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-you have the power to act only 

ma phalesu kadachana 
-you do not have the power to influence the result 

ma karmaphal hetur bhoo 
-therefore you must act without the anticipation of the result 

ma sangostu akramani 
-without succumbing to inaction 
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Introduction 

1. Nucleic Acids 
1.1 What are nucleic acids? 
Nucleic Acids are the central molecules in the transmission, expression and 
conservation of the genetic information. The central dogma of molecular 
biology is DNA� RNA�Protein (Figure 1). 
DNA (2�-Deoxy-ribo Nucleic Acid) constitutes the storage of genetic infor-
mation and it is considered to be the core architecture of life. The role of 
DNA as the storage of genetic information was first amply demonstrated by 
Avery et al.1 and Hershey and Chase 2. 
 

 
 

Figure 1.Central dogma of molecular biology 
 
Synthesis of RNA (Ribo Nucleic Acid) from DNA is called Transcription3-6. 
The sequence of RNA is then translated to a protein sequence at the ribo-
some and this process is called Translation7-12. 
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1.2 Composition of nucleic acids 
 
The biological recognitions, interactions, activities of nucleic acids are dic-
tated by the conformational status and functionalities of nucleic acids. DNA 
and RNA are nucleic acid polymers composed of monomeric nucleosides, 
which are covalently linked through 3'�5'-phosphodiester linkages. Nucleo-
sides are made of a D-pentofuranose sugar attached to a heterocyclic purine 
[9-Adeninyl (A), 9-Guaninyl (G)] or pyrimidine [1-Cytosinyl (C), 1-
Thyminyl (T), 1-Uracilyl (U)] nucleobases. Aglycones A/C/G/T are found in 
DNA attached to �-D-2'-deoxyribofuranosyl and A/C/G/U are found in RNA 
attached to �-D-ribofuranosyl sugar. The conformation along the sugar-
phosphate backbone in nucleotides can be fully defined by the backbone 
angles13-18: �, �, �, �, , � and endocyclic torsion angles,���������������(Figure 
2) �where ��and ���represents the same torsion���The conformational changes 
in these backbone torsion angles are induced by different non-covalent 
forces which dictate self-assembly of nucleic acids. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

Figure 2. Building blocks of DNA and RNA 

 

O

R1

O
H

H

H

H

P
O

O

O

O-

B

O

P
O

O-�

�

�

�


�
1'

2'

3'

4'

5'

 A,G,C,T in DNA
 A,G,C,U in RNAB = Nucleobase =

 

N

NN
H

N

NH2

NH

NN
H

N

O

NH2

N

N
H

NH2

O

NH

N
H

O

O

R

9-Adeninyl 9-Guaninyl 1-Cytosinyl 1-Uracilyl, R=H
1-Thyminyl,R= CH3

R1 = H in DNA, OH in RNA

B =

pKa = 3.5 pKa =9.4 pKa = 4.2 pKa = 9.4 for U
           9.9 for T

pKa < 1 pKa =2.4

��

��
�!

��

��



 15

Figure 3. The pseudorotation cycle (E = envelope; T = 
twist) for pentofuranosyl moiety of �-D-nucleosides. 
The phase angles accessible to N- and S-type pseudoro-
tamers are found [-1� < PN < 34�, 137� < PS < 
194�������"��m�#��and ����"��m(S) �� 

1.3 Sugar conformations in DNA and RNA 
The DNA and RNA consist of �-D-furanosyl 19-21 and ��-D-ribofuranosyl22 
rings. These five member rings are energetically not so stable to be remain-
ing in one conformation. The concept of pseudorotation23 has been intro-
duced by Kilpatrick et al in order to explain continuous inter-conversions 
between the puckered forms of the cyclopentane ring. 
A barrier of 22 kJ mol-1 is associated to the transformation24 of one form to 
another. Thus, the cyclopentane ring relieves its strains by pseudorotation. 
The same phenomenon is observed in case of �-D-furanosyl and ��-D-
ribofuranosyl rings. The puckered geometry of the pentofuranose ring in 
nucleic acid derivatives can be described by two parameters: (i) the phase 
angle25 of pseudorotation (P, showing which part of the ring is mostly puck-
ered) and (ii) maximum puckering amplitude (�m, showing the largest devia-
tion of the endocyclic torsions from zero). It has been found that �-D-2�-
deoxyribofuranosyl sugars in DNA are of S type (2�-endo-3�exo) and ��-D-
ribofuranosyl sugars in RNA are of N type (3�-endo-2�exo) (Figure 3). 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 
NMR studies as well as statistical analysis of the P26, 27 (phase angle) values 
of the crystallographic forms of nucleos(t)ides28 suggested that the confor-
mation of the pentofuranose can be described by a two-state North13 (N, C3'-
endo, C2'-exo) � (S, C2'-endo, C3'-exo) equilibrium model . NMR investi-
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gations are based on the ratio of vicinal coupling constants of the sugar pro-
tons i.e., 3J1�2� ,3J3�4� 

29. Pyrimidine nucleos(t)ides prefer N-type puckering 
whereas purine nucleos(t)ides favor S-type sugar conformations. Systematic 
surveys indicated that 2�-substituted adenosine30 and uridine31 derivatives 
prefer N-type sugar residues with increase of electronegetivity of 2�-
substituents. Only a few E-type pseudorotamers and no W-type conformers 
were found in crystal structures. W-type conformers are nonexistent in na-
ture because of pseudo-axial steric clash between the nucleobase and the 5'-
CH2OH group as well as the eclipsed C2' and C3' substituents25. In a similar 
fashion, energy destabilization of E-type conformations occurs due to the 
eclipsed orientation of C2' and C3'. 
P and �m are related to the five endocyclic torsion angles (Figure 2), �i (i = 
0-4) (Eq 1): 
�i = �m cos{P + 144��(i - 2) }…………………………………………......(1) 
In �-D-nucleosides, the endocyclic torsions �i (i = 0 - 4) are defined as fol-
lows:  
(i) �0 [C4'-O4'-C1'-C2'], (ii) �1 [O4'-C1'-C2'-C3'], (iii) �2 [C1'-C2'-C3'-C4'], 
(iv) �3 [C2'-C3'-C4'-O4'], (v) �4 [C3'-C4'-O4'-C1']. In a study of 178 �-D-
furanosides, the endocyclic torsion angles could be calculated using Equa-
tion (1). 

1.4 Phosphate backbone conformations 
There are six sugar phosphate backbone torsions [���������������] present in 
nucleic acids (Figure 4). Phosphodiesters are tetrahedral in structure and 
show antiperiplanar conformations for the C5�-O5� bond. Similarly, the C3�-O3� 
bond lies in the antiperiplanar to anticlinal sector13, 17. This conformational 
status helps us to use the virtual bond concept in which the chains P5' - O5' - 
C5' - C4' and C4' -C3'- O3'-P3' can be assumed as planar, rigid units attached at 
C4'. In general H4'-C4'-C5'-O5'-P5' adopts W type conformations in X ray 
crystallographic structures in t-RNA and DNA17. The uniformity of the 
backbone conformation is controlled by the Anomeric Effect 32 [lone pair of 
O5' mixes with antibonding orbital of P-O3']. The sugar phosphate backbone 
conformation is variable and conformations with stacked bases tend to ob-
tain � (g-)[(n-1)O3' - P - O5' -C5'], � (t) [P - O5' - C5' - C4'], � (g+) [O5'- C5' -C4'- 
C3'], (t) [C4' -C3'- O3'-P], � (g-)[C3'-O3'-P-O5'(n+1)]13. From the crystal struc-
tures of B-type DNA duplex, A-type RNA duplex and Z-type DNA duplex 
the values of dihedral angles were found (Table 1). In a nucleoside each base 
is attached to the 1�-carbon of the sugar by a glycosidic bond. The torsion 
angle about this bond is called   angle [O4�-C1�-N9-C4] for purines and 
[O4�-C1�-N1-C2] for pyrimidines. This   angle can assume in two orienta-
tion i.e., syn (-90� �  ���$%����and anti (90� �  ����������. Anti orientation is 
more favorable compared to syn. The syn conformation needs external stabi-



 17

lizing force. Only 9-Guaninyl residues in Z-DNA and RNA are found to be 
existing in syn orientations (Table 2). Crystal data also demonstrated that 
purine nucleosides with C2�-endo sugar conformation adopt both syn and 
anti orientations in equal proportion but C3�-endo sugar conformation drives 
the   torsion towards anti orientation28. 
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Figure 4. Dihedral Angles in Nucleic Acids 

 

Table 1. Dihedral angles (�) in DNA and RNA duplex (ref 13) 

Sequence �� �� �� �� � ��  �

A-RNA -68 178 54 82 -153 -71 -158 

B-DNA -46 -147 36 157 155 -96 -98 

47(G) 179(G) -165(G) 99(G) -104(G) -69(G) 68(G) 
Z-DNA 

-137(C) -139(C) 56(C) 138(C) -94(C) 80(C) -159(C) 

 

1.5 Forces acting in nucleic acids 
 
Phosphodiester linkages make DNA or RNA to behave as polyelectrolyte, 
the pentofuranose sugar provides flexibility, and the purine and pyrimidine 
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bases are the key players in the ligand binding. Still it is a question whether 
the sugar controls the geometry of phosphate backbone or the phosphates 
tune the conformation of the sugar. 

 
Figure 5.(A) Watson Crick, Hoogsteen and Non Watson Crick type base 
pairing, (B) Major and Minor groove in A-T, G-C base pairings. 
 
There are many non covalent interactions playing a dominant role in the 
structural assembly of nucleic acids: (i) Intermolecular hydrogen bonding in 
base pairing in duplex and higher structures (Figure 5A, Table 3) (ii) Hydro-
gen bonding of 2'-OH with O3� of the same sugar and with O4� of next sugar 
moiety in RNA13 (iii) Intramolecular base-base (offset, edge to face, face to 
face) stacking33-40 interactions (iv) hydration in major41-43 and minor 
grooves44, 45(Figure 5B), and (v) stereoelectronic gauche25, 46-52 and anomeric 

effects25, 53-55 within the sugar-phosphate backbone as well as sugar-
nucleobase interaction (vi) Me(T)-�&'�&�, CH-� interactions59, 60 in DNA and 
RNA (vii) Metal-�61 interactions. Hydrogen bonding in base pairing62-66 is a 
key factor which minimizes the entropy of the single stranded forms in a 
duplex structure. The DNA duplex structure was first discovered by Watson 
and Crick 67and there they showed that A-T and G-C base pairing is involved 
in DNA duplex68-70. Formation of Watson Crick base pairing was found in 
RNA duplex structure also. In addition to that Hoogsteen type base-pairing70, 

71, reverse Watson Crick72, non Watson Crick type hydrogen bonding (HB) 
have been found in different secondary and tertiary nucleic acid systems. So 
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diversity in the hydrogen bonding with different energy penalties is needed 
depending upon the nature of the systems. 
Hydrogen bonding of 2'-OH with O3� and O4� of next sugar moiety in 
RNA13 keeps RNA in right handed as well as A-type forms. In order to un-
derstand some of these weak non-covalent forces responsible for the self-
assembly of nucleic acids, we (i) measured pKas of nucleobases in model 
monomeric analogs (Paper I and II) of deoxy and ribo series using high reso-
lution NMR (ii) measured pKas of nucleobases in nucleotides with different 
2�-substituents, performed ab-initio calculations to understand the effect of 
2�-substituents in the structures of model monomeric nucleotides (paper III 
and IV) (iii) performed spin-lattice (T1) relaxation study, temperature de-
pendent imino-proton exchange study, CD, UV study of native and modified 
Dickerson Drew dodecamers73-76 as well as high resolution NMR derived 
MD simulations to understand hydration in the DNA duplexes (Paper V), 
(iv) observed sequence dependent modulation of pKa (N1) of 9-guaninyl 
moiety in single-stranded (ss) DNAs and RNAs (Paper VI), (v) observed 
non-identical chemical nature of internucleotidic phosphates in single 
stranded RNA molecules (Paper VII). 

1.6 Structure of nucleic acids 
Nucleic acids are of two types (i) DNA (2�-Deoxy-ribo Nucleic Acid) (ii) 
RNA (Ribo Nucleic Acid). DNA can be found in nature especially in three 
forms (i) A-DNA (ii) B-DNA (iii) Z-DNA 13(Figure 6). Similarly RNA can 
be found in nature in two forms (i) A-RNA (ii) Z-RNA13. In A form of DNA 
duplex the pentose sugar exists predominantly in N (2�-exo 3�-endo) type 
conformation. And in B type duplex the sugar exists in S (2�-endo and 3�-
exo) type conformation and in Z type DNA pentose sugar exists both in N  
 

 
Figure 6. A , B , and Z DNA structures in side-view (A) and in top-view (B). 
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and S type sugar conformations. Both A and B DNA duplexes form right 
handed helical structures whereas Z DNA duplex forms left handed helical 
structure. From fiber diffraction patterns of DNA structures it has been 
found that in addition to the sequence specificity the DNA structures depend 
on (i) the salt concentration (ii) dielectric of the solvent system (iii) presence 
of different counter ions (iv) crystal humidity. Polymorphism of DNA struc-
tures spreads its responsiveness towards varying interactions with different 
proteins. The A and B forms can consist of any sequence77, 78 but are sensi-
tive towards the effectiveness of the hydration and counter ion interactions 
whereas left handed Z form is always made up by (Purine - Pyrimidine)n 
tandem repeats. The major distinguishing structural features in the A-, B-, Z-
forms are summarized in Table 2. 
 

