
        
         


    
   
 




  
 


  !"
# $ " !$% 
&'& && ( )

 
                   
!" #     #$!"    " % " &  '" (   ) *
   +)  ), -)    .      / *),
 
0 1 " 2, (, &  3 4 5 &     , 4   
   , 
             
    6, 6 ,    , 0&#3 7898'(78',
-) )   

" +  08:0"  *
)      . )
 ; *  
   8 < ) *   *"  1 *   
  , 0 +  0 .   *  ) . )    
) =9>  ?(  ) *    
   (>8     !
) 4'  
) 1 8.   
 1 ) .       
  @  . ? * 

A  81    *  ) 3$   , +  00       
)
    
8>">88 ) 88D8   ! )   ) -6
 
)
1 8.   , 3$            )   
) . )  8         )    
3  )8    1 *  
). #8   34B34  , +  000 ) . ) )  1 *      
) 8>">88 ) 88D8   ! )   *  1   ) ) *
    
34  ), +  0: )*)*)  ) . ) @   
  )
) 8)    "     )  *      .  ) . ) ) *
        ) *)  *  "  34  34, +  : 
)     . )     @
 *8   34  34,
        *8    1 *  . 34  34    
  * *8 
    
             
 ;  , 0 +  :0 ) )   *    * *  
34  34  
        . ) ) C8  *    * *     
) ) *  
)   *   ,
 !  "     " 3$"   "  * *8 "
 *8  " )  " ) 
"  #$ %     &   % & ' ()*%    %
+,-(*./   %  
D2 )

0 1

(

0&&3 '8'(9
0&#3 7898'(78'
    8E'6 )

FF ,1,F G H    8E'6!

”In the year of 1492, the american indians discovered Columbus”
-Martin Allwood
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Nucleic acids

Nucleic acids, DNA and RNA, are the fundamental carriers of information in the central processes in all living organisms. DNA is the
long term storage medium of the genetic information, while RNA acts
as the messenger (mRNA) between the genetic archive in the nucleus
and the translation to proteins in the ribosome.
In addition to the basic functionality as carriers of information, RNA
can play many other important roles in the cell. The ribosomes are
largely made up of RNA subunits (rRNA) and the delivery of the protein building blocks, the amino acids, to the ribosome is performed by
transfer RNA (tRNA). RNA can actively take part in the processing of
itself by a self-splicing mechanism, and specific sequences of both
RNA and DNA can degrade other nucleic acid molecules in a multiple
turnover process, acting as ribozymes and DNAzymes respectively.
Further, nucleic acids are also the genetic transmitters in viruses. Viruses cannot only use DNA to store their genetic code - there are also
RNA- and retroviruses that use RNA as the genetic carrier. The retrovirus family uses the Reverse Transcriptase (RT) that they carry in
their genome to insert a DNA transcript (cDNA) of their RNA into the
genome of the host upon a successful infection.
This thesis consists of studies on the structural- and dynamic properties of these complex multi-faceted molecules.
1.1

Configuration

Nucleic acids are polymers made up of nucleotide building blocks (13). The nucleotides in turn consist of three subcomponents: a nucleobase, a sugar moiety and a phosphate linker. The base is normally one
of 9-adeninyl, 1-cytosinyl, 9-guaninyl or 1-thyminyl in DNA, while
the 1-thyminyl is replaced by 1-uracilyl in RNA (Figure 1). A single
group, the 2' hydroxyl, in the sugar moiety distinguishes RNA (2'-E-Dribofuranosyl) from DNA (2'-E-D-deoxyribofuranosyl). This seemingly subtle difference between DNA and RNA gives rise to the very
different functions of these two groups of molecules, which will be
further discussed below. The nucleoside building blocks are covalently linked by a 3', 5'-phosphodiester group, completing the assembly of the single-stranded oligonucleotide (Figure 1).
9

H

H

N

N

N

H
N

H

N

adenine (A)
(N-1)
O

CH2
(N)

O

H

H

H

H

N

H

N
O

R

cytosine (C)

P

O-

O

CH2

base

O

H

(N+1)

O
N

H

H

N

H
N

H
O

O

H

N

H
O

O

H

base

N

N

R

H

H

guanine (G)

P

O-

O

CH2

(N+2)

H

base

O

H

H

O

R

H

H3C

O

H

N

H

N
O

H

thymine (T)

(N+3)
H

O

H

N

H

N
O

uracil (U)
Figure 1. Schematic representation of the configurations of DNA and RNA.
DNA: R = H, E-D-2'-deoxyribofuranosyl, base = A, C, G or T and RNA: R =
OH, E-D-2'-ribofuranosyl, base = A, C, G or U.

1.2 Self-assembly
The ground breaking double helical model of DNA structure was first
proposed by Watson and Crick in 1953 (4), based on the earlier observations that the A:T and G:C ratios always are unity (5) and the solved
crystal structure of 5'-deoxycytidine (6), that revealed the fundamental
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conformation of the nucleoside: the planarity of the nucleobase and
the puckered conformation of the sugar moiety. It was correctly deduced that G forms base pairs exclusively with C and that A forms
base pairs exclusively with T (or U in RNA), and that the two strands
wind around each other in opposite directions like a spiral staircase
forming a anti-parallel double helix structure (Figure 7). The stabilization of the nucleic acid duplex structure has classically been described
(3) as the sum of the stacking interactions between the parallel nucleobases, the cross-strand base pairing interactions between the nucleobases and the electrostatic repulsion of the phosphate groups.
Other factors that affect the formation of the duplex structure are the
degree of pre-organization of the single strands (7), condensation of
counter-ions around the backbone (8, 9) and solvent effects (hydration
and hydrophobic effects).
1.2.1

Hydrogen bonding

Hydrogen bonding is the major (possibly the only) attractive force that
acts across the two strands in nucleic acids to directly stabilize the
double-stranded complex. With the possible exception of some degree
of inter-strand stacking, the other contributors to duplex stability that
are traditionally acknowledged (1-3) are either of entropic nature
(freezing internal motions, complex formation and solvent entropy) or
factors modulating the strengths of the hydrogen bonds (stacking dehydration and charge dispersion) or the phosphate-phosphate repulsions (counter-ion condensation, hydration).
IR and NMR studies of monomer nucleobase derivatives in organic
solvents have shown that even in the absence of the sugar-phosphate
backbone they form hydrogen bonds with a high specificity of correct
base pairs (G·C and A·T/U) relative to self-association and mismatched base pairs (10-12). These results have some significance also
in aqueous solution since the interior of the double-stranded nucleic
acids are relatively devoid of water. Hydration studies from our laboratory (13) and others (14-19) have displayed that the exchange rate is
reduced in the core of the duplex compared to the ends, and that the
introduction of a mismatch hydrates the structure (13, 16). It has further been shown that the attachment of a 5'-phenazinium tether to both
matched and mismatched duplexes reduce their respective internal
hydration (20). Becker et al (21) has also elegantly demonstrated that
acridinium ester has a significantly lower hydrolysis rate inside a
11

complementary double helix compared to the inside of a mismatched
duplex.
The unique base pairing ability of the four native nucleobases comes
from their electrostatic complementarity. The charge densities and
dipole moments of the nucleobases determined by X-ray diffraction
(22) as well as theoretic calculations (23-26) show that the nucleobases have highly characteristic potential energy surfaces in the plane
of the base, in such a way that the complementary bases can interact
like an electrostatic jigsaw puzzle (Figure 2). It should however be
noted that the stability of a base pair is not perfectly proportional to
the number of hydrogen bonds at monomer level (11, 12, 27, 28). It
has been argued for (26, 29) and against (30, 31) the importance of
non-linear secondary hydrogen bond interactions between atoms on
the faces of the nucleobases. The exact nature that determines the stability of a base pair is still unclear, but it appears that the cumulative
electrostatics of the entire base is important.
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Figure 2. Schematic representations of the atoms’ ability do act as donors
(black) and acceptors (white) at hydrogen bond formation. The arrows represents the dipole moments (at the MP2/aug-cc-pVDZ level) (23) of the isolated
bases (solid arrow: thymine, broken arrow: uracil).

In addition to the native Watson-Crick base pairs (4), G·C and A·T/U
(referred to as canonical base pairs), several unusual base pairing
modes involving different donor/acceptor atom combinations are possible (1, 2, 32) (non-canonical base pairs). For example, structural
studies have discovered naturally occuring A·T Hoogsteen-, G·C reverse Watson-Crick-, G·U and G·T wobble- and A·G base pairs in
yeast tRNAPhe (1, 33, 34), and A·U Hoogsteen- and A·G base pairs
have been found in ribosomal RNA (35, 36). It is also known that
Hoogsteen base pairing is crucial in triplex (37-42) and tetraplex (4312

49) formation, and that ionized bases can engage in unusual base pairs
(50-56).
It has been established that the strength of a hydrogen bond is proportional to the dielectric constant of the solvent (57, 58). A common
mechanism of enzymatic catalysis is proposed to be that the microenvironment in the interior of the enzyme has a much lower dielectric
constant than the surrounding solvent, making the hydrogen bond mediated stabilization of the transition state much stronger inside the
active site than free in solution, thereby catalyzing the reaction upon
substrate binding. The hydrogen bonds in double-stranded complementary duplexes function in a very similar way. An optimally
stacked oligonucleotide effectively dehydrates (21) the microenvironment of the hydrogen bonds, enabling the formation for strong
hydrogen bonds. The incorporation of a mismatch, or any other distortion, into a duplex structure however disturbs the stacking pattern so
that the hydrogen bonds of the base pairs at the site of distortion become more exposed to the bulk water, weakening the strength of the
double-strand complex.
1.2.2

Stacking

Stacking interactions in general (59) (aromatic-aromatic interactions)
are of fundamental interest in molecular recognition and the folding of
virtually all biological systems.
edge-to-edge

offset stacking

edge-to-face

(A)

(B)

(C)

