
G8 328.3± 1.4 −32.8± 3.7 −269± 59 −760± 180

CATm5CGATG
C1 325.5± 0.2 −30.4± 0.6 −270± 11 −774± 35
A2 328.0± 1.2 −33.9± 3.2 −299± 55 −850± 170
T3 325.6± 0.5 −28.2± 0.6 −223± 11 −627± 35
m5C4 326.7± 0.2 −33.6± 0.8 −315± 13 −907± 39
G5 327.2± 0.3 −31.3± 0.6 −262± 11 −743± 34
A6 325.2± 0.8 −27.9± 1.1 −222± 21 −628± 64
T7 325.6± 0.3 −29.5± 0.7 −250± 12 −711± 36
G8 327.8± 1.4 −33.1± 3.8 −288± 64 −820± 200

CTTm5CGAAG
C1 322.4± 0.8 −27.6± 1.6 −249± 27 −713± 83
T2 315.2± 0.9 −24.8± 1.6 −409± 55 −1240± 170
T3 319.8± 7.6 −21.8± 2.7 −122± 30 −324± 97
m5C4 328.5± 0.2 −53.3± 0.4 −628± 4 −1855± 11
G5 321.1± 0.5 −25.9± 0.8 −226± 15 −646± 47
A6a 308.5± 2.9 −17.1± 1.8 −193± 34 −570± 110
A7 320.3± 1.0 −32.2± 1.9 −442± 26 −1321± 80
G8 315.1± 1.1 −22.3± 1.4 −262± 40 −770± 130

aThe two-state model fails, peak positions in the melting region outside the interval
defined by extrapolations from duplex and single strands
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A.5.3 Kinetics – non-methylated ODN

Table A.15 Activation parameters of dissociation of self-
complementary duplex DNA obtained from 1H NMR of H6 and H8

∆G†
310 K

kJ ·mol−1
∆H†

kJ ·mol−1
∆S†

J ·mol−1 ·K−1

CAACGTTG
C1 66.3± 3.2 214± 94 478± 293
A2 66.6± 1.4 224± 46 506± 144
A3 65.9± 1.2 138± 36 233± 114
C4 65.9± 0.8 200± 18 432± 55
G5 67.2± 0.6 263± 26 633± 81
T6 66.4± 0.7 242± 33 568± 106
T7 66.9± 2.2 395± 70 1060± 221
G8b 58 ± 32 920± 860 2800± 2700

CATCGATG
C1 66.3± 0.5 249± 23 591± 73
A2 65.3± 0.4 280± 19 692± 60
T3 65.9± 0.2 235± 10 547± 32
C4 66.7± 0.2 233± 13 537± 43
G5 68.4± 0.8 300± 40 750± 130
A6 66.4± 0.3 240± 15 559± 46
T7 65.7± 0.2 237± 7 554± 23
G8 66.4± 0.6 245± 28 576± 89

CTACGTAG
C1 62.7± 1.2 148± 60 280± 190
T2 62.6± 0.1 191± 7 415± 24
A3 63.9± 0.3 259± 28 628± 89
C4 63.7± 0.2 268± 28 657± 89
G5c 64.0± 0.3 180± 14 374± 44
T6a

A7 62.4± 0.3 212± 32 480± 100
G8 62.9± 0.1 217± 4 497± 13
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Table A.15 (continued)

∆G†
310 K

kJ ·mol−1
∆H†

kJ ·mol−1
∆S†

J ·mol−1 ·K−1

CTTCGAAG
C1 64.9± 0.8 230± 36 530± 110
T2 65.9± 1.4 220± 140 490± 440
T3 66.3± 0.4 289± 28 719± 88
C4b 66 ± 36 400± 1500 1000± 5000
G5cd 65.6± 0.4 213± 40 470± 130
A6a