Table 2. Structural parameters in A, B, and Z DNA (ref 18) 

Structural  
Parameters 

A-form B-form Z-form 

Helicity 

Base pairs per repeat 

Base pairs per turn 

Sugar Conformation 

Glycosidic Bond 

Right 

1 

11 

N type 

Anti 

Right 

1 

10 

S-type 

Anti 

Left 

2(pyr:pur) 

12 

S-type(pyr):N-type(pur) 

Anti:Syn 

Major Groove Width (Å) 

Major Groove Depth (Å) 

2.7 

13.5 

11.7 

8.5 

- 

convex 

Minor Groove Width (Å) 

Minor Groove Depth (Å) 

11.0 

2.8 

5.7 

7.5 

4 

9 

Helix Rise (Å) 

X-displacement (Å) 

Twist (�) 

Inclination (�) 

+2.9 

-4.1 

+32.7 

+12.0 

+3.4 

+0.8 

+36.0 

+2.4 

-3.9,-3.5 

+3.0 

-10,-50 

-6.2 

 

In DNA, RNA duplexes (A, B, Z) there are two grooves (i) Major and (ii) 
Minor. In these grooves A-T/U as well as G-C base-pairings are found but 
particular fragments of A-T/U and G-C pairing go selectively to the major 
and minor grooves (Figure 5B). In double helical structures of DNA, RNA 
there are two key forces playing vital roles to make the duplex forms stable 
(i) Hydrogen Bonding in base pairs and (ii) Intramolecular base-base stack-
ing interactions. If the base pairing is hampered there will be loss of energy 
in the nearest neighbor base-base stacking interactions. The fundamental 
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distinctions between A- and B- family are (i) different position of base pairs 
relative to the helix axis (ii) difference in the average phase angles of the 
sugars (iii) different groove widths. 
 
Table 3. Different types of base pairs in nucleic acids and their occurrences 
 

Base Pairs Occurrence Reference 

A(G tRNA, rRNA, 
 ribozymes 

Saenger(1984 p 336), Noller 
(1984), Brown et al.(1986),Li 
et al. (91), Katahira et al. (94) 

A(U Hoogsteen rRNA Wimberly et al. (93) 

A(T Hoogsteen tRNA, oligos, 
crystal 

Quigley et al. (86),  
Hoogsteen (63) 

G(C reverse  
Watson Crick tRNA Saenger(1984 p 336) 

G(U, G(T wobble tRNA, Oligos 
Crick(66), Kalnic et al. (88) 

Hunter et al. (86), 
 Holbrook et al. (91) 

C(U  rRNA Patel et al. (84) 

G(G Telomeres Bordon et al. (92),  
Smith et al. (92) 

U(U Oligos Santalucia et al. (91) 

A+( A+ Polynucleotides Rich et al. (61) 

A+( C oligonucleotides Hunter et al. (86, 87),  
Puglisi et al. (90) 

C+( C oligos Pilch and Shafer (93),  
Borah et al. (76) 

G+( C Oligo-Antibiotic 
complex Quigley et al. (86) 

All references in the above table can be found in ref 18 p 41 – 43. 
 
The Z-form of DNA is favored in high G-C content, low humidity, and high 
concentrations of salt. RNA duplex usually exists in A form because (i) 
strong anomeric effect raised due to presence of 2�-OH (ii) 2�-OH((((O3� 
hydrogen bonding within the same sugar (iii) 2�-OH(n)(((O4�(n+1) hydrogen 
bonding13. The barrier between A- and B- forms of DNA is low and it has 
been found that for the sequence, d(GGBrUABrUAAC) both A- and B- forms 
coexist within a single crystal lattice79. Z-DNA can be formed in very high 
salt concentrations and is only formed in particular sequences consisting of 
purine - pyrimidine tandem repeats. 
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1.7 Stereoelectronic effects in nucleosides and nucleotides 
1.7.1 Anomeric effect (AE):  
The anomeric effect in heterocyclic six member rings is commonly de-
scribed in terms of stabilizing hyperconjugative interactions (molecular or-
bital overlap model) or alternatively, by destabilizing dipole-dipole repul-
sions. In a similar fashion, O4'-C1'-N1 (pyrimidine) / N9 (purine) anomeric 
effect in nucleos(t)ides can be showed either (i) by stabilizing (nO4' �	*C1'-

N1/N9) orbital mixing25, 80-82 (Figure 7) between the orbital of one of the  
 

O
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N
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N
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O
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N
N
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O O
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Figure 7. Anomeric effect {1nsp

2(O4�)�	)�C1-N9) mixing } in a nu-
cleoside. 

 
endocyclic O4' electron lonepairs (nO4') and the anti bonding orbital of the 
C1'-N1/N9 glycosyl bond (	*C1'-N1/N9), or (ii) by destabilizing electrostatic 
repulsions between the dipole of the furanose ring and the dipole oriented 
from C1' to N1/N9. W-type sugar geometries are most favorable for O4'-C1'-
N1/N9 stereo-electronic interactions in �-D-nucleosides where O4' lonepairs 
can reside in optimal antiperiplanar orientation with respect to the C1'-
N1/N9 bond. The anomeric effect basically depends wholly on the sugar 
conformation as well as electronic make up of purine pyrimidine bases. A 
pairwise comparison of anomeric effects for �-D-2�, 3�-dideoxy, �-D-2�-
deoxy and �-D-2�-ribonucleosides showed that pyrimidine aglycones have 
greater anomeric effect compared to that of purine aglycones25. 
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1.7.2 Gauche effect (GE): 
Electronic nature and relative configuration of the substituents at C2' and C3' 
positions on N-nucleosides and C-nucleosides can strongly affect the con-
formation of the pentofuranose sugar moiety in nucleosides, nucleotides and 
their derivatives. The electronegative groups at the C2' and C3' positions 
drive the sugar conformations towards N and S conformations respectively. 
This is because of the Gauche effect 25, 49, 83, 84. If an electronegative substitu-
ent is attached to the C2', there is mixing of orbitals, i.e., 	)

*���C���with the 
	C!��+!��at N-type conformations of sugar so that the two orbitals participat-
ing in the overlap can remain parallel to each other.  

 
 

O
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O

OH

O
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H
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E
N

E
R

G
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Figure 8. 3�- Gauche Effect {	�(C3-H3)�	)�O4�-C4�) mixing } in a nu-
cleoside. 

 
Similarly when an electronegative group is attached to the C3', 	)

*���C����can 
mix with 	C���+���in S-type sugar conformations (Figure 8). 3'-gauche effect 
is stronger than 2'-gauche effect because in N-type conformation there is 
steric clash between the 5'-CH2OH group and the nucleobase. In contrast, in 
S type conformation that steric clash diminishes25 to a large extent due to 
increase in their distance. Conformational analysis of 2'-deoxy-2'-substituted 
uridine31 and adenosine85 derivatives showed that N-type population of cor-
responding sugar residues linearly increases with an increase in the electro-
negativity of the 2'-substituents because of enhanced 2'-GE[O2'-C2'-C1'-O4'] 
effect. The two-state N � S equilibrium in 2'-methylthionucleosides86 is 
(>70 %) driven towards S-type conformations in CD3OD, reflecting weaker 
GE[S2'-C2'-C1'-O4'], GE[S2'-C2'-C1'-N1/9]) and increased steric bulk, 
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which results destabilization of N-type conformers. Temperature-dependent 
pseudorotational analysis of 3'-substituted87, 88 (X)-�-D-di-deoxy-Nucleoside 
[X = H, NH2, OH, OMe, NO2, OPO3H- and F] showed that gauche orienta-
tion [X3'-C3'-C4'-O4'] increases with the increasing electronegativity of 3'-
substituent groups [H < NH2 < OH < OMe < NO2, OPO3H- < F]. 

1.8 Hydration of DNA 
Water in biological medium has many diverse effects in the occurrence of 
many biological phenomena. A cell in an adult human contains 62% of wa-
ter. The concentration of water is 55M while other species are found18 at less 
than 1M. From the fiber diffraction data it was found that water content or 
relative humidity influences DNA helix structure. B-DNA occurs at 85% 
relative humidity whereas A form of DNA occurs in between 75-80% rela-
tive humidity. And other forms exist in nature with 55-75% of relative hu-
midity. IR and X-ray crystallography precisely determine the hydrogen 
bonding strength of water molecules in different sites of nucleic acids. 
 
Properties of water: As water has two hydrogen atoms and one central oxy-
gen atom to be shared in the intermolecular hydrogen bonding it has big 
impact in the structural stabilization of nucleic acids. The sugar and phos-
phate oxygens and nitrogens in the bases are prone towards hydration being 
hydrogen bonded. The high dielectric constant of water makes it a very good 
solvent for the ion solvation. Central oxygen of water stabilizes cations and 
the two hydrogens stabilize anions. 
 

 
 
Figure 9. Water Spine in B-DNA. Copyright © 1999 Journal of Biological 
Chemistry ( J. B. C., 1999, 274, 23683) 
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Sites of water interactions in DNA: Hydration studies of purines, pyrimidi-
nes, nucleosides and nucleotides showed that only the salt of the nucleotides 
which has the ionic phosphate groups can form stable hydrates within (0 - 
92%) relative humidity range. IR spectroscopy revealed that the OH asym-
metric stretch band of water at 3400 cm-1 increases with the relative humid-
ity. A strong band of 1240 cm-1 of PO2 (0% relative humidity) shifts to 1220 
cm-1 at 65% relative humidity. Other bands which show shift below 60% 
relative humidity are assigned to P-O and C-O stretching vibrations. It has 
been found that there are 18-23 water molecules in B-DNA, 11-12 water 
molecules18 bound directly per nucleotide. About 6 of these are tightly bound 
to sugar phosphate backbone. And 4-6 water molecules are bound to the 
C=O, NH2, NH, N sites of the bases. The solvation depends on the type of 
the DNA (A-, B-, Z-) as well their groove sizes. 
 
Hydration study of B-type Dickerson Drew dodecamer73 showed that the 
major groove hydration in the B-DNA makes a monolayer formation. Water 
molecules solvating phosphate oxygens tend not to be ordered except where 
they are immobilized by 5-methyl groups from nearby thymines. In contrast, 
the minor groove is hydrated with a zigzag “spine” of first and second hydra-
tion shells. Spine network of water molecules helps to bridge N-3(purine) 
and O-2 (pyrimidine) in adjacent base pairs. It is quite regular in the A-A-T-
T center, and is disrupted at the C-G-C-G ends. 

1.9 Salt concentration and helix stability 
 
Increasing Na+ or similar ion concentrations (up to 1 M) continuously en-
hances helix stability. Up to ,0.2 M Na+, the increase in Tm is linear with log 
Na+, the rate of increase depends on base composition. For example, from 
fitting data obtained from different natural DNAs it has been found that dTm 
/ dlog(Na+) = 18.30 -7.04 FGC (FGC = fractional GC content). At salt concen-
trations above 1M, addition of salts lowers the Tm of DNA. This type of 
lowering is independent of cations but dependent on nature of anions 
(CCl3COO- > SCN-> ClO4

- > CH3COO- > Br-, Cl-)89. The better denaturants 
are most effective in enhancing base stability. There are few studies of the  
 

Table 4. Different Metal Ion Binding in Phosphate group 

Metal Ions bound to Phosphate backbone 
Potassium(K+) Sodium (Na+) Magnesium (Mg++) Calcium (Ca++) Zinc (Zn++) 

     
This picture has been taken from beta-ndb.rutgers.edu 
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effect of Mg2+ concentrations on polynucleotide melting90. Although with 
Na+ addition of Mg2+ initially increases Tm the effect saturates at 10-3-10-2 M. 
Thereafter addition of Mg2+ lowers the Tm

90. Somewhat counter addition of 
Na+ in the presence of enough Mg2+ to neutralize the backbone charges low-
ers the Tm. This lowering is expected from the theoretical calculation also. In 
particular, at saturating concentrations of Mg2+ the effective charge on the 
single strands is larger than that on double strands due to counter ion con-
densation. Thus, single strands are stabilized more by the increase of ionic 
strength because of Debye - Huckel Screening effect. The different cation 
binding at the phosphate groups is different depending upon their affinity 
towards internucleotidic phosphodiester group (Table 4 ). 
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2. Contribution of hydrogen bonding in nucleic acids 
(paper I-II) 

2.1 Hydrogen bonding in base pairing 
A-T/U, G-C base pairings are found in DNA and RNA double helices and 
triple DNA helices. There are two and three hydrogen bonds formed in A-
T/U and G-C base pairings. Hydrogen bond formation in base pairing keeps 
all the nucleobases in a particular alignment so that inter and intra-strand 
base-base stacking interactions can play a vital role in the double helix sta-
bility. No direct evidence of base pairing energy of A-T/U and G-C have 
been found till date. Several DFT, molecular dynamics studies have been 
performed to get the theoretical energetic values for base pairings. BSSE 
level DFT and MP2 studies91 shows that A-U, A-T and G-C base pairing 
energies are -15.2, -15.1 and -28.3 kcal mol-1 respectively. It shows that A-U 
base pairing is little more stronger than A-T base pairing. Energy values for 
A-T and G-C base pairings using Gaussian 98 program at B3LYP/6-31G 
have been found92 to be -16.3 and -31.0 kcal mol-1. 
Guerra and Bickelhaupt93 have calculated energies of A-T and G-C base 
pairs at the planar state using ADF program at BP86/TZ2P level. The two 
hydrogen bond lengths in A-T are 2.85 (NH(((O) and 2.81 (NH(((N) Å re-
spectively, whereas X-ray crystallographic data shows hydrogen bond 
lengths, 2.95 (NH(((O) and 2.82 (NH(((N) Å, respectively for A-T base pair-
ing. Meng et al calculated92 the hydrogen bond lengths in G-C pairing and 
they are found to be 2.82 (N4H(((O6), 2.95 (N1H(((N3), 2.93(N2H(((O2) Å 
whereas from crystallographic data they are found to be 2.91(N4H(((O6), 2.95 
(N1H(((N3), 2.96 (N2H(((O2) Å. So, in A-T base pairing (WC-type) (NH(((N) 
hydrogen bond can be stronger than that of (NH(((O). For the G-C (WC-
type) the strength of (N4H(((O6) hydrogen bond (HB) can be stronger than 
those of the other two. 