Figure 3. Schematic cross-section of two aromatic rings in (A) edge-to-edge
stacking, (B) offset stacking and (C) edge-to-face stacking (T-shaped). The Selectron ring is represented by a negative sphere and the electron-deficient Vframe is represented by a positive point charge.
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One of the most obvious roles is the stacking interactions between the
nucleobases in nucleic acids duplex structures that complement the
base pairs in giving nucleic acids their unique specificity and stability.
Stabilizing S-S(60, 61), CH-S(62-66), ion-S(67-71) interactions
have been identified and estimated in aromatic model systems and are
all potentially important in nucleic acid duplex stabilization. However,
studies on substituted 1,8-diarylnaphthalenes suggest that the SS
interaction is mainly repulsive in nature and that the interaction between the rings is favored by lower electron density (72, 73). This
strongly implies that the electron distributions of the nucleobases directly steer the preferred stacking geometries in a sequence specific
manner, not only by attractive electrostatic- and dispersion interactions, but also by the minimization of the repulsions between the
bases.
X-ray crystallographic charge densities have been used to construct
energy maps based on van der Waals and electrostatic interactions for
stacked DNA nucleobases (74). The importance of offset stacking
(Figure 3) in DNA, in which the partial atomic charges of one base
pair interacts with the S-electron density of a neighboring base, is
identified. This study further suggests that the strong dipole moments
of the G and C nucleobases (Figure 2) are responsible for the preference of the strongly slided conformations associated with A-DNA and
the left-handed Z-DNA (Figure 7) by G-C rich sequences.
1.3
1.3.1

Conformations
Pseudorotation

Fully planar conformations of five-membered rings are energetically
very unfavorable (75) and are normally not populated. The intramolecular strain of the planar conformation is therefore spontaneously released by dislocating one of the ring atoms out of the plane,
forming a relaxed puckered ring structure. The pseudorotation concept
(76) (Figure 4) can be used to describe the conformation of the ribose
and deoxyribose rings in nucleosides and nucleotides with two variables, the pseudorotation phase angle (P) and the puckering amplitude
(ĭm) (77-79). The phase angle describes which part of the ring that is
mostly displaced from the plane made up by the other four ring atoms,
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while the puckering amplitude describes the maximum angle between
the puckering atom and the plane.
For nucleic acids, the twist form 3'-endo, 2'-exo is chosen as standard
conformation (P = 0º), and hence the mirror conformation, 2'-endo, 3'exo is found opposite in the pseudorotation wheel (P = 180º). The
shaded area in Figure 4 shows the commonly populated (based on 60
solved X-ray structures of E-nucleoside derivatives) sugar conformations in native DNA and RNA (77-79), the 2'-endo and the 3'-endo
conformations respectively. Conformations that lie within the top
hemisphere of the psudorotation wheel are often referred to as North
conformations while conformations that lie within the lower hemisphere are referred to as South conformations.
North (N)

H

HOH2C
R

H

1
0 T 288º

West (W)

H
R'

H

N

CH2OH
H

R

H

0º

342º

324º
1
E
306º

H

H

R'
3
3
2T
E

2E

1
2T

N
O

3
4T

18º

36º

40q

54º

4E

0

20q

72º 4 T

270º

0q

90º 0E

4 252º
0T

20q

0E

O
4

E

108º 0

1T

126º
40q
1E
216º
144º
4
2
162º
198º
3T
180º
1T
2
E
2
3E
3T

234º

East (E)
H

HOH2C
H

O
N

R
R'

H

H

H

HOH2C
O

H H
R

N
R'

H

South (S)

Figure 4. The pseudorotation wheel for the ribose and deoxyribose rings in nucleic acids. The phase angle, P, is represented around the circle and the puckering amplitude, ĭm, is represented on the axis. The North-type and South-type
pseudorotamers commonly populated in E-D-oligonucleotides are shaded (7779).

1.3.2

Backbone torsions

The sugar-phosphate backbone conformation can be described by a
series of torsion angles that are defined according to the IUPAC recommendations (80), illustrated in Figure 5. These torsion angles are
often roughly described as being in a conformational region, rather
15

than being exactly defined. The Klyne-Prelog nomenclature is recommended (81) for this purpose, i.e. syn = 0 ± 90º, anti = 180 ± 90º
with the subregions ± synperiplanar (± sp, 330-30º), ± synclinal (± sc,
30-90º and 270-330º), ± anticlinal (± ac, 90-150º and 210-270º) and ±
antiperiplanar (± ap, 150-210º). Other descriptions that are commonly
used to describe certain values of torsion angles are cis (0º), trans
(180º), + gauche (60º) and – gauche (300º).
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Figure 5. The definition of the torsion angles describing the sugar-phosphate
backbone conformation of oligonucleotides.

Statistical surveys of solved X-ray structures of both nucleotides (82)
and oligomer duplex structures (83) have shown that all torsion angles, except the J torsion in monomers, are correlated (R = 0.65-0.89)
(1) with each other to some extent. Thus, all conformational transitions in helical structures must be considered to be simultaneous concerted motions of all torsion angles.
1.3.3

Helical parameters

The three-dimensional arrangements of the bases and base pairs in
oligonucleotide duplexes are described by a set of parameters that
relate each residue to a local helical axis. A standard reference frame
for these parameters has been developed by Olson et al. (84) in order
to synchronize the use of different structure analysis software, for example CompDNA (85, 86), Curves (87), RNA (88) and 3DNA (89).
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The relative positions and orientations of two complementary bases
in a base pair are defined by the six complementary base pair parameters - the translational base pair parameters (Figure 6A): shear, stretch
and stagger, and the rotational base pair parameters: opening, buckle
and propeller. The stacking geometry of a base pair step is described
by six parameters (Figure 6B): shift, slide, rise, tilt, roll and twist. The
additional six local helical parameters (Figure 6C): x-displacement, ydisplacement, helical rise, inclination, tip and helical twist, describe
the regularity of the helix.

A
shear (Å)

stretch (Å)

stagger (Å)

buckle (º)

shift (Å)

slide (Å)

rise (Å)

tilt (º)

propeller (º) opening (º)

B
roll (º)

twist (º)

C
x-disp (Å)
y-disp (Å)
h-rise (Å)
inclination (º)
tip (º)
h-twist (º)
Figure 6. Definitions of the (A) complementary base pair parameters, the (B)
base pair step parameters and the (C) local helical parameters.

Another important helical feature that describes the duplex form is
the minor- and major groove widths and depths. The groove widths
are defined as the shortest distance between the backbones of the two
strands. The shortest distance from each phosphate group to any phosphate on the opposite strand, minus 5.8 Å corresponding to the van der
Waals radii of the phosphate groups, is used for reference. The minor
groove is defined as the side of the base pairs facing the sugar phosphate backbone and the major groove is facing the opposite direction.
The depth of the minor groove is defined as the distance from the
phosphate to the N2 of G, the N3 of A or the O2 of C and T, minus the
sum of the van der Waals radii (1.4 for oxygen, 1.5 for nitrogen) while
the depth of the major groove is defined as the reduced distance between the phosphate and the O6 of G, N6 of A, O4 of T or N4 of C
(90).
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1.3.4

Canonical conformations

It was early discovered that the fiber diffraction patterns of nucleic
acids in addition to the sequence context also vary depending on environmental factors like salt concentration, crystal humidity, choice of
counter-ions and solvent (91-93). The polymorphism of nucleic acids
due to external factors reflects its responsiveness to interactions with
cellular enzymes, regulatory factors or packing proteins.
A-DNA

B-DNA

Z-DNA

Figure 7. Side- and top projections of the canonical A-, B- and Z-forms of
DNA. Ribbons are added to the backbones, highlighting the differences minorand major groove widths of the different canonical forms.
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Following the first solved nucleic acid single crystal structure (94),
structures with different diffraction patterns have been solved (95),
revealing the structural characteristics of the most common conformations, the A-, B- and Z forms of DNA (Figure 7).
DNA oligomer structures are categorized into different families depending on their helical characteristics, where the most distinguished
are the A- B- and Z- forms, while RNA mainly exists in the A-form.
The A- and B- forms can consist of any sequence but is sensitive to
the degree of hydration and the nature of counterions, while the conformationally distinguished left-handed Z-form is always made up by
(pyrimidine-purine)n tandem repeats of alternating conformation. The
major distinguishing features in the A-, B- and Z-forms are summarized in Table 1.
Table 1. Some average helical parameters that are distinguishing the A-, B- and
Z-forms of DNA (2).

Helicity
Base pairs per repeat
Base pairs per turn
Sugar conformation
Glycosidic bond (Ȥ)
Minor groove Width (Å)
Depth (Å)
Major groove Width (Å)
Depth (Å)
Helix rise (Å)
X-displacement (Å)
Helix twist (°)
Inclination (°)

A-form
right
1
11
3'-endo
anti
11.0
2.8
2.7
13.5
2.9
-4.1
32.7
12

B-form
right
1
10
2'-endo
anti
5.7
7.5
11.7
8.5
3.4
0.8
36.0
2.4

Z-form
Left
2 (pyr;pur)
12
2'-endo;3'-endo
anti;syn
4
9
convex
convex
-3.9;-3.5
3.0
-10;-50
-6.2

The common feature of all solved nucleic acid structures is the constant high degree of stacking between neighboring bases. Thus, it is
safe to assume that efficient base-base overlap is a pre-requisite for
stable duplex formation.
Either of the two major right-handed structural families, the A- and
B-forms, is generally adopted by a random sequence DNA. The fundamental difference between the A- and B-forms is the position of the
base pairs relative to the helix axis, as reflected by their respective Xdisplacements in Table 1, as well as the average phase angles of the
sugars, resulting in very different groove widths. The A-form is gen19

erally favored by high G-C content, lower relative humidity and high
concentrations of salt (96, 97). The barrier between the A- and the Bform is however relatively low as there are even reports of a sequence,
d(GGBrUABrUAAC), that co-exist in A- and B-forms within a single
crystal lattice (98).
Z-DNA is favored by high salt concentrations (99-101) and is only
formed under very specific sequence conditions of certain alternating
pyrimidine-purine tandem repeats. For example, (dC-dG)n and (dAdC)n repeats are known to be able to adopt Z-form while others such
as (dA-dT)n and (dC-dG)2-(dT-dA)-(dC-dG)2 can not (102).
1.4 Hydration
One can not consider nucleic acids structure and function without taking the surrounding water into account as it is present in very high
concentrations (~55 M in the cell) in all biologically important interactions involving nucleic acids. Water has some unique features as a
solvent originating from the large difference in electronegativity between the oxygen and hydrogen atoms, together with the asymmetric
angle between the hydrogen atoms (~105°) (103). The oxygen has a
partial negative charge (qO ~ -1.8 eu) and the hydrogens have a partial
positive charge (qH ~ +0.5 eu), giving the molecule a large electric
dipole moment (P = 1.85 D). Thus, water efficiently forms hydrogen
bonds with it self and with hydrogen bond donors (H) and acceptors
(mainly N and O) on nucleic acids and other biological molecules.
The enthalpy gain in stabilization is balanced by an unfavorable decrease in entropy as the motional freedom of the water molecules becomes restricted upon hydrogen bond formation. The high dipole
moment of water results in a high dielectric constant (H= 78), which
in turn makes Coulombic interactions weaker in water (E = q1 q2 /
4SHr) than in organic solvents (compare DMSO, H= 48). Thus, ions,
as well as the highly charged nucleic acids, are effectively solvated in
water.
Many studies have been performed on DNA in order to determine
the extent of specifically bound water. Between 7 and 12 water molecules per residue are reported as tightly associated in the first shell of
hydration of the nucleic acid by IR spectroscopy (104, 105), gravimetry (106), hydrodynamic- (107, 108) and unfrozen water (105, 109,
110) methods. The IR studies have also resulted in a ranking of which
of the possible sites that are preferably hydrated as the relative humid20