A7 67.6± 0.3 260± 20 622± 64
G8 64.9± 0.3 194± 10 418± 32

CTTGCAAG
C1 66.0± 1.6 276± 41 680± 130
T2b 66 ± 48 300± 1000 700± 3100
T3 65.5± 0.5 269± 20 656± 63
G4 66.0± 0.5 239± 21 559± 67
C5 65.8± 0.7 248± 21 587± 67
A6 65.1± 1.3 270± 53 660± 170
A7 66.3± 0.8 247± 24 584± 77
G8 64.7± 1.9 191± 42 410± 130

GAACGTTC
G1 64.5± 0.7 192± 45 410± 140
A2 60.0± 0.9 105± 39 150± 120
A3 67.1± 1.0 274± 51 670± 160
C4 65.0± 0.2 255± 11 614± 35
G5b 68.1± 2.6 190± 220 380± 720
T6 62.6± 0.7 169± 23 344± 73
T7 66.5± 1.4 286± 72 710± 230
C8 65.1± 0.4 166± 35 320± 110

GATGCATC
G1 65.2± 1.2 270± 58 660± 180
A2a

T3 66.0± 0.3 262± 10 633± 30
G4 65.2± 0.7 274± 45 670± 140
C5 66.4± 0.7 253± 24 603± 75
A6 66.3± 2.1 290± 150 730± 470
T7 66.3± 0.5 262± 15 633± 46
C8 66.9± 0.7 257± 26 614± 84
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Table A.15 (continued)

∆G†
310 K

kJ ·mol−1
∆H†

kJ ·mol−1
∆S†

J ·mol−1 ·K−1

GTAGCTAC
G1 62.7± 1.0 188± 79 400± 250
T2 63.9± 0.9 213± 77 480± 250
A3 61.9± 1.1 290± 180 730± 580
G4 64.6± 0.1 219± 6 499± 18
C5 64.0± 0.3 229± 9 532± 27
T6b 52 ± 17 570± 320 1670± 980
A7a

C8 64.9± 0.2 214± 9 479± 27
aFitting of the exchange line shape not possible. bErrors of exchange rates too high
to obtain a reliable Eyring fit. cParabolic extrapolation of single-strand chemical shift.
dAnomalous behaviour violating the two-state model, discussed in § 7.7 on page 109

Table A.16 Activation parameters of dissociation of self-
complementary duplex DNA obtained from 1H NMR of AH2 and TH7

∆G†
310 K

kJ ·mol−1
∆H†

kJ ·mol−1
∆S†

J ·mol−1 ·K−1

CAACGTTG
A2 67.4± 1.9 205± 32 445± 96
A3 66.9± 0.8 239± 23 555± 71
T6 66.8± 0.1 240± 4 560± 12
T7 67.4± 0.4 261± 13 624± 41

CATCGATG
A2 66.2± 0.4 178± 19 361± 60
T3 67.1± 0.3 238± 7 552± 23
A6 66.3± 0.2 229± 11 524± 35
T7 66.7± 0.1 261± 3 627± 10

CTACGTAG
T2a

A3 63.7± 1.2 231± 29 540± 89
T6 61.6± 1.3 313± 62 810± 200
A7 62.2± 0.5 174± 14 362± 44
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Table A.16 (continued)

∆G†
310 K

kJ ·mol−1
∆H†

kJ ·mol−1
∆S†

J ·mol−1 ·K−1

CTTCGAAG
T2 67.3± 0.7 311± 63 785± 203
T3 66.2± 0.2 226± 12 515± 39
A6 65.6± 0.4 180± 13 368± 41
A7 66.6± 0.2 186± 17 387± 56

CTTGCAAG
T2 66.1± 0.2 239± 8 557± 26
T3 67.3± 0.3 302± 15 756± 48
A6 65.9± 2.3 240± 37 560± 110
A7 66.6± 0.9 242± 23 567± 71

GAACGTTC
A2 65.2± 3.2 226± 79 520± 250
A3b 80 ± 22 910± 970 2700± 3100
T6 65.5± 0.3 248± 9 588± 29
T7 66.9± 1.3 280± 61 690± 190