2.2 �pKa and base pairing (paper I and II) 
When a three centred hydrogen bond is formed a single hydrogen is shared 
by the Donor (D) (which is having covalent bond with the hydrogen) and 
Acceptor (A) (which attracts the hydrogen with its negative dipole to inter-
act). The hydrogen bond (D-H((((A)94-97 will be of maximum strength when 
the pKa of Donor is equal to the pKa of acceptor so that the central hydrogen 
atom will be shared equally by the donor and acceptor (�G Hydrogen Bonding is 
highest when �pKa

98, 99= pKa Donor – pKa Acceptor = 0). For N3H(((N1 Hydrogen  
Bond (HB) formation in (A-T) base pairing T is the donor and A is the ac-
ceptor. Similarly, for N1H(((N3 hydrogen bonding G is the donor and C is the 
acceptor.  
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Single stranded DNAs and RNAs can form total four types of duplexes: [(i) 
DNA-DNA (DD) (ii) RNA-RNA (RR)] (Homo-duplexes) + [(iii) DNA-RNA 
(DR) (iv) RNA-DNA (RD)] (Hetero-duplexes). 
This is an important scientific question: why are RNA-RNA duplexes thermo-
dynamically more stable than DNA-DNA duplexes? Are the base pairings (A-
T/U, G-C) in DNA and RNA duplexes of identical energies? 
 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10. A duplex (DD, RR, DR, RD) is formed adding up 3�, 5�-bis phos-
phate nucleosides being base paired. 
 
To answer this issue several conflicting results emerged in the literature: 
imino proton exchange study100 showed A-U base pair lifetimes in RNA du-
plexes are shorter than those of dA-T base pairs in DNA duplexes, reflecting 
imino proton of U is more acidic than that of T. 1JNH coupling constant val-
ues showed that N1(((N3 hydrogen bond is stronger in A-U in dsRNA101 
compared to that in A-T in dsDNA. On the contrary, gas phase DFT study102 
shows that there is no energetic difference between A-U and A-T base-
pairing. Analysis103 of highly resolved X-ray crystal structure also revealed 
very little difference between A-T and A-U base-pairing in the homo-
duplexes. Now, a duplex is formed adding up small monomeric 3�, 5�-bis 
phosphate nucleosides [paired by hydrogen bondings in base pairings] (Fig-
ure 10) as building blocks. 
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Figure 11. Compounds used in the pD-dependent 1H NMR titration to give 
the pKa of the corresponding nucleobases. Reproduced from Acharya et al. J. 
Am. Chem. Soc, 2004, 126, 2862-2869. Copyright © 2004 American Chemi-
cal society. 
 
The �pKa values of the nucleobases in the base pairs show the extent of hy-
drogen bonding involved in the base pairs. Keeping this in mind we have 
measured the pKas of nucleobases in 3', 5'-bisethylphosphates (6a - 10a) for 
deoxy and (6b - 10b) for ribo series as well as the pKas of mucleobases in 3'-
monoethyl phosphates [(1a – 5a) for deoxy and (1b – 5b) for ribo] (Figure 
11) to understand the effect of 5�-phosphate group in modulating the pKa of 
nucleobases. 2'-deoxy and ribo compounds of 1mM concentration were ti-
trated under uniform NMR condition and at 25�C. The 3', 5'-
bisethylphosphates (in which the base-base stacking contribution is com-
pletely absent) (6b - 10b) in ribo and (6a - 10a) deoxy series certainly mimic 
the internucleotidic monomeric building blocks of DD and RR. All deoxy 
monomers were found to be more basic than the corresponding ribo counter-
part by ,0.2 pKa unit. The �pKa values for the middle G-C base pairing for 
model ribo (7b / 10b) and deoxy pairs (7a / 10a) are 5.04 and 5.24 respec-
tively. Similarly, the �pKa for the middle A-U/T base pairing for model ribo 
(6b / 8b) and deoxy-pair (6a / 9a) are 5.53 and 6.29 respectively (paper I). 
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Comparison of this �pKa values of G-C and A-T/U shows that the ribo base 
pairings are stronger (�pKa is less) than the corresponding deoxy counter-
parts. It is found that rA-rU is stronger than dA-dT by 4.3 kJ mol-1 whereas 
rG-rC is stronger than dG-dC by 1 kJ mol-1. Summation of �pKa values can 
qualitatively measure the extent of energy in hydrogen bonding involved in 
base pairings in different isosequential homo and hetero duplexes. 
Summation of �pKas of all base pairs in 14 homo / hetero duplexes (se-
quences chosen from Lesnik et al104) versus their corresponding free energy 
values for duplex formations showed linear relationships. 
 

2.3 Dissection of relative stacking and hydrogen bonding 
energies in isosequential homo and heteroduplexes 
 
Calculation of the relative base paring energies of homo (RR) or hetero 
(DR) duplexes over the isosequential homo (DD) or hetero (RD) duplexes, 
[��G�

bp]RR-DD, or [��G�
bp]DR-RD can simply be achieved by multiplying 

-�pKa[RR-DD] or -�pKa[DR-RD] values with 2.303 x RT. Thus, the subtractions 
of these, [��G�

bp]RR-DD / [��G�
bp]DR-RD from the differences of total free-

energies for isosequential DD and RR duplexes ([��G�
37]RR-DD) or the dif-

ferences in total free energies for isosequencial DR and RD duplexes 
([��G�

37]DR-RD), give us directly the relative contributions of stacking inter-
actions, [��Go

Stacking]RR-DD or [��G�
Stacking]DR-RD, (Eq. 4 and Table 5) [As-

suming duplex formation as two state {hydrogen bonding in base pairing 
(bp) + base-base stacking} model]. 
 
 

[�G�]Tm = ��G�
basepairing (bp)]  +  ��G�

stacking]……………..�Eq. !�� 

����G�
stacking] = ��G�

37]Tm  -  ��G�
bp]………………….......�Eq. ��� 

����G�
bp] �.�!�����x RT x �pKa (all donors-acceptors in the duplex)….(Eq. 3a) 

����G�
bp] = �-�G�

pKa (middle bp)] + �-�G�
pKa (terminal bp)]……...(Eq. 3b) 

�����G�
bp]RR/DR-DD/RD = �-��G�

pKa (all bp)] RR/DR-DD/RD …….(Eq. 3c) 

�����G�
stacking]RR/DR-DD/RD  

  = ���G�
37]Tm (RR/DR-DD/RD) – ���G�

bp]RR/DR-DD/RD………..�Eq. ��� 
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Figure12. Plot of relative base pairing (circle) and stacking (triangle) ener-
gies of RR duplexes over isosequential DD duplexes versus percentage of 
A-U/T base pairings. Reproduced from Acharya et. al. J. Am. Chem. Soc., 
2004, 126, 2862-2869. Copyright © 2004 American Chemical society. 
 
Table 5. Relative base pairing and stacking energies of 14 homo and hetero 
duplexes104. 

Duplex sequence [��Go
bp] 

DR-RD 
[��Go

stacking]
DR-RD 

[��Go
bp] 

RR-DD 
[��Go

stacking] 
RR-DD 

5'-TCCCTCCTCTCC  
3'-AGGGAGGAGAGG +0.55 -6.55 -5.6 -2.3 

5'-CCTTCCCTT 
3'-GGAAGGGAA +2.16 -6.36 -4.8 -0.1 

5'-TTCCCTTCC 
3'-AAGGGAAGG +2.26 -7.26 -5.8 -0.4 

5'-GCTCTCTGGC 
3'-CGAGAGACCG +3.21 -5.51 -4.3 -1.9 

5'-CTCGTACCTTCCGGTCC 
3'-GAGCATGGAAGGCCAGG +2.22 -6.52 -8.8 +2.6 

5'-CTCGTACCTTTCCGGTCC 
3'-GAGCATGGAAAGGCCAGG +3.47 -6.97 -9.9 +5.5 

5'-TAGTTATCTCTATCT 
3'-ATCAATAGAGATAGA +5.19 -8.19 -12.7 +9.9 

5'-GCACAGCC 
3'-CGTGTCGG -3.67 +3.47 -3.0 -1.8 

5'-GAGCTCCCAGGC 
3'-CTCGAGGGTCCG -1.87 +0.93 -4.7 -1.3 

5'GCCGAGGTCCATGTCGTACGC 
3'CGGCTCCAGGTACAGCATGCG +1.26 -0.46 -8.3 +5.0 

5'-TGTACGTCACAACTA 
3'-ACATGCAGTGTTGAT -2.40 +1.80 -10.6 +8.5 

5'-TATACAAGTTATCTA 
3'-ATATGTTCAATAGAT -0.57 +0.67 -12.2 +9.6 

5'-CGACTATGCAAAAAC 
3'-GCTGATACGTTTTTG -7.43 +10.03 -10.2 +9.5 

5'-CGCAAAAAAAAAACGC 
3'-GCGTTTTTTTTTTGCG -13.74 +20.84 -11.2 +12.3 
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For isosequential RR and DD duplexes it has been found that the relative 
base pairing energy ���Go

bp]RR-DD increases as the percentage of A-U/T base 
pairing increases. On the contrary, the relative stacking energy, 
���Go

stacking]RR-DD decreases as the percentage of A-U/T base pairing in-
creases (Figure 12). From Table 5 it is reflected that contribution of base 
pairing to the overall relative stability of RR duplexes over the isosequential 
DD duplexes is more than the stacking contribution in most of the cases 
among 14 oligomers104. 

2.4 CH-� interaction in nucleic acids and heteroduplex stability 
CH-� interactions57, 60, 105 are weak, attractive interactions working between 
CH groups and ��systems. CH-� interactions are soft acid soft base interac-
tions. CH-� interaction plays dominant role in structure of G proteins106, SH2 
motifs107, 108, MHC antigens109, protein DNA complex59, 110. CH-� interaction 
plays a vital role in stabilization of hairpin structures in centromeres and te-
lomeres. Crystal structures of various TATA box binding proteins111, 112 
(TBP) bound to their promoter DNA (TATA box: [ 5'TATA3'

3'ATAT5'
��
�� ]) showed a 

number of CH/Csp2(�) contacts between the nucleotides adjacent to each other 
within the same strand at the boundary of TBP and the TATA box minor 
groove, which consequently forms very stable robust AT tract. 
 

                        (A)             (B) 

  

Figure 13. One hydrogen of Me-(1-thyminyl) can interact 
with the C8 of 9-adeninyl (A) in DNA, Similarly 5-Me (1-
cytosinyl) also can interact with the � system of the nucleo-
base in DNA double helix (B) [Figure 13(B)- reproduced 
from . Nucleic Acids Res., 2002, 30, 2183-92. Copyright © 
2002 Oxford Journals.] 
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Crystal structure analysis of TATA boxes, [ 5'TATA3'
3'ATAT5'

��
�� ], within DD duplexes 

have also clearly shown that the C3 symmetric 5-methyl group in the 1-
thyminyl moiety favorably interacts with the � cloud of the fused imidazole 
ring of the 9-adeninyl base at the 5'-end [Me(T)-�(A) interaction]57. This is 
consistent with the fact that C5 methyl group of 1-(5-methylcytosinyl) or 
C5-propynyl derivative of 1-uracilyl in the D strand stabilizes the DR duplex 
by ~2.5�C/modification113 compared to native 1-cytosinyl. These interactions 
between the C5-methyl group of 1-thyminyl and the � cloud of the preceding 
nucleobase at the 5'-end are also known to stabilize the intrastrand stacking 
in the heteroduplexes ("twin A/T-Me interaction")57, the basis for the con-
struction of DNA curvature114-116 and bending117, 118. 
 

 

 

 

 

 

 

 
 
 
 
 
Figure 14. Relative melting temperatures (Tm) of DNA-RNA (DR) duplexes 
over isosequential RNA-DNA (RD) duplexes versus the percentages of rela-
tive 1-thyminyl moieties in DRs compared to RD duplexes. [The numbers 
show the oligo numbers and their corresponding subscripts show chain 
lengths]. (Chatterjee et. al. Organic & Biomolecular Chemistry, 2005, 3, 
3911-3915)-Reproduced by permission of the Royal Society of Chemistry.  
 