ity in the sample is gradually increased. The order in which different
energy transition bands are affected by the water content leads to the
conclusion that the ionic phosphates are most strongly hydrated at
very low levels of relative humidity, followed by the phosphodiesters
and furanose oxygens (104). The bases are least hydrated – the bands
of the carbonyls and heterocyclic nitrogens only start to shift at a relative humidity above 65%.
The trapped water molecules in X-ray structures have also been used
to draw conclusions about the hydration of nucleic acids. A spine of
hydration running in the minor groove in the AT-rich core was first
identified
in
the
Dickerson-Drew
dodecamer
sequence,
d(CGCGAATTCGCG)2 by X-ray crystallography (111, 112) and later
confirmed by NMR (113, 114) to have a residence time in the nanosecond regime. More recent high resolution structures (115-120) have
evolved this picture further. Comparison of the hydration patterns of
sequences with different minor groove widths reveal that the spine is
characteristic of narrow groove widths (~4 Å) while a dual ribbon
pattern is found in sequences with wider minor groove widths (~7 Å).
Intermediate minor groove widths have no ordered hydration pattern
and only sparse clusters of ordered water reside in the major groove
and around the phosphate groups. The fact that all exposed hydration
sites exhibit more disorder (111, 112) (and thus are harder to detect)
than narrow pockets may indicate that a steric fit is necessary to restrict the entropy of the resulting hydration pattern in addition to the
aligning electrostatics in order to detect them in crystallography.
1.5 Dynamics
The mobility of nucleic acids can be divided into two categories, the
local motions and the large-scale motions. The local motions consist
of flexible atoms or moieties of the nucleic acids. The sugar moieties,
especially in DNA where the stabilizing 2'-OH effects are absent, exist
in an fast equilibrium between North and South conformations (section 1.5.1) and the entire sugar-phosphate backbone is flexible, making it possible for bases to destack and stack, breaking and reforming
the base pair (section 1.5.2). The large-scale motions are the macroscopic sums of the local structural flexibility and consist of helix
bending, supercoiling and unwinding.
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1.5.1

North-South equilibrium

Computational simulations (121-130) at different theory levels as well
as experimental studies (131, 132) of nucleosides/nucleoside mimics
reveal that the potential energies of the 3'-endo and 2'-endo sugar conformations are nearly equivalent ('G < 0.4 kcal/mol), separated by an
energy barrier of 1.2 to 5.0 kcal/mol traced through the East-type O4'endo conformation (Figure 8). However, most of the older studies use
constant puckering amplitude based on crystal structures in their calculations, thereby increasing the resulting energy barrier. Recent theoretical calculations (126, 130) of 2'-deoxynucleosides based on the
stochastic difference equation algorithm (133) as well as the MP2/631G* theory level are more in agreement, reporting energy barriers for
furanose interconversion of ~2 kcal/mol. In other recent work, simulations of solid state deuterium NMR line shapes (131) of [2''-2H]-2'deoxycytidine at the C3 position in the Dickerson-Drew dodecamer,
d(CGCGAATTCGCG)2 suggest an energy barrier of 3.3 kcal/mol.
The reduced conformational freedom of the nucleobase in this work
(where the nucleoside is incorporated inside a fully complementary
duplex structure), compared to the simulations of the free nucleosides,
most likely accounts for the 1 kcal/mol higher effective energy barrier.
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Figure 8. Schematic representation of the two-state North o
m South model. The
potential energy difference between the North and South minima ('GN-S) is very
small and the two energy wells are separated by an energy barrier ('E) of ~2
kcal/mol.
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The relatively low energy barrier leads to rapid transitions between
the two low energy conformations at room temperature (134, 135).
Hence, the sugar conformation is often treated as a two-state equilibrium of the North o
m South conformations. The average sugar conformation is determined by a delicate balance between steric-, anomeric(136-142) and gauche (128, 137, 138, 140, 142-146) effects. The nucleobase promoted anomeric effect drives the sugar towards the
North-type conformations, where the stabilizing nO4'ĺV*C1'-N1/9 orbital
mixing is feasible (140). The anomeric effect is balanced by the stericand gauche effects, which drive the sugar towards South-type conformations in DNA. There is less steric competition between the nucleobase and the sugar when the nucleobase takes up a pseudo-equatorial
orientation, which is the case when the sugar is in South conformation. The gauche effect in DNA further stabilizes the South over the
North conformation through the VC3'H3'ĺV*C4'O4' orbital overlap. In
RNA, the addition of the 2'-OH creates possibilities for two new
gauche interactions, the O2'ĺO4' and O2'ĺN9/N1 overlaps (139).
The sum of these two possible interactions together with the steric
effects of the 2'-OH gives a net shift in stabilization towards North
type conformations in RNA compared to DNA.
The North o
m South equilibrium can be tuned towards either conformation by several methods. The nature of the nucleobase (i.e. the electron density at the N1/N9) will affect the strength of the anomeric effect in the following order: C > U/T > A > G (140). Protonation/deprotonation (139) as well as any substituents (147, 148) that
affect the charge distribution of the base (139-141) will steer the sugar
conformation accordingly. Similarly, electronegative substitutions on
the furanose can reinforce existing gauche effects (146, 149, 150) or
create new ones (149-151). Further, environmental factors like salt
condensation, relative humidity and solvent, as well as the nucleobase
sequence, can affect the preferred sugar conformation. This is
achieved either through charge neutralization affecting the charge distribution through specific hydration of the phosphates, stabilizing either the A- or B-form via inter-phosphate distances, or through preferential stacking due to the sequence steering the sugar conformation via
the F torsion.
The delicate balance between all these factors gives nucleic acids
their biologically essential structural polymorphism and responsiveness to the surrounding medium, other macromolecules or nucleic acid
binding molecules.
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1.5.2

Nucleobase dynamics

The lifetimes of imino protons in water have been used to probe the
large amplitude motions: opening and closing of individual base pairs
in double-stranded DNA (13, 17, 18, 152-157) and RNA (18, 158162) by 1H NMR. Using base catalysis to ensure that the opening rate
is the rate limiting step for the imino proton exchange, the opening
rate of base pairs in nucleic acids in solution is determined to reside in
the millisecond to microsecond regime below room temperature (13,
18, 155, 157).
It has also been found that the nucleobases in DNA and RNA exhibit
dynamics with a correlation time in the low nanosecond scale by electron spin resonance (ESR) spectroscopy (163-165) and 1H NMR relaxation (166). The RNA r(CGCGAAUUCGCG)2 (167, 168) duplex
and the corresponding DNA (169) duplex have also been studied by
solid-state 2H NMR. The motions of the purines in both duplexes are
best simulated by a restricted motion on a cone model with small amplitudes (< 10°) and rates in the nanosecond scale at low levels of hydration to the microsecond scale at high levels of hydration.
Further, the internal dynamics of tRNA has been studied by depolarized dynamic light scattering (DDLS) (170), where the authors conclude that the fast internal base motions take place in clusters of approximately five residues.
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2