GATGCATC
A2b 79 ± 32 510± 690 1400± 2100
T3 65.4± 0.1 240± 5 562± 17
A6 65.6± 0.4 240± 14 562± 44
T7 65.9± 0.3 247± 10 584± 32

GTAGCTAC
T2 64.7± 0.1 250± 4 599± 13
A3 64.2± 0.2 231± 7 537± 22
T6 65.0± 0.1 240± 6 566± 20
A7 65.7± 0.4 228± 15 525± 47

aFitting of the exchange line shape not possible. bErrors of exchange rates too high to
obtain a reliable Eyring fit

A-46



A.5 Thermodynamic parameters obtained from 1H NMR

A.5.4 Kinetics – methylated ODN

Table A.17 Activation parameters of dissociation of self-
complementary duplex DNA with methylated cytosine obtained from 1H
NMR of H6 and H8

∆G†
310 K

kJ ·mol−1
∆H†

kJ ·mol−1
∆S†

J ·mol−1 ·K−1

CAAm5CGTTG
C1 67.1± 0.9 229± 24 524± 74
A2 66.6± 1.4 233± 47 540± 150
A3 66.3± 1.5 214± 42 480± 130
m5C4 66.9± 0.7 247± 15 582± 47
G5 67.9± 0.4 245± 10 570± 32
T6 67.7± 0.4 245± 15 571± 48
T7 65.4± 1.7 232± 54 540± 170
G8b 60 ± 640 200± 10000 500± 32000

CATm5CGATG
C1 67.4± 0.9 234± 22 538± 69
A2b 65.5± 7.8 530± 760 1500± 2400
T3 67.6± 0.6 238± 12 551± 38
m5C4 67.9± 1.5 283± 57 700± 180
G5 70.6± 0.7 372± 37 970± 120
A6 67.1± 1.0 232± 26 531± 79
T7 66.9± 0.6 232± 15 534± 45
G8 67.5± 0.9 253± 28 599± 88

CTTm5CGAAG
C1 68.2± 1.3 183± 38 370± 120
T2 68.9± 1.2 229± 60 520± 190
T3 67.7± 0.6 228± 38 520± 120
m5C4b 73 ± 50 600± 1500 1800± 4700
G5cd 67.4± 0.2 196± 16 414± 51
A6a

A7 70.4± 0.8 255± 30 597± 93
G8 67.1± 0.5 179± 10 363± 30

aFitting of the exchange line shape not possible. bErrors of exchange rates too high
to obtain a reliable Eyring fit cParabolic extrapolation of single-strand chemical shift.
dAnomalous behaviour violating the two-state model, discussed in § 8.4.2 on page 137
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Table A.18 Activation parameters of dissociation of self-
complementary duplex DNA with methylated cytosine obtained from 1H
NMR of AH2, m5CH7, and TH7

∆G†
310 K

kJ ·mol−1
∆H†

kJ ·mol−1
∆S†

J ·mol−1 ·K−1

CAAm5CGTTG
A2 66.9± 0.7 246± 12 579± 38
A3 67.9± 0.8 265± 27 635± 84
m5C4 68.0± 0.2 249± 5 585± 17
T6 67.9± 0.1 258± 3 613± 9
T7 68.3± 0.3 264± 8 631± 24

CATm5CGATG
A2 72.2± 1.7 302± 30 741± 93
T3 68.7± 0.2 253± 7 594± 21
m5C4 68.8± 0.3 262± 9 624± 28
A6 67.7± 0.9 237± 25 546± 76
T7 67.9± 0.1 228± 5 518± 15

CTTm5CGAAG
T2 69.6± 1.3 321± 76 810± 240
T3 69.2± 1.0 257± 45 600± 140
m5C4 68.0± 0.2 239± 16 552± 50
A6 66.7± 0.2 164± 12 315± 39
A7 68.0± 0.3 163± 13 305± 43

aErrors of exchange rates too high to obtain a reliable Eyring fit
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A.5.5 Melting of SRE ODN