Heteroduplexes are important chemical species, involved in different bio-
logical occurrences such as in transcription, Okazaki fragments119, 120, repli-
cation121-124, and reverse transcription for retroviruses125-128, the down regula-
tion of genes in the antisense strategy129-131. Knowledge of the heteroduplex 
structures and vital forces stabilizing their formation is needed to explore 
their functions. 
 
It has been found from our recent study (Paper II) that the relative stability 
of DR duplexes over the isosequential RD duplexes depends wholly on the 
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number of excess 1-thyminyl moieties. In connection with that a linear re-
gression plot of [�Tm]DR-RD versus [%T]DR-RD shows (Figure 14) that as the 
excess %T moieties in the DR heteroduplexes increase over the isosequen-
tial RDs, the relative stabilities of the DRs increase in comparison with the 
RDs [Pearson’s correlation coefficient, R = 0.93] and vice versa. when 
[%T]DR-RD = 0, relative thermal stabilities, [�Tm]DR-RD, are also very close to 
zero. This shows that presence of extra 1-thyminyl residues dictates the rela-
tive stability of heteroduplexes. 
 
Calculation of relative base pairing, ���Go

bp]DR-RD and the relative stacking 
energy, ���Go

stacking]DR-RD shows that the contribution of stacking energy to 
the overall relative stability of the DR duplexes over the RD duplexes is 
higher compared to that of base pairing energy with the increase of the rela-
tive amounts of T residues in DRs in most of the cases. And the relative 
stability from stacking energy is contributed by the Me(1-thyminyl)-� inter-
action57 or the Me(T)-Me(T)132, dipole induced dipole interaction when two 
1-thyminyl residues reside side by side in the same strand. 
 
                         (A)         (B) 

  
Figure 15. Panel (A) shows that with increase in [%T]DR-RD, [��Go

bp]DR-RD, 
decreases (R = 0.93). Panel (B) shows that with increase in [%T]DR-RD 
[��Go

stacking]DR-RD increases (R = 0.96). (Chatterjee et al., Organic & Bio-
molecular Chemistry , 2005, 3, 3911-3915)-Reproduced by permission of the 
Royal Society of Chemistry. 
 
Interestingly, as [%T]DR-RD increases the relative strength of the base pairing 
���Go

bp]DR-RD (Table 5) decreases because of weaker strength of A-T base 
pairing (paper II) compared to that of A-U (Figure 15A). In contradistinction, 
as [%T]DR-RD increases, the relative strength of the stacking, ���Go

stacking]DR-

RD increases (Eq. 4) (Figure 15B) because of increase in Me(T)-� interac-
tions. 
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3. Use of C2� modification in nucleotides (paper III) 
 
Modification at C2' of the sugar moiety is used to obtain modified nucleo-
tides which are incorporated in single stranded DNAs which can be used as 
antisense strands for the down-regulation of gene expression. Oligomers with 
2�-modified nucleotides can be fixed as aptamers133, 134 to a specific ligand by 
the in vitro evolution (SELEX)134 and can be used to observe mechanisms of 
RNA catalysis (ribozyme)135-137, DNAzyme138 and small interferring RNAs 
(RNAi)139-141. 2�-modification alters the pseudoaromaticity of the aglycones 
and any change in pseudoaromatic character of a nucleobase has a profound 
consequence in terms of its hydrogen bonding ability in the formation of 
donor-acceptor complex. 

3.1 pKa studies of 2'-substituted mononucleotides 
 
In the current study (paper III) the pKa measurements of nucleobases (A / G / 
C / T / U) in 47 different model 2�-substituted [ 2�-hydroxy (1), 2�-methoxy 
(2), 2�-deoxy (3), 1�,2�-oxetane constrained (4), 1�, 2�-azetidine constrained 
(5), 2�-amino (6) in Figure 16] nucleoside 3', 5'-bis- and 3'-mono-
ethylphosphates by high resolution 1H NMR were performed. Chemical na-
ture of each 2'-substituent changes the H2' (sugar proton) chemical shift and 
also tunes the pKa of the nucleobases in the nucleotides evidenced by a corre-
lation plot of pKa of N3 of pyrimidine (T/C/U) / pKa of N7 of 9-guaninyl ver-
sus corresponding �H2' values at the neutral pH (Figure 17). 
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It has been found that for oxetane (4) and azetidine (5) constrained nucleo-
tides the pKas (N3) of nucleobases (1-thyminyl / 1-cytosinyl) are acidic com-
pared to that of the other 2�-substituted nucleotides, in contrast pKas (N1) of 
purine nucleobases (9-adeninyl/ 9-guaninyl) in oxetane constrained nucleo-
tides are found to be basic compared to that of other 2�-substituted nucleo-
tides. As the sugar is locked in fully North-East (NE) conformation in oxetane 
constrained purine nucleotides Anomeric Effect [nO4' �	*(C1'-N1/N9)] is pro-
nounced to increase the basicity of the N1. 
 
In all types of 2�-substituted nucleotides it has been found that the 5�-
phosphate group increases the basicity of the nucleobases. 

 
Figure 17. Linear correlation plots of pKas (N3) of (1-thyminyl / 1-uracilyl / 
1-cytosinyl) [Panels A, B, C] and pKas (N7) of (9-guaninyl) [Panel D] in 3´, 
5´-bis-ethyl-phosphate analogs with different 2'-substituents versus their �H2' 
values at neutral pH. 
 
The 2�-substituent effect which modulates the pKa of nucleobases is a 
through bond as well as through space effect evidenced by ab initio deter-
mined pKa estimation of nucleobases. It is observed that the energy differ-
ences between ground and protonated / de-protonated HOMO orbitals 
(�HOMO, a.u.) in nucleobases (A / G / C / T / U) are well correlated with 
nucleobase and endocyclic nitrogen (for azetidine derivatives) pKa values in 
different 2´-substituted 3', 5'-bis-ethylphosphate analogs. This shows that 
HOMO orbitals can be successfully used to predict the modulation of the 
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chemical reactivity of the nucleobases as well as endocyclic nitrogens by the 
2'-substituent effect. This work demonstrated that pKa (calculated) values of 
nucleobases are well correlated with the change in dipole moments in nu-
cleobases after protonation or deprotonation. Major variations in the lower 
lying Homo-1 energy states (Table 6) for the sugar moiety have been found 
both for purine and pyrimidine nucleosides after base protonation and depro-
tonation. 
 

Table 6. Frontier orbitals and their respective energies (a.u.) of the ground, 
protonated and deprotonated states of deoxy A, G nucleosides. 

compound HOMO-1 HOMO LUMO LUMO+1 

    
deoxy-A 

ground state 

-0.36188 (-0.37104) -0.30677 (-0.31318) 0.13445 (0.12857) 0.16432 (0.15528) 

    

deoxy-A 
N1(P) state 

-0.51492 (-0.40391) -0.46701 (-0.34055) -0.04077 (0.09709) -0.02470 (0.10780) 

    

deoxy-G 
ground state 

-0.38989 (-0.39480) -0.29724(-0.30490) 0.14929 (0.14697) 0.16615 (0.15953) 

   
deoxy-G 

N1(dp) state 

-0.19183 (-0.34728) -0.12450 (-0.27368) 0.28839 (0.17518) 0.30231 (0.19678) 

P stands for protonated and dp stands for deprotonated. (Chatterjee et al Organic 
& Biomolecular Chemistry, 2006, 4, 1675-1686)-Reproduced by permission 
of the Royal Society of Chemistry. 

3.2 Conclusions and implication 
(1) Cis-fused 1', 2'-oxetane / azetidine moieties have stronger electron-
withdrawing effect compared to that of 2'-OMe substituent, which has been 
evidenced from the pKa of N3 of 1-cytosinyl, 1-thyminyl, and pKa of N7 of 9-
guaninyl analogs. (2) Comparison of pKa (N1 / N3) values of nucleobases in 
3', 5'-bis-phosphate analogs compared to those of 3'-monophosphate analogs 
shows that the existence of 5'-phosphate enhances the basicity of the nucleo-
bases. (3) High basicity of N1 values in 1', 2'-oxetane constrained 9-adeninyl 
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and 9-guaninyl derivatives in the 3'-monophosphate series in which no 5' 
phosphate effect is present shows that the cis-fused oxetane ring exerts 
stronger anomeric effect [nO4' �	*(C1'-N1/N9)]. (4) Linear relationships of pKas 
of N3 of pyrimidines (T / C / U) and pKas of N7 of 9-guaninyl derivatives 
with their corresponding �H2' values at the neutral pH reflect that the pseu-
doaramatic characters of the nucleobases can be tuned depending upon the 
chemical nature of the 2'-substituents. High correlation of �H2' with the pKa 
of the constituent nucleobases suggests that the comparison of the chemical 
shifts for H2' in the sugar moiety in a series of 2'-modified nucleos(t)ide can 
provide neat information ( bypassing direct pKa measurement) how the pseu-
doaromatic character of the genetic alphabets can be altered. (5) The 5'-
phosphate group not only enhances the pKa of nucleobases but also increases 
the pKa of 2'-substituents (compare the pKa values of amine or azetidine ni-
trogen protonation for 3', 5'-bis- and 3'-mono-ethylphosphate derivatives). 
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4. Gene silencing (paper IV and V) 
Gene silencing is a general term describing epigenetic processes of gene 
regulation. It is generally used to explain the mechanism of "switching off" 
the function of a gene. And this can be done by different methods today. A 
gene which would be expressed (turned on) under normal circumstances is 
switched off by machinery in the cell. Genes are regulated at either the 
transcriptional or post-transcriptional level. Transcriptional gene silencing is 
a result of histone modifications, creating an environment of 
heterochromatin around a gene that makes it inaccessible to transcriptional 
machinery (RNA polymerase, transcription factors, etc.). Post-transcriptional 
gene silencing is the result of mRNA of a particular gene being destroyed. 
The destruction of the mRNA prevents translation to form an active gene 
product (in most cases, a protein). The disease causing mRNA can be 
trapped by several ways i.e., using antisense oligonucleotides142-144, An-
tisense RNA145-148, RNAi139-141, Ribozyme149, 150 or DNAzyme138 (Figure 18). 

 

 
Figure 18. Different ways of gene silencing 

 
Down regulation of disease causing gene expression is controlled by using 
modified nucleotides in the antisense, siRNA approaches. These nucleotides 
are categorized as first, second, and third generation nucleotides. Phosphora-
thioate151 is the first phosphate modified oligonucleotides used in the an-
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tisense approach. Then 2�-O-methyl, 2�-O-methoxy-ethyl nucleotide analogs 
are used as second generation antisense drugs which show very good RNase 
H activity152, 153. Now in the recent days, Peptide Nucleic Acid (PNA)154-156, 
2�-Fluro Arabino Nucleic Acid157, Locked Nucleic Acid158-160 (LNA), Ethyl-
ene bridged Nucleic Acid161, 162 (ENA), Carbocyclic Nucleic Acid163, Mor-
pholino Phosphoramidate164, Cyclohexene Nucleic acid165, 166 (CeNa) modi-
fied analogs are being used in the antisense therapy for the down regulation 
of genes.  

4.1 Physicochemical property and structures of 1�, 2�- and 2�, 4�-
locked nucleosides (paper IV) 
 
Knowledge of physicochemical property as well as solution phase structures 
of modified nucleotides is important to reveal their functions in the cellular 
systems. We have chosen 1�, 2�-locked (1-2) and 2�, 4�-locked (3-6) 1-
thyminyl (T) nucleosides (Figure 19) to understand the geometry as well as 
physicochemical properties (pKa) of the nucleobase-T in the nucleosides. 

 

 
 
 
 
 
 
 
 
 

 
 
 
 

 
 
Figure 19. 1�, 2�-locked (1-2) and 2�, 4�-locked (3-6) thyminyl (T) nucleo-
sides, the N3-T (pKa) values (1, 3, 5) (in red, underlined) as well as protona-
tion pKa values (1, 3, 5) (in blue, not underlined) of endocyclic nitrogen. 

 

It is known that the chemical nature of the conformational constraint in the 
sugar moiety of modified nucleotides in ON / RNA (DNA) dictates the du-
plex structure and reactivity. The structures of modified nucleotides deter-
mine the RNA - DNA duplex stability and RNase H stability in the antisense 
therapy. We have determined molecular structures and dynamics of the con-
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formationally constrained thymidines: 1', 2'-azetidine-T167 (1), 1', 2'-oxetane-
T168 (2) , aza-ENA-T162 (3), ENA-T161 (4), 2'-amino LNA-T (5), and LNA-T 
(6) by NMR, ab initio (HF/6-31G** and B3LYP/6-31++G**) and molecular 
dynamics simulations (2 ns in the explicit aqueous medium). It has been 
noticed from the MD structures that sugar conformations of the 1', 2'-fused 
systems (1, 2) exist in North-East (NE) type (P = 37� ± 27�, �m = 25º ± 18º), 
in contrast, sugar conformations of the 2', 4'-fused systems (3 – 6) exist in 
pure North-type (P = 19� ± 8�, �m = 48º ± 4º) (Figure 20). 
 