Modified nucleotides in DNA

Using oligonucleotides as therapeutic molecules is a very appealing
thought. Firstly, the highly sequence specific interactions between
complementary strands would make it possible to direct an oligonucleotide against any known pathogenic gene, thus talking directly to
the cell using its own language. Secondly, oligonucleotides are built
up by monomer building blocks, making it possible to target a billion
different sequences using only a 15mer consisting of four building
blocks in different combinations. If this targeting potential can be effectively combined with a therapeutic response, efficient delivery and
increased stability in vivo, without introducing toxic side effects, this
approach have the potential to be usable as a multi-purpose gene
knock-out therapy.
2.1 Gene silencing
Antisense is a broad term that is used to describe interference of RNA
during its processing from mRNA to protein or its other active functions, like splicing, translational arrest and degradation of mRNA
(171-173). Gene silencing by the antisense approach can go through
one of several mechanisms. (1) By binding strongly to the target
mRNA, the antisense oligonucleotide can block the translation of the
mRNA. (2) Through the formation of an antisense DNA·mRNA hybrid that recruits RNase H (174-176), an enzyme that specifically degrade the RNA strand of DNA·RNA hybrid duplexes. (3) The antisense oligonucleotide itself can have enzymatic activity in the form
of a DNAzyme (177-180) or ribozyme (181-183).
Although the antisense strategy is very elegant in its approach, the
method has several drawbacks. The main obstacle is that singlestranded nucleic acids are quickly digested in the cell, mainly by
3'ĺ5' exonucleases (184), not only reducing the potency of the antisense treatment, but also producing potentially toxic levels of nucleoside monophosphate digestion products (185). The other problem
is to efficiently deliver the antisense strand into a variety of cell types,
as nucleic acids are both too large and too polar (even in the absence
of its negatively charged phosphate backbone) to pass the cell membrane by passive diffusion (186).
In order to overcome these problems, various chemical modifications
to the sugar-phosphate backbone have been evaluated for their potency as antisense agents. Apolar modifications were first studied.
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Methyl substitution of one of the non-binding oxygens of the phosphodiester link resulted in the methylphosphonate oligodeoxynucleotides who, are almost invulnerable to nuclease digestion but with reduced antisense activity and cellular uptake (187). Other uncharged
species like peptide nucleic acids (PNA) (188-190) and morpholinooligomers (191-193) displayed the same inability to adhere to the cell
surface for active transport into the cell by endocytosis. These and
many other backbone modifications have been comprehensively reviewed by Micklefield (173). The next development was the polar
phosphorothioate oligodeoxynucleotides (194, 195), arabinonucleic
acids with- and without 2'-fluoro substitution (ANA and 2'F-ANA)
(196) and locked nucleic acids (LNA) (197-201), as well as the
oxetane locked nucleic acids (202-208) studied in this laboratory.
These compounds display increased resistance against nucleases compared to native oligonucleotides, and maintain sufficient solubility in
aqueous media and efficiency of cellular uptake (209). There are several formulations in clinical trials and one of them, Vitravene®
(Fomivirsen), has as the first oligonucleotide drug been approved by
the FDA, Rockville, MD (210) for treatment of CMV retinitis. The
most promising candidate for further approval is Genasense®, which is
in phase 3 clinical trials for several cancer treatments. The phosphorothioates are however highly biologically active molecules and
pronounced toxic side-effects have been reported (211-214), mainly
associated with non-specific binding to cellular proteins, like growth
factors or their receptors (212, 213, 215), laminin (216), Mac-1 (217),
CD4 (218), reverse transcriptases (219) and DNA polymerase/RNase
H (220).
Another problem with antisense is the “irrelevant cleavage” by
RNase H (221, 222). It has been shown that only 4-8 complementary
base pairs between DNA and RNA are required to induce RNase H
cleavage, and that cleavage can occur in partly base paired sequences.
This has the side effect that the longer a sequence is, the more possibilities there are for partial complementarity to sequences not originally targeted by the oligo in its full length promoting unspecific
cleavage. Therefore, modified nucleic acid analogues that bind more
strongly to the target make it possible to use shorter sequences, and
more importantly, analogues that cannot recruit RNase H when used
in a homogenously modified oligomer can be used in mixed oligonucleotides (223) (sometimes referred to as second generation antisense), or gapmers, leaving 6-8 native nucleotides as an active
RNase H window and modified strongly binding recognition arms to
increase binding affinity without opening up for unspecific RNase H
cleavage.
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The LNA approach has recently presented promising results where
LNA bind potently in biological media (224) and outperform the corresponding native forms of both DNAzyme (225) and triplex forming
oligodeoxynucleotides (226, 227). The c-myb gene expression has
successfully been reduced deploying an oxetane locked nucleic acid
analogue from our laboratory (206) in a molar potency that exceeds
the corresponding phosphorothioate (203).
Even though very promising in vitro results have been presented, the
success rate in vivo, particularly in higher mammals, have left much to
wish for. The combination of different nucleoside analogues into designed “mixmers” breaths some optimism on the construction of potent specific antisense compounds without toxic side effects. Hence,
research on novel building blocks that can complement the existing
arsenal is important in order to advance the field further.
A more recent strategy of gene silencing is achieved through RNA
interference (RNAi) (228-231) by small RNAs, including microRNAs
(miRNA) and short interfering RNAs (siRNA). The siRNAs have a
double-stranded form and act as a template for specific degradation of
complementary free mRNA in a RNA-induced silencing complex
(RISC) composed of several cellular proteins in eukaryotes, as a natural defense against viral RNA.
Another related mechanism is the antigene effect, in which the antigene oligonucleotide binds directly to the gene in the dsDNA, either
by out-competing the native complementary strand and sterically
blocking transcription (gene invasion), or by triplex or quadruplex
formation at a regulatory position of the target gene (232). Locked
nucleic acids have successfully been deployed to control the folding of
a quadruplexes (233), which may be exploitable in this approach.
2.2 Diagnostic applications
The application of chemically modified nucleic acids in diagnostics
and biotechnology is much more straightforward, as toxicity and delivery are no issues. Conformationally restrained nucleotides have
been successfully used in several fields. LNAs have been used to increase the discrimination of single-nucleotide mismatch detection
(single-nucleotide polymorphism, SNP) in PCR/fluorescence assays
(234) and they have outperformed routinely used minor groove binder
probes (235) and native DNA probes (236) in 5'-nuclease PCR assays.
The strong affinity of LNA for hybridizing to RNA has also been exploited
in mRNA capture probes for poly-A sequences (237). The same principle
can be used to design highly efficient micro arrays (238) to probe the expression of certain genes. LNA has further been used in fluorescence in situ hy27

bridization (FISH) experiments for fast detection at lower concentrations
than native probes (239).

2.3 Carbocyclic nucleotide analogues
The vulnerability of the glycoside bond has inspired the synthesis of
carbocyclic nucleic acids analogues where the ribose moiety in native
nucleotides is replaced by a cyclopentane derivative. These compounds are generally speaking more resistant to nucleases and general
acidic conditions, but less potent as antisense agents compared to the
native sequences. Solved NMR (240, 241) and crystal structures (242,
243) of carbocyclic nucleotides incorporated into DNA have shown
that the carbocyclic moiety does not disturb the global conformation,
but take up very diverse conformations themselves, giving an insight
of the inherent flexibility of this family of compounds.
2.4 Present work (Papers I-III)
The aim of our work in this field has been to further characterize and
evaluate two chemically modified nucleoside building blocks, 2'deoxyaristeromycin (Figure 9B) and 1-(1',3'-O-anhydro-E-Dpsicofuranosyl)thymine (Figure 9C) for potential use in tuning the
stability, preferred conformation and folding of oligonucleotides, as
well as to learn more about the forces dictating the structure and dynamics of native oligonucleotides.
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Figure 9. Schematic drawings of the modified ribose moieties (with attached
side groups) of the nucleoside building blocks used studied in Papers I through
III. (A) 2'-deoxyribo-, (B) 3'-hydroxy-cyclopentanylmethanol, (base = A, 2'deoxyaristeromycin), (C) 1-(1',3'-O-anhydro-E-D-psicofuranose)-.
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2.4.1

2'-deoxyaristeromycin (Paper I)

Aristeromycin was first discovered by Kusaka et al. to have antibiotic
activity against Xanthomonas oryzae and Pyricularia oryzae (244).
The 2'-deoxy and 3'-deoxy forms of the molecule have subsequently
been analyzed in this laboratory by X-ray, NMR and ab initio calculations (245) to elucidate the impact of the absence of the O4'. The 2'deoxy form of aristeromycin is completely devoid of gauche effects
within the five-membered carbocyclic moiety replacing the deoxyribose unit of native DNA. The molecule is also devoid of the steric
clash between the nucleobase and the O4' that is associated with the
East barrier of pseudorotation. The average NMR coupling constants
suggest that all forms of aristeromycin have a conformation in the
East to Southeast region of the pseudorotation cycle. NOE difference
experiments also suggested that the Ȥ torsion exists in a quick ~1:1
equilibrium between syn and anti conformations.
In Paper I, the effect of the introduction of 2'-deoxyaristeromycin
(Figure 9B) (A) in the A6 position of the self-complementary
Dickerson-Drew sequence (111, 246, 247) (Figure 10) was examined
by NMR and computer assisted NMR constrained molecular modeling. Hoogsteen base pairing, which has previously only been observed
in triplex (37-42) and tetraplex (43-49) structures, was for the first
time directly observed in a duplex structure [although an old diffraction study observed that a general Hoogsteen model simulated the
diffraction pattern of C(2) modified poly(A)·poly(U) duplexes better
than the corresponding Watson-Crick- and reverse Hoogsteen models
(248)]. The modified duplex was found to exist in two conformations,
in a slow dynamic equilibrium. In the first conformation (~60% populated), all nucleobases are Watson-Crick base paired and display a
structure that is isomorphic with the native Dickerson-Drew dodecamer. In the second conformation (~40% populated), the two central
aristeromycins of the A6·T19 and T7·A18 base pairs are simultaneously
flipped into syn conformation and engage in Hoogsteen base pairing
with the opposite thymidines. The equilibrium constant, defined according to Keq = k1/k-1 in Figure 10, is estimated to 0.58 and the thermodynamics of the transition between the two conformers are determined to the following values: k1 (298K) = 3.9 ± 0.8 sec-1; ¨H°‡ = 164
± 14 kJ/mol; -T¨S°‡ (298K) = -92 kJ/mol giving a 'G o‡
298 of 72
kJ/mol. Ea (k1) = 167 ± 14 kJ/mol for the forward transition and k-1
(298K) = 7.0 ± 0.6 sec-1, ¨H°‡ = 153 ± 13 kJ/mol; -T¨S°‡ (298K) = 82 kJ/mol giving a 'G o‡
298 of 71 kJ/mol. Ea (k-1) = 155 ± 13 kJ/mol
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for the reverse transition. UV melting experiments determined the
melting temperature of the modified duplex to be 2.4 ºC lower than
the native dodecamer, which is a remarkably low destabilization considering the structural rearrangement that occurs in the modified system. This implies that the transition between Hoogsteen and WatsonCrick base pairs does not open up the duplex and let in much more
water than normal base pair breathing does in the native duplex.

5'–C1 G2 C3 G4 A5 A6 T7 T8 C9 G10C11G12–3'
3'–G24C23G22C21T20T19A18A17G16C15G14C13–5'
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Figure 10. The modified duplex exists in an equilibrium between a fully Watson-Crick base paired B-type duplex and a duplex where the two central 2'deoxyaristeromycins of the A6·T19 and T7·A18 base pairs are simultaneously
flipped into syn conformation and engaging in Hoogsteen base pairing with the
opposite thymidines.

The structural impact of the two Hoogsteen base pairs was localized
to the core of the helix. The global effect is only seen as a ~2-3 Å narrowing of the minor groove and a corresponding widening of the major groove (Figure 11). The two central base pairs are tilted and buckled, but otherwise reasonably planar. Only a few select backbone torsions were necessary to accommodate for the Hoogsteen base pair,
mainly the D, G and J torsions of the core residues.
The East energy barrier of pseudorotation (Figure 4) consists of (1)
the O4'-O3' gauche effect and (2) the steric bulk and electronegativity
of the O4' (see section 1.5.1). The dramatic increase in polymorphism
upon the substitution of the O4' for a CH2 shows the importance of the
stabilizing gauche- and steric effects involving the O4' in native DNA.
The resulting flattening of the energy barrier of pseudo rotation
through the O4'-endo conformation, making the sugar conformation as
well as the correlated glycosyl torsion virtually free at room temperature. Under these conditions, the carbocyclic moiety will exist in any
conformation that is stabilized by the surrounding structure elements.
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Fully Watson-Crick base paired

Hoogsteen base paired core

Figure 11. A side view into the major grooves of the two conformations of the
2'-deoxyaristeromycin modified Dickerson-Drew dodecamer. Key: 2'deoxyaristeromycin (green), thymidine (blue) and 2'-deoxyadenosine (yellow).