Table A.19 Folding parameters of SRE-based DNA obtained from 1H
NMR of H6 and H8. All values obtained from fitting of chemical shifts
(no exchange line shape)

Tm

K
∆G310 K

kJ ·mol−1
∆H

kJ ·mol−1
∆S

J ·mol−1 ·K−1

TGTCCATATTAGGACA s1fos16
T1 333.5± 1.2 −8.6± 0.4 −122± 8 −367± 26
G2 333.8± 0.8 −9.9± 0.6 −138± 11 −414± 32
T3 334.2± 0.5 −10.5± 0.3 −145± 6 −434± 18
C4 334.1± 0.4 −9.9± 0.3 −138± 4 −413± 14
C5 333.8± 0.2 −9.8± 0.2 −137± 3 −412± 9
A6 333.3± 1.8 −9.9± 1.2 −141± 22 −424± 67
T7 336.5± 0.5 −14.9± 1.1 −190± 14 −563± 43
A8 333.4± 0.6 −9.6± 0.4 −137± 7 −411± 22
T9 335.2± 1.6 −10.0± 0.8 −133± 14 −395± 44
T10 334.2± 0.8 −10.1± 0.5 −140± 9 −419± 27
A11 334.8± 1.8 −7.8± 0.4 −105± 7 −314± 23
G12 334.4± 0.5 −10.9± 0.5 −149± 7 −445± 22
G13 344.2± 7.9 −9.7± 3.0 −97± 16 −282± 44
A14 333.5± 0.7 −9.3± 0.4 −132± 7 −395± 20
C15 334.0± 0.2 −10.0± 0.1 −140± 2 −419± 7
A16 333.6± 0.7 −8.4± 0.3 −119± 6 −355± 18
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Table A.19 (continued)

Tm

K
∆G310 K

kJ ·mol−1
∆H

kJ ·mol−1
∆S

J ·mol−1 ·K−1

GTCCATATTAGGAC s1fos14
G2 317.0± 1.3 −1.5± 0.2 −69± 6 −219± 18
T3 311.3± 2.2 −0.6± 1.0 −130± 25 −417± 79
C4 325.5± 0.6 −6.3± 0.3 −132± 7 −406± 23
C5 325.5± 0.3 −5.9± 0.1 −124± 3 −380± 10
A6 323.6± 3.8 −6.3± 2.0 −149± 54 −460± 170
T7 327.9± 0.6 −7.9± 0.5 −145± 10 −442± 32
A8 325.2± 0.8 −5.8± 0.3 −125± 9 −384± 27
T9 326.5± 1.8 −7.6± 1.0 −150± 24 −461± 74
T10 325.7± 1.1 −6.4± 0.5 −133± 12 −409± 38
A11 324.2± 3.5 −4.5± 0.8 −102± 14 −314± 45
G12 325.8± 0.5 −6.2± 0.4 −127± 8 −391± 25
G13 324.5± 2.7 −4.5± 1.4 −102± 21 −313± 64
A14 326.1± 0.8 −7.1± 0.5 −144± 12 −441± 36
C15 326.1± 0.2 −6.7± 0.1 −136± 3 −416± 9

TCCATATTAGGA s1fos12
T3 302 ± 10 1.1± 1.4 −42± 28 −138± 92
C4 315.5± 9.8 −1.0± 1.6 −55± 35 −170± 110
C5 308.4± 3.2 0.4± 0.8 −75± 7 −244± 22
A6 303 ± 47 1.3± 8.3 −55± 31 −181± 88
T7 314.6± 6.6 −0.8± 1.1 −54± 5 −172± 17
A8 300.0± 7.2 2.6± 1.5 −79± 18 −262± 56
T9 329 ± 17 −3.3± 5.0 −57± 68 −170± 210
T10 307 ± 10 0.4± 1.5 −51± 27 −165± 85
A11 302 ± 13 2.2± 3.6 −79± 15 −263± 54
G12 303.4± 7.2 1.5± 1.6 −68± 7 −225± 22
G13 308 ± 19 0.4± 3.2 −51± 16 −166± 59
A14 298.8± 8.5 2.2± 1.3 −59± 16 −198± 50
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Table A.20 Folding parameters of SRE-based DNA obtained from 1H
NMR of AH2, CH5, and TH7. All values obtained from fitting of chemical
shifts (no exchange line shape)