Azetidine-T(1) Oxetane-T(2) 

 
Aza-ENA-T(3) 

 
ENA-T(4) 2�-amino LNA-

T(5) 
LNA-T(6) 

     

   

     
RMSd = 0.569 

 
RMSd = 0.527 

 
RMSd = 0.433 

 
RMSd = 0.462 

 
RMSd = 0.567 

 
RMSd = 0.628 

 

 
Figure 20. Superposition of 10 randomly selected structures during last 400 
ps of the unconstrained 2 ns MD simulations of azetidine-T, oxetane-T, aza-
ENA-T, ENA-T, 2'-amino-LNA-T, and LNA-T (compounds (1)-(6) in Fig-
ure 19). Total average RMSd (in Å) are shown for all heavy atoms. Copy-
right © 2007 American Chemical society. 
 
Each group has different conformational hyperspace accessible, despite the 
overall similarity of the North-type conformational constraints imposed by 
the 1', 2'- or 2', 4'-linked modifications. Comparison of pKa values of the 1-
thyminyls and those of endocyclic sugar-nitrogens obtained by pH depend-
ent proton chemical shift measurements showed that the basicity of nucleo-
base (N3-T) as well as endocyclic sugar-nitrogen depends wholly on the ring 
size of the sugar constraints i.e., more the ring size more the pKa of N3-T as 
well as that of endocyclic sugar-nitrogen. 

4.2 Structural change in DNA duplex due to insertion of 1�, 2�-
oxetane constrained thymidine nucleotide (paper V) 
 
The down regulation of gene has been controlled by the use of several modi-
fied nucleosides, incorporated in DNA or RNA antisense oligonucleotides 
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(AON) to be combined with the mutated or disease causing m-RNA to stop 
the translation process. The impact of the modified nucleotides has very high 
target affinity, nuclease resistance. Incorporations of these different modified 
nucleotides in AON brings about different RNA(sense) - DNA(antisense) 
stability depending upon sequence specificity as well as three dimensional 
orientation of modified nucleotides within the hybrid duplex. It has been seen 
that the 3�-endo-2�-exo (N) sugar modified aglycones in single stranded DNA 
fluctuates its B-type structure towards A-type locally and when it binds to 
RNA single strand it makes RNA-RNA type duplex. Locked nucleotides 
stabilize the RNA-DNA as well as DNA-DNA duplex very well. 
1�, 2�-oxetane constrained nucleosides are conformationally locked to a 
North-East type sugar conformation. Incorporation of 1�, 2�-oxetane 
thymidine in antisense DNA drops the RNA-DNA (with modified T) duplex 
melting temperature by 5-6°C per modification compared to that of the na-
tive duplex, while a Tm drop ,3° C per modification169 has been observed for 
1�, 2�-oxetane modified cytosine. No change in Tm of RNA-DNA duplex has 
been observed while 1�, 2�-oxetane constrained purines (A / G) are incorpo-
rated in the AONs. It is found that 2�, 4�-locked (LNA, ENA, Amino ENA, 
carbocyclic) pyrimidine nucleosides show very good resistance towards 
RNase H and duplex (RNA-DNA) stabilities (Higher Tm)170, 171 being in the 
antisense strands whereas 1�, 2�-locked (azetidine, oxetane) pyrimidine nu-
cleosides reduces RNA-DNA or DNA-DNA duplex stability168 being in the 
duplex. We tried to investigate why 1�, 2�-oxetane T-nucleoside reduces the 
thermal stability of the DNA-DNA duplex. Structural features of oxetane T 
incorporated Dickerson Drew dodecamer (Figure 21) have been investigated 
by UV, CD, high resolution NMR and molecular dynamics study. 
 

4.3 Key observations from the structural studies 
(1) CD and UV study: CD spectra of native (I) (where sugars of T7, T19 are 
2�-deoxy pentofuranosyl) and the modified (II) (Figure 21) [where sugars of 
T7, T19 are 1�, 2�- oxetane constrained (anhydro-psicofuranosyl)] duplexes73 
showed the pattern of typical B-type DNA duplexes (Figure 22). The nega-
tive minima exhibited a red shift of ~2 nm and the negative / positive ratio 
was decreased by ~10% for the modified duplex compared with the native 
duplex. UV melting experiments performed for the oxetane-T modified do-
decamer (II) at different salt concentrations have shown a decrease in the Tm 
by ~10 ºC per modification compared to the native duplex (I) at 100 mM of 
NaCl. This large drop in melting is due to the presence of two modified T 
(T7 and T19) residues in close cross-strand proximity in the two complemen-
tary DNA strands, enabling them to cooperatively open up the core of the 
duplex. 
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(2) Temperature dependent study : Using proton NMR as a tool, the melting 
temperatures of aromatic proton H6 of T7 and 5-Me protons of T8 in the na-
tive duplex (I) were found to be 74.4 and 73.3 �C, respectively. On the con-
trary H6 of T7 and 5-Me of T8 protons of the modified duplex (II) melted at 
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Figure 21. Dickerson Drew Dodecamers (I) (with native Ts) and (II) (with 
oxetane modified T nucleotides at 7 and 19 position) 
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Figure 22. CD profile of duplex (I) [-] and duplex (II) [- -]. 

 
48.2 and 65.3�C respectively. The huge difference in melting temperatures 
shows that the modified base pairs are less thermodynamically stable than 
the neighboring base pairs. This instability at the center of the duplex most 
likely means that the duplex melting goes through a bulge like structure (or a 
hairpin structure) under NMR conditions, where the two central base pairs, 
A6·T19 and T7·A18, spend less time in hydrogen bonded and stacked states.  
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From the melting study of imino protons (Figure 23) it is reflected that the 
modified duplex (II) melts simultaneously from both the center and the ends, 
in comparison with the native duplex (I) which melts from the terminal resi-
dues (G2, G12). As the T7.A18 base pairing is loosen the dynamic nature of T7 

in (II) is more that of T7 in (I). And that is why the central part of the modi-
fied duplex has higher exposure to bulk water compared to that of native 
duplex (I).The structural elucidation of duplex (I) and (II) are based on the 
T1 inversion recovery experiments, line width analysis as well as 2D-
NOESY-ROESY approach. 
 
(3) NMR derived molecular dynamics study: For the assignments of all the 
protons and coupling constant analysis , DQF-COSY with and without 31P 
decoupling, 31P-1H correlation with- and without selective 1H pre-saturation, 
2D-NOESY, selective and non-selective TOCSY,13C-1H correlation have 
been performed at 0 and 20�C. The NMR constrained structures were solved 
using a total of 149 intra-residue, 82 inter-residue and 2 inter-strand distance 
constraints, and 76 backbone constraints.  
 

 
 
Figure 23. Temperature dependent melting of imino protons in duplex (I) 
and duplex (II) 
 
From the NMR constrained minimized structures, it has been found that 
T7.A18 and T8.A17 are non linear base pairs and they have less intra as well as 
interstrand stacking interactions. Sugar of T7 remains in the north type con-



 45

formation and  �torsion is A-type, whereas all the other residues remain in B 
type conformation. Backbone torsion angles are found to be strongly per-
turbed towards T7. � torsion is shifted from trans conformation to g+ and � 
torsion shifted from g+ to trans. �������� and   torsions shifted towards A-
type conformation. Actually central four base pairs (Figure 24B, pink 
bracket and also see Fig. 21) in duplex (II) are found to be distorted in their 
alignment. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 24. The NMR-derived duplex structures for the native (I) (A) and 
modified (II) dodecamer (B). The native and modified T residues are shown 
in red and blue, respectively. 

(A) (B) 
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5. Importance of single stranded forms of nucleic 
acids 
In a double stranded form of nucleic acids the bases are involved in the base 
pairings. Hence hydrogen bonding ability of the bases is blocked to execute 
or catalyze any reaction in the biological system. The single stranded forms 
of nucleic acids [single stranded (ss) DNA or RNA] are very active in func-
tioning as biomolecules because the nucleobases are not paired and prone 
towards hydrogen bonding with other molecules to catalyze or carry out reac-
tions. Single stranded DNA (ssDNA) and RNA (ssRNA) exist in eukaryotic, 
prokaryotic cells, and have vital functions: ssDNAs are the intermediates in 
replication, ssRNAs are products after transcription. Small interfering RNA 
(siRNA)139-141, and microRNA172-174 (miRNA) are involved in gene down-
regulation. The ssRNAs are found in different hairpins and pseudoknot struc-
tures actively involved in the down-regulation of several genetic diseases. 
ssDNAs are involved in protein recognition175 in DNA-protein interactions, 
replication176, and telomere recognition177. NMR178 and UV spectroscopy179 
demonstrated that the duplex stabilization can be tuned with the alteration of 
the sequence composition of the dangling ends. Calorimetry180, absorption 
spectroscopy179 and optical rotatory dispersion181 spectroscopy on ssDNA 
and ssRNA suggested that the base-base stacking interactions dictate the 
geometry and function of ssDNAs and ssRNAs. So understanding the struc-
tures and the physicochemical property (pKa) of nucleic acids are important 
in understanding their roles in various biological occurrences. 
 

5.1 Perturbed pKa in nucleic acids 
Perturbation in pKa values for nucleobases is important to bring about some 
proton transfer reactions in biology. Mainly, pKa perturbations in RNA 
molecules are observed. Common sites of pKa perturbation are the N1 (usual 
pKa 3.5 in nucleoside) of adenine and N3 (usual pKa 4.2 in nucleoside) of 
cytosine. Near neutral pH (,7.0), the perturbed pKas at this two sites are 
observed. It has been shown that some small ribozymes182 are active in the 
absence of divalent metal ions, leading to the suggestion that they may use 
functional groups to mediate catalysis. One ribozyme uses directly RNA 
functional groups for the catalysis of self-cleaving RNA from hepatitis delta 
virus. HDV183 is a RNA virus whose genome contains a single stranded 
RNA molecule with 1700 nucleotides. Both the genomic and the antige-
nomic RNA strands of HDV are capable to catalyze a cis-cleavage reaction 
leading to the formation of 2�, 3�-cyclic phosphate and 5�-hydroxyl cleaved 
products. From the structure of cleaved genomic HDV ribozyme at 2.3 Å 
resolution it was revealed that the C75 (1-cytosinyl) moeity is situated at the 
active site cleft and N3 of C75 is fallen within hydrogen bonding distance of 
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the leaving 5�-hydroxyl group. Based on these observations, it was hypothe-
sized that the cis-cleavage reaction of the HDV ribozyme utilizes the N3 of 
C75 possibly via a general acid-base mechanism (Figure 25). The replace-
ment of C75 with U (uridine) completely eliminated ribozyme function, 
consistent with the inability of uridine (N3-pKa = 9.4) to be involved in pro-
ton transfer under neutral to slightly basic conditions. 
 
 

Figure 25. Proton transfer reaction via C75 (N3-pKa = 6.5) of HDV ri-
bozyme.  
 

Earlier it was demonstrated using 13C NMR184 that one 9-adeninyl moiety 
has N1 pKa of 6.5 at 25�C close to the cleavage site in a lead-dependent ri-
bozyme. It was thought that this 9-adeninyl moiety worked as general acid-
base in the cleavage reaction. There are many examples of perturbation of 
nucleobase pKas in the ribozyme cleavage and other biochemical reactions. 

5.2 Sequence dependence on pKa perturbation (paper VI) 
Perturbed pKas of nucleobases in nucleic acids have major roles in molecular 
biology. Is the pKa perturbation of nucleobases in the single stranded forms 
of nucleic acids sequence dependent ? 
 
To investigate this scientific issue we modeled a particular general sequence 
of single stranded (ss) RNA, DNA i.e., d/r (5�-C1A2Q3G4Q5A6C7-3�) [where 
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DNA sequences

RNA sequences

R = H in DNA
R = OH in RNA

Q3

Q3 = A or C
Q5 = A or C

Q3 = either A or C, Q5 = A or C]. In total four sequence combinations are 
possible for both ssDNA and ssRNA (Figure 26). In this sequence only G 
has one N1-H deprotonation site, all the other members (A and C) do not 
have any deprotonation site. pH metric titration (using proton NMR) of N1-
9-guaninyl (pH 6.6 – 12.5) moiety in the heptameric isosequential ssDNA (1-
4) and ssRNA (4-8) sequences (Figure 26) exhibited that pKa of N1-G (G = 
9-guaninyl) residue within the heptameric ssDNAs (�pKa = 0.67 ± 0.03) and 
 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

Figure 26. General sequence of isosequential ssDNAs (1 - 4) and ssRNAs 

 (5 -8). 

 
ssRNAs (�pKa = 0.49 ± 0.02) depends on sequence-context. The variablity in 
the pKa of N1-G clearly reflects the variable pseudoaromatic characters of 9-
guaninyl moiety in different sequences of ssDNA and ssRNA. So the chemi-
cal reactivity of G is attributed depending upon the nearest neighbour interac-
tions. Stacking interactions (��� interactions)185, 186 with nearest neighbours 
of G dictate its reactivity and chemical nature. The N1-pKa of central 9-
guaninyl moiety has been obtained directly from the sigmoidal curve of 
chemical shift values of aromatic proton, H8 of 9-guaninyl (�H8G) moiety in 
a sequence versus pH. The G anion formation also affects the chemical shift 
values of aromatic protons of 9-adeninyl as well as 1-cytosinyl moieties as 
the neighbors of central G. This is really very interesting observation that pH 
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dependent chemical shift values of aromatic protons of neighbors (H8 / H2 of 
A and H6 / H5 of C) to G reflect the pKa values of G. 
The pKa values obtained from the neighbors to G are not similar compared to 
the actual N1-G pKa values but are found to be near to it and in addition to 
these different pKas obtained from the neighbors to G show the variability in 
the microenvironments of individual marker aromatic protons. The sequence- 
dependent variation of pKa of the central G and the modulation of its pKa 
transmission through the nearest-neighbors by variable electrostatic interac-
tions is owing to the electronically coupled nature of the constituent nucleo-
bases across the strand, which demonstrates the unique chemical basis of the 
sequence context specificity of DNA or RNA in dictating the biological in-
teractions and recognition with any specific ligand. 