In a contemporary study (241), a single 2'-deoxyaristeromycin substitution in an asymmetric undecamer sequence does not display any
alteration of the conformation compared to the native sequence. The
dramatic conformational polymorphism that is observed in our symmetric sequence implies that the close proximity of the two 2'deoxyaristeromycins across the strands cooperatively makes it possible to stabilize the Hoogsteen base pairs. The fact that the bases always co-flip (i.e. there are no detectable populations of structures
where one 2'-deoxyaristeromycins is Watson-Crick base paired and
the other is Hoogsteen base paired) shows that the structural impact of
one base taking up a syn conformation needs to be compensated for by
the corresponding transition at the symmetric position in the opposite
strand in order to form an energetically favorable structure in this sequence.
After the publication of Paper I, Hoogsteen base pairing has been discovered in single-crystal X-ray structures of the native d(ATABrUAT) and
d(ATATAT) sequences, which are found in the TATA box as well as regulatory regions of DNA (249). This discovery added more fuel to the question
whether Hoogsteen duplex base pairing has any significance in vivo. In a
recent publication, the X-ray structure of a DNA polymerase belonging to
the Y family (human polymerase L, hPolL) co-crystallized with a template
primer and a replicative strand where the template adenosine forms a Hoogsteen base pair with the incoming 2'-deoxythymidine 5'-triphosphate (dTTP)
has been solved (250). The remarkable feature of the hPolL compared to
other polymerases is that it incorporates dTTP opposite a template adenosine
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with at least several hundred-fold higher efficiency and fidelity compared to
the reverse situation when the thymidine is in the template strand. The authors conclude that the Hoogsteen base pairing at the replicative end explains
this feature and provides a mechanism for replication through minor-groove
purine adducts that normally interfere with replication.

2.4.2

1-(1',3'-O-anhydro-E-D-psicofuranosyl)thymine (Paper II)

The influence of the conformationally restrained (3'-endo/4'-exo) nucleoside analogue, 1-(1',3'-O-anhydro-E-D-psicofuranosyl)thymine
(206, 251) (T) on the thermodynamic stability of DNA·DNA and
DNA·RNA duplexes as well as their abilities to show nuclease stability and to recruit RNase H for the down-regulation of target mRNA
have previously been investigated in this laboratory (202, 204, 205,
207, 208). It is shown that a locked T protects five RNA residues
downstream of the base pairing with the T from RNase H degradation.
The thermal stabilities however decrease in both hetero- (DNA·RNA)
and homo (DNA·DNA) duplexes by approximately 6 ºC per T modification when the modification is incorporated into the DNA strand.
The structural effects of introducing the restrained residue in the
Dickerson-Drew dodecamer (Figure 12) have been investigated by
NMR and molecular dynamics (Paper II).

5'–C1 G2 C3 G4 A5 A6 T7 T8 C9 G10C11G12–3'
3'–G24C23G22C21T20T19A18A17G16C15G14C13–5'
Figure 12. The sequence of the studied oligomer highlighting the position of 1(1',3'-O-anhydro-E-D-psicofuranosyl) thymine modification.

The DNA·DNA Dickerson-Drew dodecamer displays a drop in melting temperature, Tm, of approximately 10 ºC per T7 modification, to be
compared to the ~6 ºC observed in the non-self complementary
DNA·DNA and DNA·RNA sequences (205, 207, 208). This once
more shows that two modifications close to each other in doublestranded DNA cause a larger perturbation than the sum of two isolated
single modifications would have (compare with Paper I). It is also
noteworthy that the dramatic drop in Tm is only seen when the modification is made on a pyrimidine nucleoside. DNA antisense strands
including locked purines, A and G, form stable helixes with RNA
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with melting temperatures very close to the corresponding native sequences (206).

Native duplex

T7 Modified duplex

Figure 13. A side view into the major grooves of the two conformations of the
native (left) and the modified (right) Dickerson-Drew dodecamer. Key: 1-(1',3'O-anhydro-E-D-psicofuranosyl)thymine (green), thymidine (blue) and 2'deoxyadenosine (yellow).

Despite the reduction of the Tm, all bases participate in Watson-Crick
base pairing. However, the NMR constrained minimized structures
and the MD trajectories expose the inability of the modified duplex to
maintain linear base pairs and base stacks at the T7·A6 and T8·A5 base
pairs. The sugar moiety of the oxetane modified T residue maintains
its North conformation and A-type Ȥ torsion, while all other residues
retain their typical B-type conformations. The backbone torsion angles
are strongly perturbed localized to the site of the oxetane T incorporation. The ȕ torsion is displaced from its normally preferred ap (trans)
conformation to +sc (+gauche), balanced by a shift of the Ȗ torsion
from +sc (+gauche) to ap (trans). The Į, İ, ȗ and Ȥ torsions are also
shifted towards values associated with A-type conformation. The helical parameters changes are found to be mainly localized to the four
central base pairs of the oxetane modified duplex. The central T7·A6
and A6·T7 base pairs are strongly staggered and stretched, resulting in
non-linear hydrogen bonds. Further, there is a distinct roll of the base
pair step between the two modified base pairs, T7·A6 and T7·A6 and
there is an increased tilt (and slide) of the T7·A6/T8·A5 and
A5·T8/A6·T7 base pair steps flanking the two modified base pairs. The
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main effect on the global structure is 1 to 3 Å widening of the minor
groove width (Figure 13).
Table 2. The rate constants of the imino protons of the native duplex and the T7
modified duplex exchange with the bulk water determined by the NOESY (N)
two-proton buildup method (252) as well as the NOESY-ROESY (N-R) approach (155), as well as back-calculated from the T1- (14-18) and line width differences, 'ȣ½ (253).
kex (s-1, 293 K)
Base pair

Native
duplex (I)

7

T modified
duplex (II)

7

6

T -A
T8-A5
C9-G4
G10-C3
C11-G2
T7-A6
T8-A5
C9-G4
G10-C3
C11-G2

(R1N+kex)

(R1N+kex)

N

N-R

T1-1

'T1-1(II)-(I)

'ȣ ½(II)-(I)

45
17
18
19
33
14
15
17
17
20

26
5.6
4.7
5.7
15
3.1
3.7
4.3
4.7
6.5

5.0
0.88
2.3
0.52
3.4
0.25
0.45
2.3
0.37
1.5

47
0.25
0.0
0.65
7.1
0.31
0.61
0.07
0.42
2.9

11.5
1.2
0.71
0.97
5.3
0.68
0.73
0.73
0.85
1.3

11
0.5
0.0
0.1
4.0

15
4.6
0.6
0.6
5.2

The structural work has been expanded with a hydration study to
elucidate if the distorted stacking causing the dramatic reduction in
melting temperature per modification is due to water poisoning of the
base pairs. It is found that the central modified base pairs exchange at
least one order of magnitude faster with water than the corresponding
base pair in the native duplex (Table 2), thus confirming that the reduction in melting temperature is due to a much stronger hydration of
the helix core. The exchange rates (Table 2) together with the temperature profile of the T7 and T8 aromatic protons (Paper II) shows
that the structure melts simultaneously from the center, as well as
from the ends of the duplex.
2.4.3

Charge transport in modified DNA (Paper III)

In related work (Paper III), the charge transfer through immobilized
duplexes incorporating the locked 1-(1',3'-O-anhydro-E-Dpsicofuranosyl)thymine building block, T, (Paper II) has been studied
by chronocoulometric analysis (stacking-mediated electrochemical
reduction of methylene blue) (254). The method is sensitive to distortions in the stacking geometries and has previously been successfully
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used to detect all single mismatches (255) and to monitor DNAprotein interactions (256).
When the modified T block is incorporated into one of the strands of
a DNA·DNA duplex (Figure 14A), the stacking is perturbed in a way
that is quantitatively very similar to the effect of a single mismatch
(Figure 14B). However, when the same locked nucleotide is forming a
DNA·RNA hetero duplex, the charge transfer remains undisturbed, as
for the native DNA·DNA and DNA·RNA sequences (Figure 14C).
Native (1)
versus
Locked nt (2-5)

Native (1)
versus
Mismatch (6-8)

DNA·DNA (9,10)
versus
DNA·RNA (11,12)

(A)

(B)

(C)

Figure 14. (A) The charge transport of the modified building block incorporated
in a DNA strand (2-5) is probed and compared with a native sequence (1). (B)
The effect of the modification is also compared for a DNA homo duplex (native:
9, modified: 10) and DNA·RNA hybrid duplexes (native: 11, modified: 12). (C)
For comparison, the native sequence (1) is also compared with three different
point mismatches (6-8).

2.5 Conclusions
Perturbing native DNA by introducing chemically modified nucleotide analogues reveals intrinsic properties of the native system: The 2'deoxy aristeromycin (A) structural study effectively displays how important the gauche- and steric effects of the O4' are for stabilizing the
Watson-Crick helical structure in native DNA (Paper I). The cooperativity of the modifications is also highlighted. While a single modification has no structural impact (241), two adjacent symmetric modifications allow for the stable formation of Hoogsteen base pairs. When
both the A5 and A6 positions in the same sequence are simultaneously
modified, four or more different substructures exit in slow equilibrium
(unpublished work).
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In contrast, the locked T modification in Paper II shows how important it is for the sugar moiety to maintain a certain degree of flexibility. The introduction of rigid A-type conformation nucleotide into a
helix that otherwise preferentially takes up a B-type conformation
significantly disturbs the stacking, dehydrates and destabilizes the
helix. Even though the amplitude of the structural change is much
larger in Paper I, the helix complex is not as destabilized as the helix
in Paper II. This is most likely because the flexibility of the A allows
the helix to maintain a sufficiently good stacking to keep the water
extruded from the core of the duplex. The locked nature of the T residue however transfers to the nucleobase, restricting the available
stacking geometries, making it unable to form linear hydrogen bonds
without disturbing the stacking geometry and causing strain in the
sugar-phosphate backbone.
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3

Single-stranded oligonucleotides

Nucleic acids need to go through the unpaired, single-stranded form
during many of the central biological processes, like mRNA processing and translation. Therefore, the properties of single-stranded nucleic acids are interesting in general, and the differences between
ssDNA and ssRNA in particular, as their functions in vivo are completely different.
3.1