Tm

K
∆G310 K

kJ ·mol−1
∆H

kJ ·mol−1
∆S

J ·mol−1 ·K−1

TGTCCATATTAGGACA s1fos16
T1 333.3± 0.3 −9.3± 0.2 −133± 3 −398± 10
T3 334.0± 0.2 −10.6± 0.2 −148± 3 −443± 9
C4 334.3± 0.2 −10.9± 0.2 −150± 3 −450± 10
C5 334.1± 0.2 −10.4± 0.2 −143± 3 −429± 10
A6 333.9± 0.9 −8.6± 0.3 −120± 6 −358± 19
T7 337.5± 1.9 −18.1± 5.5 −222± 72 −660± 210
A8 334.8± 0.6 −12.0± 0.7 −161± 11 −481± 33
T9 337.3± 0.7 −17.2± 1.6 −212± 22 −630± 66
T10 333.9± 0.7 −10.1± 0.5 −142± 8 −424± 25
A11 334.1± 0.4 −10.5± 0.3 −145± 6 −435± 18
A14 337.7± 3.8 −16.2± 8.6 −200± 110 −590± 330
C15 334.2± 0.1 −10.8± 0.2 −150± 3 −447± 8
A16 333.4± 0.2 −8.7± 0.1 −125± 2 −374± 7

GTCCATATTAGGAC s1fos14
T3 326.2± 0.2 −7.0± 0.2 −142± 3 −435± 11
C4a

C5a

A6 324.5± 1.7 −5.1± 0.5 −115± 9 −353± 30
T7 330.4± 2.2 −7.2± 1.3 −116± 24 −350± 73
A8 326.5± 0.8 −8.0± 0.6 −158± 15 −483± 46
T9 330.0± 0.9 −10.4± 1.1 −171± 21 −520± 64
T10 325.4± 0.9 −6.5± 0.4 −138± 11 −425± 35
A11 325.5± 0.6 −6.5± 0.3 −137± 8 −422± 25
A14 320.2± 1.2 −2.7± 0.3 −84± 8 −261± 24
C15a
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Table A.20 (continued)

Tm

K
∆G310 K

kJ ·mol−1
∆H

kJ ·mol−1
∆S

J ·mol−1 ·K−1

TCCATATTAGGA s1fos12
T3 302.7± 7.1 1.3± 1.1 −56± 12 −185± 35
C4a

C5a

A6 310.2± 6.3 −0.1± 2.4 −121± 30 −391± 99
T7 299 ± 20 2.7± 4.7 −73± 15 −243± 43
A8b

T9 275 ± 19 6.7± 3.7 −53± 6 −192± 14
T10 325 ± 25 −2.9± 6.4 −65± 42 −200± 120
A11b

A14 308.6± 3.9 0.4± 1.1 −83± 19 −267± 63
aResonance not analysed. bFit unfeasible due to absence of the sigmoidal character
of δ(T)

Table A.21 Folding parameters of SRE-based s1fos16, TGTC-
CATATTAGGACA, obtained from 1H NMR of H1′. All values obtained
from fitting of chemical shifts (no exchange line shape)