5.2.1 pKa (N1-G) modulation towards 3'- and 5'- directions in ssDNAs / 
ssRNAs 
 
The transmission of electrostatic interactions manifested from the pKa values 
of G obtained from the neighbors to G in 3'- and 5'-directions in heptameric 
ssDNAs / ssRNAs is different depending upon the sequence context in the 
isosequential deoxy versus ribo series, which is evident from the pH depend-
ent chemical shift change, [��(Neutral state, pH 7.0 – Deprotonated state, pH 12.0)] of the 
marker aromatic protons of the neighboring nucleobases. The distance up to 
which the effect of electrostatics of G� is transmitted through the neighboring 
nucleobases is shown in Figure 27.  
 

5'-d(CAAG-AAC)-3'  (1)
5'-d(CAAG-CAC)-3'  (2)
5'-d(CACG-AAC)-3'  (3)
5'-d(CACG-CAC)-3'  (4)

5'-r(CAAG-AAC)-3'  (5)
5'-r(CAAG-CAC)-3'  (6)
5'-r(CACG-AAC)-3'  (7)
5'-r(CACG-CAC)-3'  (8)

 
Figure 27. Propagation (�) of the electrostatic interaction at the 3'- and the 
5'-ends as a result of G� formation in ssDNAs / ssRNAs. 
 
The pKa of G in the heptameric ssRNAs (5 - 8) as measured from the 
neighboring nucleobases at both 3'- and 5'-ends, are further modulated from 
that of the pKa of G itself. The variation of pKa of G, measured from the 
marker protons of As (9-adeninyl) and Cs (1-cytosinyl) showed the modula-
tion of the pseudoaromatic characters of As and Cs. 
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5.2.2 Correlation of �pKa of G in ssDNAs and ssRNAs with respective �H8G 
and oligomerization Shift. 
 
The pKa values of N1-G (obtained from the marker aromatic proton H8G) 
observed in heptameric ssDNAs (1 - 4) and ssRNAs (5, 8) are always more 
basic by , 0.2 - 0.3 units compared to those observed in their monomeric 
counterparts, 3�, 5�-bis-ethyl phosphates of deoxy and ribo guanosine i.e., 
EtpdGpEt and EtprGpEt respectively. This promotion of pKa values of G is 
due to the presence of different phosphate charges in the oligomers com-
pared to the monomer as well as different nearest neighbor interactions. Ex-
tent of modulation of such pKa (G) values is reflected from the �pKa values 
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Figure 28. (a) Plot of �H8G values at neutral state as a function �pKa for the 
heptameric ssDNAs 1 – 4 and ssRNAs 5 and 8, shows a linear relationship 
with correlation coefficient of 0.9. (b) Plot of the oligomerisation shift of 
H8G at neutral state as a function of �pKa for the heptameric ssDNAs, 1 – 4 
and ssRNAs, 5 and 8, shows a linear relationship with correlation coefficient 
of 0.85. For ssRNAs 6 and 7, H8G did not show any pKa values. 
 

for each and every ssDNA / ssRNA where �pKa = [(pKa of G)obtained from �H8G in 

ssDNA/ssRNA - (pKa of G)obtained from �H8G in EtpdGpEt or EtprGpEt]. Plots of (i) chemical 
shift of H8G at neutral pH in ssDNAs / ssRNAs (ii) oligomerisation shift 
(��oligo = �H8Gat neutral pH in EtpdGpEt/EtprGpEt – �H8Gat neutral pH in ssDNA/ssRNA) as func-
tions of �pKa values in ssDNAs and ssRNAs showed linear relationships 
with pearson’s correlation coefficients, 0.9 and 0.85 respectively (Figure 
28). High correlations demonstrate that the pKa perturbation (�pKa) of G in 
any oligomer increases with its increasing nearest neighbor stacking inter-
actions. 
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6. Importance of phosphodiester bond in RNA world 
 
Ribonucleic acids (RNA) play informational, structural, catalytic, and regu-
latory roles in living systems. A central facet of RNA biology emanates from 
the capacity of the ribose phosphate backbone to undergo enzymatic and 
non-enzymatic cleavage through internal trans-phosphorylation to yield 
products bearing 2�, 3�- cyclic phosphate (3) and 5�-hydroxy termini (4) 
(Figure 29). The hydrolysis of RNA at a particular site is initiated by nu-
cleophilic attack by the 2�-oxygen. In this step, the 2�-OH is activated by a 
base and the phosphodiester can be activated by transfer of a proton either 
prior to or simultaneously with the nucleophilic attack by the 2�-oxygen (1). 
The expulsion of the 5�-oxygen of the next nucleotide produces the cyclic 
phosphodiester, cutting the RNA chain at that position. In the second step, 
the cyclic phosphodiester is hydrolyzed to yield a 3�-phosphate end and re-
generates the 2�-OH group (5) as well as 2�-phosphate and 3�-OH groups, 6 
(Figure 29). 
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Figure 29. Non-enzymatic hydrolysis in RNA. 

 

Several factors have so far emerged as prerequisites in this general hydrolysis 
of RNA phosphodiester bond: (i) the nucleophilicity of the 2'-hydroxyl group 
(ii) electrophilicity of the reacting phosphate, (iii) in-line conformation of the 
attacking 2'-oxyanion with the developing 5'-oxyanion, (iv) readiness with 
which the 5'-oxyanion leaving group departs (for example, upon binding to a 
metal ion) (v) impact of base-base stacking, hydrogen bonding and nucleo-
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base composition around the hydrolysis site, which are believed to modulate 
the structure of oligonucleotide sequence that facilitates or retards the rate of 
hydrolysis. 
For an efficient enzymatic hydrolysis of RNA phosphodiester187, 188 bonds in 
the self-splicing of pre-mRNA, group II intron ribozyme189, hammerhead and 
hairpin ribozymes190, genomic and antigenomic hepatitis delta virus (HDV) 
ribozymes190 and Varkud satellite191, 192 (VS) ribozymes, a precise substrate 
recognition, much like their protein counterparts, is achieved by intricate 
structure formation. It is really interesting to see that only specific phos-
phodiester bonds within the big RNA sequences are chosen for hydrolysis in 
biology. Why is it so? How these specific phosphodiester bonds are chosen? 
This phenomenon signifies that all the phosphodiester bonds are chemically 
non-equivalent in the RNA world.  
 

6.1 Reflection of G- formation on the phosphate groups in 
ssDNAs / ssRNAs (paper VII) 
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Figure 30. Heptameric ssDNA / ssRNA sequences. 

 

In this work we have chosen a particular sequence of heptameric single 
stranded DNA and RNA i.e., d/r(5�-C1

p1A2
p2Q3

p3G4
p4Q5

p5A6
p6C7-3�) [where 

p1-p6 are internucleotidic phosphodiester bonds, Q3= either A or C, Q5 = 
either A or C, only the central triplet code, Q3

p3G4
p4Q5 is altered but the 5� 
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and 3� fraying ends are kept sequentially fixed.] to show the electronic envi-
ronments around the phosphate groups in ssRNAs (1b – 4b) (Figure 30) are 
nonequivalent with a sequence specific manner whereas it is found that elec-
tronic environments around the phosphate groups in ssDNAs (1a – 4a) are 
comparable. The whole study was based on the pH dependent 1H and 31P 
NMR experiments as well as alkaline hydrolysis rates of specific phosphate 
groups in ssRNAs. 
 

Titration of N1-9-Guaninyl moieties (6.6 – 12.5 pH range) in model single 
stranded DNA (1a – 4a) and RNA (1b– 4b) was studied by pH dependent 
change of chemical shift of aromatic marker protons as well as the change of 
31P chemical shift for p2, p3 and p4. In case of ssRNAs, above pH 11.6 both 
9-guaninyl anion formation and 2-OH groups’ ionizations were studied by 
monitoring the change in 31P chemical shift for neighboring phosphate groups 
with the change of pH. The internucleotide phosphates are monoanions. The 
pKa of protonation of these phosphates are around 1.5. So, during (6.6 - 12.5) 
pH range the internucleotide phosphates are all in monoanionic forms. But 
during the titration in the alkaline pH 31P chemical shift values of internucleo-
tide phosphates showed downfield shifts which manifested the electrostatic 
interactions between the negatively charged phosphate groups and the 9-
guaninyl anion, G- as well as 2O- anions (formed after ,11.5 pH). The down-
field shift of 31P with the increase of pH reflects weaker screening of 31P nu-
cleus owing to the p�-d� mixing, delocalization of electronic charge of phos-
phorous from the 3p to 3d orbital. 

6.2 Non identical electronic characters of the phosphate groups 
in ssRNAs 
 
pKa study of N1-9-guaninyl and the reflection of ionization of N1-G from the 
change of chemical shifts of phosphorous markers p2,p3,p4 (Figure 30) in 
the ssDNAs / ssRNAs reveals the following points: 

(1) In case of heptameric ssDNAs (1a – 4a) the pKa2 (obtained from the 
marker phosphates p2, p3, p4) showed no significant difference from that of 
the pKa1 (obtained from the marker H8G) of 9-guaninyl. 

(2) Within the heptameric ssRNA sequences the observation of pKa2 pertur-
bation (from p2, p3 and p4) is quite different. The pKa1 and pKa2 values signifi-
cantly differ from each other and the maximum difference between pKa1 and 
pKa2 (from 31P marker p2) is 0.84 pKa units in 4b (Table 7). 

(3) The effect of formation of G� is only manifested by the change of chemi-
cal shifts in greater values by the p2, p3, p4 (31P markers) residing in close 
proximity to the N1-G. 
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(4) The pKa2 of G��obtained from p2, p3, p4 in the heptameric ssDNAs / 
ssRNAs, is the result of through space electrostatic interaction (E = Q1 x Q2 / 
���r) between G��and the internucleotidic phosphate anion. 

 

Table 7. pKa2 and pKa1 values of N1-9-Guaninyl from ��phosphate markers 
and �H8G in ssDNAs / ssRNAs 

 

If hydrophobicity surrounding a phosphate group is more (low ��value) the 
pKa2 observed from the phosphate will be higher. Similarly if hydrophilicity 

Compound name 
Phosphate 
markers 

pKa of phosphate pKa of �H8G 

p2 - 
p3 11.02 ± 0.06 d(Cp1Ap2Ap3Gp4Ap5Ap6C) 

(1a) 
p4 10.95 ± 0.09 

 
11.06 ± 0.01 

p2 10.43 ± 0.03 
p3 10.53 ± 0.04 r(Cp1Ap2Ap3Gp4Ap5Ap6C) 

(1b) 
p4 10.88 ± 0.08 

 
10.58 ± 0.01 

p2 - 
p3 10.68 ± 0.00 d(Cp1Ap2Ap3Gp4Cp5Ap6C) 

(2a) 
p4 10.64 ± 0.00 

 
10.74 ± 0.02 

p2 10.42 ± 0.07 
p3 10.38 ± 0.02 r(Cp1Ap2Ap3Gp4Cp5Ap6C) 

(2b) 
p4 10.63 ± 0.08 

 
- 

p2 - 
p3 10.65 ± 0.06 d(Cp1Ap2Cp3Gp4Ap5Ap6C) 

(3a) 
p4 10.67 ± 0.03 

 
10.79 ± 0.04 

p2 10.25 ± 0.10 
p3 10.12 ± 0.05 r(Cp1Ap2Cp3Gp4Ap5Ap6C) 

(3b) 
p4 10.88 ± 0.13 

 
- 

p2 10.31 ± 0.05 
p3 10.41 ± 0.09 d(Cp1Ap2Cp3Gp4Cp5Ap6C) 

(4a) 
p4 - 

 
10.39 ± 0.01 

p2 10.93 ± 0.05 
p3 10.53 ± 0.03 

r(Cp1Ap2Cp3Gp4Cp5Ap6C) 
(4b) 

p4 10.52 ± 0.07 

 
10.09 ± 0.02 
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surrounding a phosphate is higher (large ��value) the pKa2 value from that 
phosphate will be lower. 

(5) Though the nucleobases in the heptameric ssDNAs and ssRNAs are de-
stacked when 9-guanylate is formed in the alkaline pH, the conformation of 
sugar-phosphate backbones does not change appreciably which is evident 
from the monitoring endocyclic 3JHH of the constituent sugar rings. 