Pre-organization of single-strands

The intra-strand stacking interactions of single-stranded DNA and
RNA have been quantified by UV spectroscopy (257), differential
scanning calorimetry (DSC) (258-260), circular dichroism (CD) (261,
262), optical rotatory dispersion (ORD) (262-264) and sedimentation/viscosity (265, 266), vapor pressure osmometry (267) and lowfield NMR (267-272) in 0-2 M NaCl. Most of the studied nucleobases
are significantly preorganized in stacked conformations. Some trends
are identified: The salt dependence and cooperativity of single-strand
stacking is negligible, but the nucleobase sequence is very important.
The stacking capability of uridine is very poor - there is no confirmed
preorganization in neither UpU (257) nor poly(U) (265, 266), and
uridine bases are sometimes flipped out from an otherwise stacked
sequence, interrupted by an uridine (271, 272). However, these results
are in contradiction with the fact that a 3' dangling uridine provides
somewhat more stability to a duplex structure than a dangling cytidine
on the same core sequence (Paper VI) (273-278), which means that
the uridine can stack well on a blunt end. A possible explanation is
that the different dipole moments and electronic configurations of
uridine and cytidine (Figure 2) give them different optimal stacking
geometries, which in turn gives them different preferences for stacking with the same strand, with the opposite strand, or with the sigma
framework making up the hydrogen bonds of a neighboring base pair
through offset stacking (Figure 3).
The experimental studies on the internal single-stranded interactions
have also been supported by theoretical studies of stacking in water
(279, 280) on the MP2/6-31* level. The electrostatic term is found
unfavorable for stacking, and both these studies support the conclusion that nucleobase stacking is driven by solvent effects and van der
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Waals interactions rather than favorable electrostatics (72, 73). The
electrostatics can however still be a very important factor in determining the stacking geometry by steering it to the conformation that has
the weakest repulsions.
The contribution to duplex stability coming from single-strand preorganization has been studied by Vesnaver and Breslauer by comparing the enthalpies of melting by UV spectroscopy/DSC with the enthalpy of duplex formation by isothermal batch-mixing calorimetry
(258). It is found that approximately one third of the free enthalpy
('Hºds [UV/DSC] = 117.0 kcal/mol, 'Hºss1 [UV/DSC] = 29.1
kcal/mol, 'Hºss2 [UV/DSC] = 27.1 kcal/mol, 'Hºds, 298K [isothermal
batch-mixing calorimetry] = -56.4 kcal/mol) of stabilization of the
d(CGCATGAGTACGC)·d(GCGTATCATGCG) duplex structure at
25 ºC is provided by single-strand preorganization, even though the
individual single-strands are only marginally stable since their enthalpies and entropies are relatively well balanced at this temperature.
Thus, it is well established that single-stranded nucleic acids have a
high degree of preorganization at low temperatures. However, high
field NMR has, to the best of my knowledge, neither been used to
characterize the pre-organization nor to pinpoint any different preferences in stacking geometries for unbound ssDNA and ssRNA.
3.2

pKa modulation in nucleic acids

The catalytic ability of RNA was first discovered in self-splicing RNA
(181), followed by the discovery that the tRNA precursors are catalyzed by the RNA component of RNase P (182). This was surprising
since nucleic acids lack the functional groups that are successfully
deployed by protein enzymes: the imidazole of Histidine, the carboxylate of Aspartate and Glutamate, the alkyl amine of Lysine and the
sulfhydryl of Cysteine (281). The catalysis of the phosphotransesterification and hydrolysis reactions involves the donation of a proton
from the attacking group and the acceptance of a proton of the leaving
oxygen group. Protein enzymes often accomplish this by a general
acid-base catalysis reaction, using functional side chains with a pKa
close to neutral to activate the attacking and leaving groups, as this
allows for the highest concentration of strong acid or base to exist in
its active protonated/deprotonated form. Lacking the natural functional groups with pKa’s close to neutrality, nucleic acids can fill the
requirements for efficient catalysis in two ways. Either by stabilizing
the attacking and leaving groups by aligning a metal ion, or by modu38

lating the pKa of primarily Adenine and Cytidine closer to neutrality
(282), thereby increasing their efficiency as general acids/bases.
Even though it has been proposed that nucleic acids are unlikely to
act as efficient acid-base catalysts, more recent studies have shed new
light on the subject. The pKa values of nucleobases in biologically
relevant nucleic acids and nucleic acids/protein complexes can be significantly modulated (283-295) through interactions with its immediate surroundings compared to the corresponding nucleoside, directly
increasing their performance as acid-base catalysts in ribozymes (285,
290, 291, 295, 296) and leadzymes (283, 284), and as substrates to for
example DNA glycosylases (288, 289). The pKa of nucleobases in an
active site can be modulated by (1) hydrogen bonding in wobble base
pairs (283-285, 293, 294), (2) salt bridge formation (284) or (3) specific folding, creating a unique local electrostatic environment or a
hydrophobic pocket around the active site (282) through stacking interactions.
Thus, the apparent pKa of an exchangeable proton on a nucleobase
carries information about the charge distribution in the base as a function of its interactions with the surrounding electron systems, as well
as the accessibility and dielectric constant of the surrounding media.
3.3

Present work (Papers IV and V)

The present work on single-strands is the continuation of thorough
pKa studies previously performed in this laboratory by Acharya et al.
(297-301).
3.3.1

Sequence dependence of pKa perturbation (Paper IV)

Previous work on single-stranded nucleic acids in this laboratory has
showed sequence dependent modulation of the apparent pKa of dinucleotides (301), trinucleotides (298) and short oligomers (297). It is
however difficult to draw any final conclusions on the effects of stacking on the pKa modulation from the studies on short sequences, as
these structures reside more in a random coil conformation. Therefore,
these studies have been expanded by a comparative study of ssDNA
and ssRNA heptamers of the sequences: 5'-CAQ1GQ2AC-3', where Q1
and Q2 are either A or C in the four possible combinations of ssDNA
and ssRNA, resulting in a total of 8 heptamers (Paper IV). The 'pKa
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of the guaninyl of the investigated trimers display a pKa modulation in
the 0 < 'pKa < 0.7 range (298), while the heptamers display a modulation in the 0.5 < 'pKa < 1.5 range (Paper IV). Thus, the nucleobase
dynamics directly affects the efficiency of the stacking interactions,
and hence, how well the potential of the nearest neighbor effects are
utilized.
The pH titration of the imino proton of guanosine, incorporated in
different heptamer sequences, in Paper IV shows that single-stranded
nucleic acids are capable of modulating the apparent pKa of a
guanosine by as much as 1.5 units, without advanced folding into
higher ordered structures. A direct correlation is found between the
amount of stacking, reflected by the relative shielding of the H8 proton of the guanine, and the 'pKa (Figure 15).
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Figure 15. Plot of the 'pKa of the guaninyl imino proton versus (a) the chemical
shift of the H8G proton, R = 0.90 and (b) the oligomerization shift of the H8G
proton, R = 0.85, respectively. The central trio made up by the guanosine (bold)
and its neighbors is highlighted in green for DNA and red for RNA.

3.3.2

Stacking patterns of ssDNA and ssRNA (Paper V)

Differences in the NOESY cross peak intensity patterns are observed
for ssDNA and ssRNA in Paper V. The intra-residue H6/H8-H3' and
the inter-residue H6/H8(n)-H3'(n-1) distances are particularly sensitive
to the populations of A-type versus B-type conformations. Significantly stronger cross peaks involving the 3' protons were indeed observed for the ssRNA compared to the ssDNA, showing that ssRNA
spends more time A-type conformation than ssDNA and vice versa
(Table 3). MD trajectories of the single-stranded DNA and RNA were
simulated in explicit water for 1.5 ns, using the estimated nOe intensi40

ties as loose distance constraints. The resulting average structures
graphically revealed distinct directional differences in the stacking
geometries of each dinucleotide step between ssDNA and ssRNA
(Figure 16). The relatively electron-rich (Figure 2) imidazole stacks
above the relatively electron-deficient pyrimidine (5'o3') in ssDNA,
while, on the contrary, the pyrimidine stacks above the imidazole
(5'o3') in ssRNA.
Table 3. Experimental NOESY cross peak data compared with the corresponding expected distances (Å) measured in models of the single strand of the canonical A-, B- and Z- forms of DNA and RNA. The observed cross peaks have
been categorized as strong, medium or weak cross peaks. Strong peaks are
drawn in bold.

Distance
H6/H8-H3'
H2-H2'/''
H5-H3'
H6/H8-H1' (n-1)
H6/H8-H3' (n-1)
H5-H1' (n-1)
H5-H3' (n-1)
H2-H1' (n+1)
H2- H2'/'' (n+1)
H2-H4' (n+1)

canonical distance (Å)
B-type A-type
Z-type
4.4
5.1
3.2
7.0/5.8 4.6/5.4
5.8/4.6
6.4
4.9
7.0
7.0
3.0
4.3
5.1
6.9
3.2
3.8
5.0
5.2
5.5
3.7
4.4
4.6
5.2
3.5
6.8/6.2 5.3/6.2 10.4/11.7
5.7
6.3
6.8

nOe intensity
ssDNA ssRNA
M
S
-/W
M/#
W
M
S
S
M
S
M
W
W
M
M
S
-/W/#
W
-

- – not detectable; W – weak; M – medium; S – strong
# - RNA is devoid of H2''

ssDNA

ssRNA

Figure 16. The stacking geometry at the A2-A3 dinucleotide steps of the minimized average structures of the last 100 ps of the 1.5 ns MD simulations of the
d/r(G1A2A3A4A5C6) sequences.
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This conformation likely minimizes the repulsion between the SS
surfaces of the two bases, and simultaneously positions the partially
positive V-frame protons directly perpendicular over the S surface of
the neighboring base, much like in the stair motifs that are commonly
seen in nucleic acids-protein interactions (302).
In order to verify the found stacking patterns against the raw data,
screening values of each H2 and H6/H8 marker proton in the oligomer
was calculated (Paper V) and compared with the oligomerization shift
(i.e. Gmonomer-Goligomer) of each proton (Figure 17). The relatively good
correlation of R = 0.83 for all protons validates the observed stacking
patterns in the ssDNA and ssRNA simulations. The correlation disappears completely (R = 0.077) when the oligomerization shifts of the
ssRNA and ssDNA structures are inverted, confirming that there
really is a significant difference between the stacking patterns of the
two hexamers.
2

Σ screening

1,5

1

0,5

0
0

0,2

0,4
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oligomerization shift (ppm)
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1

Figure 17. Correlation plot (R = 0.83) between the oligomerization shift ('G)
versus the combined effect* of the neighboring bases for the modeled ssDNA (Ŷ:
H2, Ƒ: H6/H8) and ssRNA (Ɣ: H2, ż: H6/H8).
* The displacement in the X-Y plane of each proton (H8, H2 and H6) from the nearest edge of the
neighboring nucleobase was measured in both 3' and 5' directions. The distances were then normalized to a sigmoidal, y = 1-1/(1+10(2-x)/2), and summed to give a value that is proportional to the
screening received from the neighboring ring systems.
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3.3.3

pKa-structure correlation (unpublished data)

Since the single-strand stacking geometries are correlated with the
chemical shifts of the nucleobase protons (Paper V) and the chemical
shifts are in turn correlated with the 'pKa of the nucleobase (Paper
IV), a direct correlation between stacking geometry and 'pKa is likely
to exist. In a preliminary experiment, the screening coefficient was
roughly estimated for the imino proton of guanosine in 14 different
sequences, extrapolated from the stacking patterns found in Paper V
for ssDNA and ssRNA respectively. It was found that the more buried
the imino proton is, reflected in a higher screening value, the higher its
pKa becomes (Figure 18), R = 0.88.