Tm

K
∆G310 K

kJ ·mol−1
∆H

kJ ·mol−1
∆S

J ·mol−1 ·K−1

T1 335.2± 0.6 −12.8± 0.9 −171± 13 −509± 38
G2 334.9± 1.0 −11.4± 0.8 −154± 13 −459± 40
T3 333.9± 1.0 −9.6± 0.7 −134± 12 −400± 37
C4 334.6± 0.4 −11.0± 0.4 −150± 6 −449± 18
C5 336.8± 2.6 −8.9± 1.4 −112± 22 −334± 67
A6 342.0± 1.9 −24.2± 8.1 −259± 92 −760± 270
T7 337.3± 1.1 −15.8± 2.5 −195± 32 −579± 95
A8 334.6± 0.6 −10.5± 0.5 −142± 8 −425± 25
T9 334.5± 1.1 −9.8± 0.7 −133± 11 −399± 35
T10 335.6± 0.6 −12.0± 0.8 −158± 11 −470± 34
A11 334.5± 0.3 −10.1± 0.2 −138± 4 −413± 12
G12 334.8± 0.3 −10.7± 0.3 −144± 5 −431± 14
G13 336.2± 1.0 −11.7± 0.6 −150± 10 −445± 29
A14 334.8± 2.5 −8.3± 0.8 −112± 14 −335± 45
C15 335.1± 0.2 −11.3± 0.3 −151± 4 −450± 12
A16 333.4± 1.7 −8.2± 0.8 −117± 14 −352± 44

A-52


	1 Introduction
	1.1 Why and how? 
	1.2 Structure of the thesis 

	2 Nucleic acids
	2.1 Biology
	2.2 Chemical composition
	2.3 Used nomenclature
	2.4 Structural properties
	2.4.1 Conformation of nucleotides
	2.4.2 Secondary structure
	2.4.3 Duplexes
	2.4.4 Hairpins
	2.4.5 G-tetrads

	2.5 Stability of secondary structures 
	2.5.1 Melting temperature
	2.5.2 Stability predictions

	2.6 Cytosine methylation in DNA
	2.6.1 CpG motif
	2.6.2 A weak impact on structure
	2.6.3 Increased duplex stability and rigidity
	2.6.4 CpG methylation: an open question

	2.7 Serum response element
	2.7.1 Sequence and structure
	2.7.2 DNA hairpins with long loops


	3 Chemical processes in solution
	3.1 Two-state equilibrium
	3.1.1 First-order transition
	3.1.2 Second-order transition
	3.1.3 Melting of NA secondary structures
	3.1.4 Melting curve

	3.2 Three-state equilibrium 
	3.2.1 Application to the duplex melting
	3.2.2 Duplex intermediate
	3.2.3 Single-strand intermediate


	4 Nuclear magnetic resonance
	4.1 Interactions of nuclear spins
	4.1.1 Zeeman effect
	4.1.2 Bloch equations
	4.1.3 Free precession
	4.1.4 Chemical shift
	4.1.5 Indirect dipole--dipole interaction
	4.1.6 Direct dipole--dipole interaction

	4.2 Chemical exchange
	4.2.1 Two-site chemical exchange
	4.2.2 Bloch--McConnell equations
	4.2.3 Thermodynamicanalysisofvariable-temperature  spectra

	4.3 NMR of nucleic acids
	4.3.1 1H resonances in nucleic acids and their assignment
	4.3.2 Prediction of shifts by the nearest-neighbour model


	5 Experimental details
	5.1 Sample preparation
	5.2 NMR spectrometer
	5.3 Variable-temperature 1H NMR experiments
	5.4 Assignment strategies
	5.5 Ultraviolet absorption
	5.6 Raman scattering
	5.7 Determining the oligodeoxynucleotide concentrations
	5.7.1 Phosphorus quantitative NMR
	5.7.2 Concentrations of samples for ultraviolet and Raman spectra


	6 Methods of data analysis
	6.1 Asymexfit
	6.2 NMR line-shape fitting
	6.2.1 Lorentzian curves
	6.2.2 Extrapolation of chemical shifts and line widths
	6.2.3 Exchange line shapes
	6.2.4 Application to the DNA melting

	6.3 Employment of thermodynamic models
	6.3.1 Individual fits
	6.3.2 Global fits


	7 Self-complementary DNA duplexes
	7.1 Samples
	7.2 Assignment of 1H NMR spectra
	7.2.1 Assignment in duplex
	7.2.2 Assignment in single strands
	7.2.3 A complete picture