6.3 Alkaline hydrolysis of ssRNAs and their N1-methylated G 
counterparts 
 
In order to understand the reactivity of p2, p3 and p4 phosphodiester bonds 
which reflect the pKa of N1-G in the RNAs (1b - 4b) alkaline hydrolytic 
cleavage study at pH 12.5 at 20ºC was carried out. In addition to that (N1-Me-
G) N1- methylated heptameric RNAs (1c, 3c, 4c) [where no G- formation is 
possible] were also undergone alkaline hydrolysis under identical condition 
to understand the impact of G- formation on the reactivities of p2, p3 and p4. 
The time-dependent alkaline hydrolysis was monitored by RP-Hplc analysis 
and their pseudo first order rate constants were found to be comparable. The 
types of products formed after 15, 30 and 60 min were identical, this showed 
that those formed up to 60 min of the digestion were the primary alkaline 
hydrolysis products. These primary cleavage products also produced the 
secondary hydrolysis products, as the alkaline hydrolysis progressed. Each 
of the primary alkaline hydrolysis products (after 60 min of the alkaline 
digestion at 20ºC) formed from each heptameric ssRNAs 1b, 2b, 3b, 4b and 
the N1-Me-G ssRNAs (1c, 3c, 4c) was separated. The characterizations of 
these products were done by high resolution Maldi-Tof mass-spectra. 
 
The following are the key observations in alkanine hydrolysis study: 
(1) ssRNAs (1b - 4b) were degraded at different rates depending upon the 
sequence context: The total cleavage after 1 hour at 20ºC were 11.7% for 1b, 
7.8% for 2b, 13.9% for 3b and 11.3% for 4b. (2) For N1-Me-G heptameric 
ssRNAs (1c, 3c and 4c), the total alkaline degradation occurred at slower 
rates in comparison with those of the corresponding native RNA sequences 
i.e., after 1 hour at 20ºC (i) degradation of N1-Me-G heptamer 1c was 8.5% 
[native 1b was 11.7%], (ii) degradation of N1-Me-G heptamer 3c was 9.0%, 
[native 3b was 13.9%], and (iii) degradation of N1-Me-G heptamer 4c is 7.0%, 
[native 4b was 11.3%].(iv) The cleavage rates for internucleotidic phos-
phates, p2, p3 and p4 in N1-Me-G containing RNAs (1c, 3c and 4c) were found 
to be 16-78% reduced compared to those in the native heptameric ssRNAs 
(1b, 3b and 4b), because of disappearance of the electrostatic effect of G- on 
the phosphates. 
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7. Conclusion  
 
pKa measurements of nucleobases in model mononucleotides using high 
resolution 1H NMR revealed that RNA-RNA duplexes are thermodynami-
cally more stable than the isosequential DNA-DNA duplexes because of 
stronger rA-rU and rG-rC base pairings compared to dA-dT and dG-dC base 
pairings by 4.3 and 1 kJ mol-1 energy respectively. With the increase of T 
residues in the DNA duplex and U residues in the isosequential RNA duplex 
the relative base pairing energy, [��G�

bp]RR-DD increases whereas relative 
stacking energy [��G�

stacking]RR-DD decreases (Paper I). 
In similar way it is also determined that the Me(T)-� interactions have sig-
nificant and pronounced effect in the formation of DNA-RNA or RNA-DNA 
heteroduplexes. The relative thermal stability (�Tm) of 14 isosequential pairs 
of heteroduplexes (DRs and RDs) wholly depends on the relative amount of 
T residues in one duplex (DR/RD) compared to isosequential other 
(RD/DR). With the relative increase of T residues in one heteroduplex com-
pared to other the relative base pairing energy, [��G�

bp]DR-RD decreases 
whereas relative stacking energy [��G�

stacking]DR-RD increases (paper II). 
Investigations of nucleobase pKa values in a series of 2�-substituted nucleo-
tides show that the nucleobase pKa can be tuned or modulated depending 
upon the chemical nature of the 2�-substituents. The effect of 2�-substituents 
governs the pseudoaromaticity of the aglycones changing their electronic 
make up by stereoelectronic effects as well as through bond electron with 
drawing effect. 5�-phosphate group in general enhances the basicity of nu-
cleobases by simple coulombic interactions (E = Q1 x Q2 / 4��r). It is also 
found that 5�-phosphate group increases the pKa of endocyclic nitrogens in 
2�-amino or 1�, 2�-azetidine constrained derivatives. This work clearly dem-
onstrates that effect of 2�-substituents brings in variation in the hydrogen 
bonding strengths of nucleobases and this can be utilized in the strategic 
designing of new antisense oligonucleotides in future (paper III). 
2�, 4�-Constraints lock the pentofuranosyl sugar conformation in North-East 
type (P = 37� ± 27�, �m = 25º ± 18º) whereas 1�, 2�-constraints freeze the 
pentofuranosyl sugar conformation in purely North type (P = 19� ± 8�, �m = 
48º ± 4º). pKa study of N3 of 1-thyminyl residues for different 1�,2� and 2�, 
4�-constrained T nucleosides showed that the increase in ring size of endo-
cylic constraints increases the basicity of the N3 (1-thyminyl) (paper IV). 

Incorporation of 1�, 2�-oxetane constrained T nucleotides in the Dickerson 
Drew dodecamer ( a palindromic sequence) drops the thermal stability (Tm) 
by 10� per modification. High resolution NMR and molecular dynamics and 
duplex melting studies revealed that incorporation of oxetane modified T7 
and T19 residues distorts the core structure of the DNA duplex (paper V). 
It has been found that the N1-pKa values of 9-guaninyl moiety changes de-
pending upon the sequence context in single stranded DNAs and RNAs. The 
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N1 pKa of G can be read out from the other neighbors of G in the ssDNAs / 
ssRNAs (paper VI). It is also interesting to find that certain internucleotidic 
phosphate groups can read out the pKa of N1(G) in single stranded nucleic 
acids. In ssDNAs internucleotidic phosphates have almost identical elec-
tronic characters whereas internucleotidic phosphates in ssRNAs show non 
identical electronic characters (Paper VII). 
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9. Summary in Swedish 

Fysikalisk-kemiska och strukturella egenskaper hos nukleinsyror 
Det finns två slags nukleinsyror, deoxiribonukleinsyra (DNA) och ribonukle-
insyra (RNA). Nukleinsyrorna är polymerer av s.k. nukleotider. Nukleotider 
består av tre enheter: (i) En bas, purinerna adenin (A) och guanin (G) samt 
pyrimidinerna cytosin (C), uracil (U, endast i RNA) och tymin (T, endast i 
DNA). Basen är kovalent sammanlänkad med (ii) en �-D-pentofuranosenhet, 
ribos i RNA och deoxiribos i DNA. Sockerenheterna är sammanlänkade med 
(iii) fosforsyraesterenheter bundna till sockrets 3´- och 5´- positioner.  
DNA lagrar den genetiska informationen. Genom medverkan av bl.a. budbä-
rar-RNA översätts informationen till diverse proteiner. Nukleinsyror har 
flera andra nyckelroller i biologiska processer, DNAzymer och Ribozymer 
deltar som katalysatorer i många biokemiska reaktioner.  
 
För att studera de specifika funktionerna hos nukleinsyrorna är det mycket 
viktigt att känna till och förstå strukturen hos både DNA och RNA. Nuklein-
syrorna förekommer främst i form av korkskruvlikt spiralvridna dimerer 
bestående av två motriktade oligo- eller polynukleotider. Både vänster- som 
högervridna spiraler förekommer. För DNA förekommer tre typer av sådan 
dubbelhelix-strukturer (A, B och Z), medan RNA endast är känt i A- och Z-
form (Bild 1). Dessutom förekomer både DNA och RNA i enkelsträngade 
(ss) former som uppvisar olika typer av intern veckning. 
 

 
 
Bild 1. Tre varianter av DNA-dubbelspiraler (dubbelhelixar), (A) sett 
från sidan, (B) i genomskärning. 
 



 62 

I arbete I bestämdes pKa för individuella nukleotider i nukleinsyror med 
hjälp av NMR-spektroskopi. Det visade sig att RNA är termodynamiskt mer 
stabil än DNA, den sammanhållande kraften mellan kedjornas baser är star-
kare i RNA än i DNA. A-U och G-C interactioner i RNA är 4.3 kJ/mol re-
spektive 1 kJ/mol starkare än motsvarande A-T och G-C interactioner i 
DNA. Hybridstrukturer, där en kedja är DNA och den andra RNA, före-
kommer i transkription och omvänd transkription. I arbete II visas att 
Me(T)-�-interaktioner spelar en viktig roll för att sådana strukturer ska upp-
komma.  
 

 
Bild 2. Genom att binda en ”antisense” oligonukleotid (AON) till en 
nukleisyra hindras proteinsyntesen. Man säger att genen ”tystats”. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Bild 3. NMR-baserad sekundärstruktur av Dickerson-Drew dodekamer med 
(A) omodifierad T (röd) och (B) sockermodifierad T (blå).  
 
 
 

(A) (B) 
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Mutationer i DNA eller viralt budbärar-RNA kan leda till att felaktiga, ev. 
sjukdomsalstrande, proteiner tillverkas. Denna process kan hindras genom 
att ansvarig nukleinsyra tystas; DNA fångas in i trippelhelixstrukturer mha 
antigenteknologi och viralt budbärar-RNA oskadliggörs genom att bilda 
RNA-DNA eller RNA-RNA dubbelhelixstrukturer med ”antisense” eller 
siRNA-metoder. 
Man kan använda kemiskt förändrade nukleotider inbyggda i en oligonuk-
leotid för att tysta gener (bild 2), och som kemisk markör. 
 
NMR-spektroskopisk bestämning av pKa för en serie 2´- modifierade nukleo-
tider (arbete III) visade på möjligheten att modulera pKa genom att välja 
substituent i sockerdelen. Styrkan hos de vätebindningar som håller samman 
dubbelhelixstrukturerna påverkas på ett förutsägbart sätt, som ger vikiga 
kunskaper för framtida utveckling av antisense-läkemedel.  
I arbete IV användes ab initio och molekyldynamiska metoder för att studera 
nukleotider där två positioner hos en sockerdel var sammanlänkade med en 
kedja. Socker med kedjan fäst i 2´ och 4´-position har en annan dominerande 
ringkonformation än de som är sammanbundna genom 1´,2´-positionerna. 
pKa för en tyminylgrupp bunden till det modifierade sockret påverkas av 
längden på den kedja som använts för att modifiera sockerdelen, ökad kedje-
längd leder till ökad basstyrka. Detta visade sig påverka stabiliteten hos oli-
gonukleotiddimerer: En Dickerson Drew dodecamer där en T bytts mot en 
sockermodifierad T har enligt bl.a. UV-visstudier lägre smältpunkt än mot-
svarande förening med endast nativt T (arbete V). Detta beror på lägre styrka 
hos de basparande vätebindningarna samt försämrad förmåga till stackning i 
strukturen med modifierad T. 
I en NMR-baserad pH-metrisk titrering visade det sig att ett av pKa-värdena 
hos 9-guanidylenheten i G påverkas av den omgivande nukleotidsekvensen i 
både ssDNA och ssRNA. Med hjälp av 31P NMR upptäcktes att vissa av de 
länkande fosfatestergrupperna i ssRNA också påverkas av G-nukleotidens 
syrastyrka, medan ingen sådan effekt kunde ses i ssDNA (arbete VI och VII). 



 64 

10. References 
1. Avery, O., Macliod, C., and McCarty, M., J. Expt. Med., 1944, 79, 

137-57. 
2. Herchey, A. D. and Chase, M., J. Gen. Physiol., 1952, 36, 39-56. 
3. Montoya, J., Lopez-Perez, M. J., and Ruiz-Pesini, E., Biochim. Bio-

phys. Acta., 2006, 1757, 1179-89. 
4. Asin-Cayuela, J. and Gustafsson, C. M., Trends. Biochem. Sci., 

2007, 32, 111-7. 
5. Drapkin, R., Sancar, A., and Reinberg, D., Cell, 1994, 77, 9-12. 
6. Boerner, L. J. and Zaleski, J. M., Curr. Opin. Chem. Biol., 2005, 9, 

135-44. 
7. Kaczanowska, M. and Ryden-Aulin, M., Microbiol. Mol. Biol. Rev., 

2007, 71, 477-94. 
8. Asano, K. and Sachs, M. S., Genes Dev., 2007, 21, 1280-7. 
9. Medveczky, P., Nemeth, A., Graf, L., and Szilagyi, L., Curr. Chem. 

Biol. , 2007, 1, 129-39. 
10. Marzi, S., Myasnikov, A. G., Serganov, A., Ehresmann, C., Romby, 

P., Yusupov, M., and Klaholz, B. P., Cell, 2007, 130, 1019-31. 
11. Iusupova, G., Jenner, L., and Iusupov, M., Mol. Biol. (Mosk), 2007, 

41, 274-83. 
12. Jenner, L., Rees, B., Yusupov, M., and Yusupova, G., EMBO Rep, 

2007, 8, 846-50. 
13. Saenger W. Principles of Nucleic Acid Structure. 1983, Newyork: 

Springer-Verlag. 
14. Dupouy, C., Iche-Tarrat, N., Durrieu, M. P., Rodriguez, F., Escudier, 

J. M., and Vigroux, A., Angew. Chem. Int. Ed. Engl., 2006, 45, 
3623-7. 

15. Elsawy, K. M., Hodgson, M. K., and Caves, L. S., Nucleic Acids 
Res., 2005, 33, 5749-62. 

16. Dixit, S. B., Beveridge, D. L., Case, D. A., Cheatham, T. E., 
Giudice, E., Lankas, F., Lavery, R., Maddocks, J. H., Osman, R., 
Sklenar, H., Thayer, K. M., and Varnai, P., Biophys. J., 2005, 89, 
3721-40. 