6screening

2

1

R=0.88
0
0

0,5

1

1,5

'pK a
Figure 18. The screening factor of the imino proton of G calculated using the
stacking pattern for dGAAAAC and rGAAAAC plotted versus the pKa of the
following compounds: dGAAC, dGAAAC, dGAAAAC, dCAAGAAC,
dCAAGCAC, dCACGAAC, dCACGCAC, dCAAG, rGAAC, rGAAAC,
rGAAAAC, rCAAGAAC, rCACGCAC, rCAAG. A correlation factor of R =
0.88 is found by linear regression.

This effectively shows that the physico-chemical properties of the
nucleobases, in this case reflected by its pKa, are directly influenced
by the stacking interactions with the neighboring bases in singlestranded nucleic acids, in a way that reminds of face-selective conformation controlled reactions (303-305) used in synthetic chemistry.
This also provides a possible geometrical explanation as to why for
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example the pKa of the guanosine imino proton is 9.76 in rGAAC,
while it is 9.46 in the rCAAG sequence (297), even though the latter is
predicted to have a higher pKa because it has a 5' phosphate, which is
known to raise the pKa of monomeric guanosine from 9.25 to 9.74 for
5'-GMP.
Even though it is clear that the amount of stacking at the exchangeable proton protects it from the bulk water, it is not possible to conclude if this is a direct electronic effect on the proton itself, increasing
its electron density and thereby making it harder to extract from the
nucleobase, or if it is a geometric/electrostatic effect, making it less
probable for an anion to approach the buried proton by Brownian motion, both because of steric shielding and because of a possible chargerepulsion between an approaching anion and the S-surface of the
neighboring nucleobase.
3.4

Conclusions

The pKa titrations (297) (Paper IV), together with the found differences in stacking geometry between ssDNA and ssRNA (Paper V),
have highlighted how the pre-organization of the stacking geometries
of single-stranded nucleic acids have a direct influence on their different physicochemical properties. (1) The amount of pre-organization
has a direct influence on the stability on any interactions formed with
the oligonucleotide. The higher the degree of pre-organization, the
lower the entropy penalty that has to be paid upon formation of higher
ordered structures due to the freezing out of conformational freedom.
(2) The modulation of the apparent pKa of nucleobases, depending on
the local geometry, and hence the chemical environment around it, can
be tailored to facilitate catalytic activity. (3) The directional differences in single-strand pre-organization between ssDNA and ssRNA
can be used to understand the stability of higher ordered structural
motifs. One example of this is the dangling end phenomenon which is
discussed in Chapter 4. The found stacking geometries could possibly
also be used to understand more about the stability of some mismatches, bulges and loops in DNA and RNA. In the extension, any
insights that can lead to a higher understanding of the mechanisms
behind stability, folding and reactivity of nucleic acids and their derivates are important for the development of nucleic acid analogues into
therapeutic agents or biomolecular tools.
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4

Dangling ends

A dangling end is an unpaired residue that is attached to either end of
a double helix structure (Figure 19). These overhangs are found in
native systems like the acceptor stem of tRNA, which has a NCCA
nucleobase overhang that is essential for its function and stability
(306-308). Dangling ends also play stabilizing roles in the interactions
between the mRNA and the ribosome in protein synthesis (309, 310)
and between small interfering RNA (siRNA) and mRNA in RNA interference (311-314). The addition of a native dangling end can increase the stability of the core duplex by almost 2 kcal per mol, even
though it does not participate directly in any hydrogen bonding with
the opposite strand.

5'- A C G C G C A -3'
3'-

G C G C G

-5'

Figure 19. Schematic representation of a sequence with 5'- and 3'-dangling-end
adenosines (red) over C-G closing base pairs (blue) attached to the G-C-G core
duplex (black).

4.1

Thermodynamic stabilization of dangling ends

Martin et al. (315, 316) first identified the dangling-end phenomenon
in partially self-complimentary RNA. The stabilization potentials of
dangling ends have since then been thoroughly and systematically
mapped by melting studies on short core duplexes of varying sequence
and dangling base by NMR (317, 318) and UV spectroscopy (273278, 319).
The most striking feature of dangling ends is that there is a pronounced difference in the stabilization potential depending on whether
you attach it to the 3'- or the 5'-end of a helix, and whether you attach
it to a DNA- (319) or RNA (275) core duplex (Table 4). In RNA, the
3'-end has a significantly higher stability potential (-1.8 kcal/mol)
compared to the 5'-end (-0.5 kcal/mol). The situation is less pronounced in the more flexible and polymorphic DNA, where the two
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ends have a similar stabilization potential - the 5'-end (-1.0 kcal/mol)
being slightly favored over the 3'-end (-0.9 kcal/mol). Thus, there is a
directional preference in the interactions of the unpaired (i.e. singlestranded) dangling residue, which is similar to the directional differences in stacking patterns presented in Paper V.
Table 4. Summary of the thermodynamic gain upon dangling end attachment to
DNA (319) and RNA (275) core duplexes of all different dangling end/closing
base pair combinations.

RNA

DNA

 ''G370 (kcal/mol) average  ''G370 (kcal/mol) average
3'

0.1 – 1.8

0.8

-0.3 – 0.9

0.3

5'

0.0 – 0.5

0.2

-0.5 – 1.0

0.4

4.1.1 Dangling ends on RNA duplexes
A comparison of the stabilities provided by different combinations of
dangling ends and closing base pairs at the 3'-end in the thermodynamic library established by Turner et al. (273-278) provides some
insight into which factors determine dangling end stabilization. (i) The
size of the dangling nucleobase is of primary importance. A purine
always provides more stabilization (approximately -0.5 kcal/mol) than
a pyrimidine in the same position. (ii) The purine/pyrimidines sequence of the overhang also plays an important role. More efficient
stabilization is always achieved if the dangling base is larger than the
base it stacks upon. A purine (R) stacking on a pyrimidine (Y) provides 1.5-1.8 kcal/mol, followed by equally sized bases that provide a
stabilization of ~1.1 kcal/mol. A pyrimidine base stacking over a
purine base always provides less than 0.6 kcal/mol. The sequence de 3'
pendency of the stability can be written as follows: 53''YR
> 53''YRR  53'' =
R   5'
5 ' YY  3 '
3 ' R   5 '

>

5 ' RY  3 '
3 ' Y   5 '

. (iii) The number of hydrogen bonds of the closing

base pair directly affects the potential stabilization of dangling end
attachment. The maximum stabilization over a G·C base pair is 1.8
kcal/mol, while an A·U base pair is never stabilized by more than 0.7
kcal/mol.
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4.1.2 Dangling ends on DNA duplexes
The effects of dangling ends are weaker and less predictable in DNA
(319). There is a small preference for stabilization at the 5'-end over
the 3'-end, but the difference is small and exceptions to the clear
trends observed in RNA exist. The increased flexibility in DNA compared to RNA most likely makes the size and shape of the dangling
end less dominant, as DNA is more prone to rearrange. For the same
reason, the dynamics of dangling DNA bases are less restricted and
therefore shield the closing base pair less efficiently.

4.1.3 Dynamics of the dangling residue
Further UV melting studies have shown that the dangling end stabilization increases for every additional dangling base that is attached, up
to four bases of poly-A: ''Gº of 53'' GCA35'' = -1.5 kcal/mol and ''Gº of
5 ' CAAAA  3 '
3 ' G     5 '

= -2.5 kcal/mol (320). This implies that the efficiency of the

dangling end effect is enhanced by the cooperative stacking of the
poly-A tail, making the innermost A spend more time in a stacked
conformation than the outer ones. Similarly, studies on chemically
modified dangling residues (321-327) have shown that modifications
that disfavour destacking or strengthens the stacking interaction of the
dangling residue (increased polarizability (322), hydrophobicity (327)
and methylation site and ion substituent (324)) leads to an increased
dangling end effect. It has also been shown that by appropriate attachment of fused multi-ring systems [4-desmethylwyosine (324),
quinolones (323), phenazinium (20, 328), pyrene and phenanthrene
(327), phenylurea and naphtylurea (326), cholic acid (329, 330) and a
5'-acylamido oligonucleotide library (331)] to both DNA and RNA
duplexes can stabilize them by as much as 4.5 kcal/mol. This is most
likely a combination of favourable dynamics and a large shielding
area.
4.2

Present work (Paper VI)

The directional differences in stacking pattern between ssDNA and
ssRNA identified in Paper V provide a possible source for the directional differences reported in dangling end stabilization (273-278,
319). The stabilization trends identified above, together with the ear47

lier observation that the imino proton is protected from exchange with
the bulk water in tethered duplexes (20, 157, 328, 332, 333), inspired
an attempt to correlate the stacking geometries of dangling ends with
the thermodynamic stabilization they provide through a data mining
study.

4.2.1 Dangling end stabilization-geometry correlation
In Paper VI, the stacking geometries of dangling base motifs in 105
crystal/NMR structures containing single-strand to double-strand transitions have been studied. Qualitatively, the directionality in stacking
pattern described in Paper V is commonly observed for the unpaired
dangling residue relative to the neighboring base in the extracted DNA
and RNA X-ray and NMR structures. A screening value for each of
the extracted dangling end geometries was calculated from the sum of
the relative displacements of each atom participating in hydrogen
bonding relative to the dangling base, thus quantifying how well the
hydrogen bonds are buried below the dangling end.