	7.3 Sequence dependence of 1H chemical shifts
	7.3.1 Next-nearest-neighbour effects
	7.3.2 Differences between prediction and experiment
	7.3.3 Chemical shift changes induced by duplex melting
	7.3.4 Advantages and drawbacks of the predictions

	7.4 Temperature dependence of 1H chemical shifts
	7.4.1 Linear fits of chemical shifts
	7.4.2 Sequence effect on the chemical-shifts slopes
	7.4.3 Sensitivity to subtle conformational variations

	7.5 Concentration dependence of 1H chemical shifts
	7.5.1 CTACGTAG in duplex
	7.5.2 GTAGCTAC in duplex and single strands
	7.5.3 CTTCGAAG at four concentrations
	7.5.4 Higher-order structures and salt effect

	7.6 Duplex melting observed by 1H NMR
	7.6.1 Sequence effects on global characteristics
	7.6.2 Sequence dependence of the labile-protons exchange
	7.6.3 Local differences from global properties
	7.6.4 Fraying?
	7.6.5 Anomalies in the CpG motif
	7.6.6 Melting cooperativity and local deviations

	7.7 A three-state process in CTTCGAAG
	7.7.1 Global two-state characteristics at variable concentration
	7.7.2 Deviations from the global two-state fits
	7.7.3 Equilibrium witnessed by G5H8
	7.7.4 Comparison with CATCGATG
	7.7.5 Melting curves from UV and Raman
	7.7.6 Extraordinary melting thermodynamics


	8 Duplexes with 5-methylcytosine
	8.1 Samples 
	8.2 Assignment of 1H NMR spectra 
	8.3 Effect of cytosine methylation on 1H chemical shifts 
	8.3.1 Changes of chemical shifts
	8.3.2 New predictions for m5C-containing ODN
	8.3.3 Sensitivity of chemical-shift slopes to methylation
	8.3.4 Delocalised shielding changes

	8.4 Methylated-duplex melting observed by 1H NMR
	8.4.1 Methylation effect on duplex stability
	8.4.2 A three-state process in CTTm5CGAAG

	8.5 Joint melting analysis by NMR, UV, and RS

	9 Non-canonical DNA motifs
	9.1 Sequences based on serum response element
	9.1.1 Assignment of 1H chemical shifts 
	9.1.2 Comparison of chemical shifts with predictions
	9.1.3 Line widths
	9.1.4 Temperature dependence of chemical shifts
	9.1.5 NMR melting curves
	9.1.6 Duplex or hairpin?

	9.2 Self-assemblies of guanosine monophosphate
	9.2.1 Sodium solutions
	9.2.2 Potassium effect
	9.2.3 Differences between rGMP and dGMP


	10 Thiobenzanilide
	10.1 Conformers of secondary thiobenzanilides
	10.2 Characterisation of the E--Z transition by 1H NMR
	10.3 Comparison with quantum-chemical calculations
	10.4 Synergy of the chemical treatment, NMR, and calculations

	11 Conclusions
	Bibliography
	List of figures
	List of tables
	List of abbreviations
	List of conference contributions
	List of papers
	A Appendix
	A.1 Assignment of 1H resonances from NOESY
	A.2 Chemical shifts of 1H resonances
	A.2.1 Duplex
	A.2.2 Single strands
	A.2.3 SRE -- folded state
	A.2.4 SRE -- unfolded state

	A.3 Chemical shifts and their temperature dependence in the same neighbourhood
	A.3.1 Chemical shifts
	A.3.2 Slopes of chemical shifts

	A.4 CTTCGAAG chemical shifts at various concentrations
	A.5 Thermodynamic parameters obtained from 1H NMR
	A.5.1 Equilibrium -- non-methylated ODN
	A.5.2 Equilibrium -- methylated ODN
	A.5.3 Kinetics -- non-methylated ODN
	A.5.4 Kinetics -- methylated ODN
	A.5.5 Melting of SRE ODN