2,5

screening

2,0
1,5
1,0
0,5
0,0
-0,5
-2,0

-1,0

-1

''Gº (kcal mol )

0,0

Figure 20. Correlation plots of the hydrogen bond screening versus the thermodynamic stabilization (''Gº37). The data points from both 3' RNA (), 5' RNA
(), 3' DNA () and 5' DNA ( ) dangling-ends fall on the correlation line and
gives a correlation factor, R = 0.873. Considering only the points from RNA
gives a better correlation, R = 0.934, showing that dangling-ends on RNA are
more ordered than dangling-ends on DNA, R = 0.376.
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It is found that this screening value is directly correlated to the thermodynamic stabilization that is provided by the corresponding dangling end sequence (Figure 20) collected from the literature (273-278,
319). The direct correlation of the dangling end stability with how
well the atoms participating in the hydrogen bonds of the closing base
pair are buried made us conclude that the increased stability of dangling end attachment is the effect of the dangling end effectively restricting the access of the bulk water and ions to the hydrogen bonds
of the closing base pair (21). The result is a reduction of the dielectric
constant of the microenvironment experienced by the hydrogen bonds,
thereby increasing their strength (57, 58). In other words, the hydrogen bonds are protected from the solvent so that the donors and acceptors of the closing base pair do not have to compete with the surrounding water molecules for hydrogen bond formation.
Internal base pairs are known to be more stable than the corresponding terminal base pairs (334-342) from nucleic acids stability prediction algorithms. The dangling end gives the terminal base pair a character that is more like an internal base pair by screening it from the
bulk solvent much like a neighboring base pair otherwise would.
Thus, the dominating stabilizing contribution from attaching a native
dangling end residue is not a direct interaction with the opposite
strand, but rather a modulation of an already present interaction - the
terminal hydrogen bonds.
In addition to the geometric influence shown in the correlation
above, the stabilization is tuned by the dynamics of the dangling residue. We conclude that it is the absence of the O2' effects in DNA
compared to RNA gives a DNA dangling base more geometrical freedom (Section 1.5.1). This makes it much more complicated to predict
the geometry of DNA dangling end from the sequence only as they are
more likely to be strongly affected by crystal packing forces upon
crystallization. The increased flexibility of DNA can also have a positive effect on the stacking geometry as it can reach conformations unavailable to the corresponding RNA. For example, dangling end
screening at the 3' end of DNA is often greater than the prediction
from the stacking patterns in Paper V. However, the increased motional freedom of the deoxyribose linker compared to the ribose linker
makes it necessary to freeze out more degrees of freedom and therefore the lifetime of the stacked state over the destacked state is reduced in DNA, reducing the stabilization potential of DNA dangling
ends.
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4.3

Conclusions

It is known that the strength of hydrogen bonding is proportional to
the dielectric constant of the solvent (57, 58). The above correlation
(Paper VI) shows how the strength of each individual hydrogen bond
at the terminus of a duplex can be directly modulated by restricting the
accessibility of water molecules and ions that compete for the hydrogen bond donors and acceptors of the terminal base pair. Similar drops
in stability accompanied by increased exchange rates with water have
been observed for various mismatches (162, 321, 337, 338, 340, 343345). This highlights how the stacking ability (the protection against
water poisoning of the hydrogen bonds) directly modulates how efficiently the potential of the base pairing interaction is utilized, not only
at the terminus, but in the entire helix. The hydrogen bonding, in turn,
stabilizes the stacked conformer of the nucleobases, which is evident
from the fact that the nucleobases spend more time in a stacked conformation in a double-strand than in the corresponding single-strand
(Paper V). The favorable enthalpy of the hydrogen bond interactions
helps to pay for the loss of entropy associated with the freezing out
motional freedom when going from random coil to a stacked structure.
Thus, the stacking and hydrogen bonding in nucleic acids stabilize
each other in a synergetic manner.
4.4

Discussion

Under this paragraph I take the liberty to speculate more freely around
the dangling end observations and their possible implications.
Nature has tuned the geometries of the nucleic acids bases in such a
way that the C1'-C1' distances and symmetry of C·G, G·C, A·T/U and
T/U·A base pairs are near identical (4). This has the effect that the
helix can maintain a well stacked, and hence dehydrated, structure
independent of its sequence. The sequence context can affect the helical conformation of the duplex, but both the A-, B- and Z-type conformations have the common feature that they all stack very efficiently. Therefore, as long as there are no mismatched bases, the hydrogen bonds in the core of nucleic acids duplexes are dehydrated
(21), enabling strong hydrogen bonding. While hydrogen bonding and
nucleobase stacking cooperatively stabilize a matched base pair, both
the hydrogen bonding- and stacking critera are very unlikely to be
simultaneously satisfied in a mismatched native sequence. The loss of
synergy between hydrogen bonding and stacking can provide an extra
steep energy profile between a matched and a mismatched sequence,
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thereby helping nature to maintain its high specificity in nucleic acids
recognition. The situation is more complex in the replication, transcription and translation of nucleic acids. The fact that non-polar size
complementary synthetic nucleosides can function well with DNA
polymerases, both as template and as incoming triphosphate, suggests
that steric exclusion and electrostatic repulsions in the tight active site
are the most important factors for maintaining high fidelity replication
[reviewed by Kool (346)].
On a side note, the stability of a double-stranded structure has often
been described as the sum of the contributions from hydrogen bonding, stacking and phosphate repulsions, modulated by solvent- (dielectric constant, counter-ions) and thermodynamic effects (entropy of
internal motions and solvent molecules). Even though the stability is
described as a sum, the interdependency between them has the effect
that they are not linearly additive. In particular, the synergy between
the stacking and hydrogen bonding interactions discussed above highlights the complexity of the nucleic acid stability and how difficult it
is to quantify the relative contributions from each of these interactions
to the total stability of a double strand.
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Sammanfattning

Avhandlingen sammanfattar resultaten av mina studier på de molekyler som utgör vårt arvsanlag, DNA och RNA. De grundläggnade resultaten är framtagna med hjälp av en spektroskopisk metod (NMR,
Kärnmagnetisk resonans) som bygger på de energinivåer som uppstår
när magnetiskt aktiva atomkärnor placeras i ett starkt magnetfält. Med
hjälp av denna metod kan man bestämma avståndet mellan alla olika
väteatomer i en molekyl, eller andra dynamiska egenskaper som beror
av temperatur eller koncentration i provet. Med hjälp av de egenskaper
som man bestämmer experimentellt kan man sedan skapa datorsimulerade strukturer och anpassa dessa så att de överensstämmer med experimenten. På detta sätt kan man med hjälp av NMR bestämma strukturen på korta sekvenser av DNA och RNA eller medelstora proteiner.
I min första publikation undersöker jag vilken effekt det får på en
tolv nukleotider lång DNA-sekvens att byta ut en syreatom i en av
dessa nukleotider mot ett kolväte. Resultatet visar att strukturen blir
mer flexibel och att det uppstår en långsam jämvikt mellan den naturliga DNA-formen och en ny typ av basparning som inte tidigare studerats i detalj i dubbelsträngat DNA där den ena sidobasen roterat runt
sin egen axel och istället låter den andra sidan av sig baspara med sin
partner. På senare tid har man sedan upptäckt att denna typ av basparning kan förekomma i viss mån vid kopieringen av våra arvsanlag i
våra celler.
Det andra projektet är en strukturbestämning av samma DNAsekvens där jag bytt ut en annan nukleotid mot en variant som är låst i
en form som normalt är vanlig i RNA och därför inte stämmer överens
med de andra nukleotiderna i DNA sekvensen. Studien undersöker
vilken effekt förändringen har på strukturen som helhet och dess stabilitet. Resultaten visar att dubbelsträngen blir starkt försvagad runt om
modifikationen och att dubbelsträngen smälter både från ändarna och
ifrån mitten när temperaturen höjs. Ett relaterat arbete visar också att
transporten av laddning genom samma molekyl går betydligt långsammare som en direkt effekt av destabiliseringen. Karaktäriseringen
av låsta- eller på annat sätt förändrade nukleotider är viktigt för att
utvidga vår kunskap om konstgjorta byggdelar som i förlängningen
kan användas för att rikta läkemedel direkt mot gener som orsakar
sjukdomar.
De övriga studierna har fokuserat på enkelsträngat DNA och RNA
och dess egenskaper. Enkelsträngade varianter av dessa molekyler
förekommer i flera stadier av cellens naturliga liv och är helt nödvändiga för dess funktion. En ökad förståelse av dessa former kan ytterligare hjälpa oss att förstå hur vi fungerar, samt hur vi kan rikta läkemedel mot sjukliga tillstånd som orsakas av att en viss gen uttrycks i
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för stor grad, eller tillverka effektivare diagnostiska metoder för att
upptäcka sjukdomar på ett tidigt stadium.
Dessa studier började med att vi studerade hur sekvensen hos en enkla DNA- och RNA strängar påverkar basernas kemiska egenskaper
genom att studera hur känsliga den utbytbara väteatomen på en av
dessa baser (guanin) är mot höjt pH beroende av vilka baser den är
omgiven av i sekvensen. Vi kunde se ett direkt samband mellan hur
väl baserna stackade och hur skyddad väteatomen blev. Jag utvidgade
sedan dessa experiment till att studera vilka strukturella skillnader
som finns i stackningen av baserna mellan enkelsträngat DNA och
RNA. Med hjälp av skillnaderna i spektra kunde jag fastslå att geometrin för stackningen mellan baser i enkelsträngat DNA och RNA har
en väldigt snarlik trappstegsliknande struktur, men med den stora
skillnaden att de leder i motsatta riktningar med hänsyn till deras sekvens. Denna upptäkt gör det möjligt att förklara skillnader vi sett i
pH-känsligheten hos väteatomer i baser med olika grannbaser mellan
enkelsträngat DNA och RNA.
Denna upptäkt kan även användas för att ge en möjlig förklaring till
mekanismen bakom den så kallade “dangling end” effekten, vilket är
den stabilisering man får genom att koppla på en kort enkelsträngad
svans eller en enkel överhängande bas på en dubbelsträngad sekvens.
Den stabilisering man får är helt beroende av vilken ände av dubbelsträngen man låter hänga över – i den ena änden får man en stark effekt medans den andra änden ger en väldigt svag effekt. Det intressanta med denna skillnad mellan ändarna är att effekten är helt omvänd
om man jämför ändarna av DNA gentemot RNA. Genom att använda
de observationer jag gjort för enkelsträngat DNA och RNA kunde jag
härleda skillnaderna i den stabilitet man får av en överhängande bas
till den geometri denna bas upptar över det sista basparet i den dubbelsträngade sekvensen. För att bevisa sambandet extraherade jag geometrin hos 105 publicerade strukturer med överhäng och jämförde hur
väl den överhängande basen skyddar det yttersta basparet i den dubbelsträngade delen med den redan publicerade stabilisering man får av
motsvande sekvens. På detta sätt kunde jag med hjälp av en databasstudie visa på ett direkt samband mellan hur väl det yttersta basparet
skyddas mot det omgivande vattnet och den stabilitet man vinner, och
därmed föreslå en mekanism bakom den ökade stabiliteten.
Målet med avhandlingen har varit att utöka vår förståelse för hur DNA
och RNA fungerar, och hur vi kan föra detta fält frammåt och utveckla
läkemedel mot- och diagnostik för genrelaterade sjukdomar.
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