17. Nucleic Acids in Chemistry and Biology, ed. G.M. Blackburn, et al. 
2006, Cambridge: The Royal Society of Chemistry. 

18. Bloomfield, V. A., Crothers, D. M., and Tinocco, I. J., Nucleic Ac-
ids-structure, properties and functions. 2000, Sausalito: University 
Science Books. 

19. Levitt, M. W., Arieh., J. Am. Chem. Soc., 1978, 100, 2607-13. 
20. Lesyng, B., Topics Mol. Struct. Biol., 1987, 3, 71-100. 
21. Roeder, O., Luedemann, H. D., and Von Goldammer, E., Eur. J. 

Biochem., 1975, 53, 517-24. 
22. Miles, D. W., Inskeep, W. H., Townsend, L. B., and Eyring, H., 

Biopolymers, 1972, 11, 1181-207. 



 65

23. Kilpatrick, J. E., Pitzer, K. S., and Spitzer, R., J. Am. Chem. Soc., 
1947, 69, 2483-8. 

24. Carreira, L. A., Jiang, G. J., Person, W. B., and Willis, J. N., Jr., J. 
Chem. Phys., 1972, 56, 1440-3. 

25. Thibaudeaue, C., Acharya, P., and Chattopadhyaya, J., Stereoelec-
tronic Effects in Nucleosides and Nucleotides and their Structural 
Implications. 2nd ed. 2005, Uppsala: Uppsala University Press. 

26. Geise, H. J., Altona, C., and Romers, C., Tetrahedron Letters, 1967, 
15, 1383-6. 

27. Altona, C., Geise, H. J., and Romers, C., Tetrahedron, 1968, 24, 13-
32. 

28. De Leeuw, H. P. M., Haasnoot, C. A. G., and Altona, C., Isr. J. 
Chem., 1980, 20, 108-26. 

29. Altona, C. and Sundaralingam, M., J. Am. Chem. Soc., 1973, 95, 
2333-44. 

30. Uesugi, S., Miki, H., Ikehara, M., Iwahashi, H., and Kyogoku, Y., 
Tetrahedron Lett., 1979, 20, 4073-76. 

31. Guschlbauer, W. and Jankowski, K., Nucleic Acids Res., 1980, 8, 
1421-33. 

32. Dubois, J. E., Cosse-Barbi, A., and Watson, D. G., Tetrahedron 
Lett., 1989, 30, 167-70. 

33. Cockroft, S. L., Hunter, C. A., Lawson, K. R., Perkins, J., and Urch, 
C. J., J. Am. Chem. Soc., 2005, 127, 8594-5. 

34. Adams, H., Hunter, C. A., Lawson, K. R., Perkins, J., Spey, S. E., 
Urch, C. J., and Sanderson, J. M., Chemistry, 2001, 7, 4863-77. 

35. Carver, F. J., Hunter, C. A., Jones, P. S., Livingstone, D. J., 
McCabe, J. F., Seward, E. M., Tiger, P., and Spey, S. E., Chemistry, 
2001, 7, 4854-62. 

36. Packer, M. J. and Hunter, C. A., J. Mol. Biol., 1998, 280, 407-20. 
37. Hunter, C. A. and Lu, X. J., J. Mol. Biol., 1997, 265, 603-19. 
38. Adams, H., Blanco, J. L., Chessari, G., Hunter, C. A., Low, C. M., 

Sanderson, J. M., and Vinter, J. G., Chemistry, 2001, 7, 3494-503. 
39. Hunter, C. A., J. Mol. Biol., 1993, 230, 1025-54. 
40. Corfield, P. W., Hunter, W. N., Brown, T., Robinson, P., and Ken-

nard, O., Nucleic Acids Res., 1987, 15, 7935-49. 
41. Pal, S., Maiti, P. K., and Bagchi, B., J. Chem. Phys., 2006, 125, 

234903-11. 
42. Jana, B., Pal, S., Maiti, P. K., Lin, S. T., Hynes, J. T., and Bagchi, 

B., J. Phys. Chem. B, 2006, 110, 19611-8. 
43. Cheng, Y., Korolev, N., and Nordenskiold, L., Nucleic Acids Res., 

2006, 34, 686-96. 
44. Detmer, I., Summerer, D., and Marx, A., Chem. Commun. (Camb), 

2002, 2314-5. 
45. Subramanian, P. S., Swaminathan, S., and Beveridge, D. L., J. Bio-

mol. Struct. Dyn., 1990, 7, 1161-5. 



 66 

46. Freitas, M. P. and Rittner, R., J. Phys. Chem. A, 2007, 111, 7233-6. 
47. Acharya, P., Thibaudeau, C., and Chattopadhyaya, J., Nucleosides 

Nucleotides Nucleic Acids, 2001, 20, 1229-33. 
48. Ganguly, B. and Fuchs, B., J. Org. Chem., 2000, 65, 558-61. 
49. Plavec, J., Thibaudeau, C., and Chattopadhyaya, J., Pure App. 

Chem., 1996, 68, 2137-44. 
50. Velikian, I., Acharya, P., Trifonova, A., Foldesi, A., and Chat-

topadhyaya, J., J. Phys. Org. Chem., 2000, 13, 300-05. 
51. Plavec, J., Tong, W., and Chattopadhyaya, J., J. Am. Chem. Soc., 

1993, 115, 9734-46. 
52. Lachapelle, A. and St-Jacques, M., Tetrahedron, 1988, 44, 5033-44. 
53. Alabugin, I. I., J. Org. Chem., 2000, 65, 3910-9. 
54. Praly, J. P. and Lemieux, R. U., Can. J. Chem., 1987, 65, 213-23. 
55. Banavali, N. K. and MacKerell, A. D., Jr., J. Am. Chem. Soc., 2001, 

123, 6747-55. 
56. Classen, S., Olland, S., and Berger, J. M., Proc. Natl. Acad. Sci. U S 

A, 2003, 100, 10629-34. 
57. Umezawa, Y. and Nishio, M., Nucleic Acids Res., 2002, 30, 2183-

92. 
58. Chatterjee, S., Pathmasiri, W., and Chattopadhyaya, J., Org. Biomol. 

Chem., 2005, 3, 3911-5. 
59. Chakrabarti, P. and Samanta, U., J. Mol. Biol., 1995, 251, 9-14. 
60. Gil, A., Branchadell, V., Bertran, J., and Oliva, A., J. Phys. Chem. 

B, 2007, 111, 9372-9. 
61. Zaric, S. D., Eur. J. Inorg. Chem., 2003, 2197-209. 
62. Reynisson, J. and Steenken, S., THEOCHEM, 2005, 723, 29-36. 
63. Seela, F. and Kroschel, R., Nucleic Acids Res., 2003, 31, 7150-8. 
64. Seela, F. and Kroschel, R., Org. Biomol. Chem., 2003, 1, 3900-8. 
65. Nowick, J. S., Chen, J. S., and Noronha, G., J. Am. Chem. Soc., 

1993, 115, 7636-44. 
66. Huff, A. C., Effects of methylation at the central hydrogen-bonding 

site on base-pairing behavior: a two-sided view using 3-
methylthymine (thesis-Univ. North Carolina,Chapel Hill,NC,USA). 
1986. p. 136 . 

67. Watson, J. D. and Crick, F. H., Nature, 1953, 171, 737-8. 
68. Watson, J. D. and Crick, F. H., Cold Spring Harb. Symp. Quant. 

Biol., 1953, 18, 123-31. 
69. Watson, J. D. and Crick, F. H., Nature, 1953, 171, 964-7. 
70. Polonius, F. A. and Muller, J., Angew. Chem. Int. Ed. Engl., 2007, 

46, 5602-4. 
71. Quinn, J. R., Zimmerman, S. C., Del Bene, J. E., and Shavitt, I., J. 

Am. Chem. Soc., 2007, 129, 934-41. 
72. Zhanpeisov, N. U., Sponer, J., and Leszczynski, J., J. Phys. Chem. 

A, 1998, 102, 10374-79. 
73. Drew, H. R. and Dickerson, R. E., J. Mol. Biol., 1981, 151, 535-56. 



 67

74. Kopka, M. L., Fratini, A. V., Drew, H. R., and Dickerson, R. E., J. 
Mol. Biol., 1983, 163, 129-46. 

75. Liepinsh, E., Otting, G., and Wüthrich, K., Nucleic Acids Res., 1992, 
20, 6549-53. 

76. Denisov, V. P., Carlstrom, G., Venu, K., and Halle, B., J. Mol. Biol., 
1997, 268, 118-36. 

77. Ivanov, V. I., Minchenkova, L. E., Minyat, E. E., Frank-
Kamenetskii, M. D., and Schyolkina, A. K., J. Mol. Biol., 1974, 87, 
817-33. 

78. Ivanov, V. I., Minchenkova, L. E., Schyolkina, A. K., and Poletayev, 
A. I., Biopolymers, 1973, 12, 89-110. 

79. Doucet, J., Benoit, J. P., Cruse, W. B., Prange, T., and Kennard, O., 
Nature, 1989, 337, 190-92. 

80. Perrin, C. L., Armstrong, K. B., and Fabian, M. A., J. Am. Chem. 
Soc., 1994, 116, 715 - 22. 

81. Koole, L. H., Buck, H. M., Nyilas, A., and Chattopadhyaya, J., Can. 
J. Chem., 1987, 65, 2089 - 94. 

82. Plavec, J., Thibaudeau, C., and Chattopadhyaya, J., J. Am. Chem. 
Soc., 1994, 116, 6558 - 60.,  

83. Thibaudeau, C., Plavec, J., and Chattopadhyaya, J., J. Org. Chem., 
1996, 61, 266 - 86. 

84. Lyten, I., Thibaudeau, C., and Chattopadhyaya, J., J. Org. Chem., 
1997, 62, 8800 - 08. 

85. Uesugi, S., Kaneyasu, T., Imura, J., Ikehara, M., Cheng, D. M., Kan, 
L.-S., and Tso, P. O. P., Biopolymers, 1983, 22, 1189 - 202. 

86. Imazawa, M., Ueda, T., and Ukita, T., Chem. Pharm. Bull (Tokyo), 
1975, 23, 604 - 10. 

87. Thibaudeau, C., Plavec, J., Garg, N., Papchikhin, A., and Chat-
topadhyaya, J., J. Am. Chem. Soc., 1994, 116, 4038 - 43. 

88. Acharya, P., Thibaudeau, C., and Chattopadhyaya, J., Nucleosides 
Nucleotides Nucleic Acids, 2001, 20, 1229 - 33. 

89. Hamaguchi, K. and Geiduschek, E. P., J. Am. Chem. Soc., 1962, 84, 
1329 - 38. 

90. Blagoi, Y. P., Sorokin, V. A., Valeyev, V. A., Khomenko, S. A., and 
Gladchenko, G. O., Biopolymers, 1978, 17, 1103 - 18. 

91. Volk David, E., Thiviyanathan, V., Somasunderam, A., and Goren-
stein David, G., Org. Biomol. Chem., 2007, 5, 1554-8. 

92. Meng, F., Xu, W., and Liu, C., THEOCHEM, 2004, 677, 85-90. 
93. Guerra, C. F. and Bickelhaupt, F. M., Angew. Chem. Int. Ed. Engl., 

1999, 38, 2942-45. 
94. Acharya, P., Cheruku, P., Chatterjee, S., Acharya, S., and Chat-

topadhyaya, J., J Am Chem Soc, 2004, 126, 2862-9. 
95. Ozen, A. S., De Proft, F., Aviyente, V., and Geerlings, P., J. Phys. 

Chem. A, 2006, 110, 5860-8. 



 68 

96. Gilli, P., Bertolasi, V., Pretto, L., and Gilli, G., J. Mol. Struct., 2006, 
790, 40-49. 

97. Kraut, D. A., Sigala, P. A., Pybus, B., Liu, C. W., Ringe, D., Petsko, 
G. A., and Herschlag, D., PLoS. Biol., 2006, 4, e99. 

98. Shan, S. O. and Herschlag, D., Proc. Natl. Acad. Sci. U S A, 1996, 
93, 14474-9. 

99. Shan, S. O., Loh, S., and Herschlag, D., Science, 1996, 272, 97-101. 
100. Snoussi, K. and Leroy, J. L., Biochemistry, 2001, 40, 8898-904. 
101. Manalo, M. N., Kong, X., and LiWang, A., J. Am. Chem. Soc., 2005, 

127, 17974-5. 
102. Swart, M., Guerra, C. F., and Bickelhaupt, F. M., J. Am. Chem. Soc., 

2004, 126, 16718-19. 
103. Vakonakis, I. and LiWang, A. C., J. Am. Chem. Soc., 2004, 126, 

5688-9. 
104. Lesnik, E. A. and Freier, S. M., Biochemistry, 1995, 34, 10807-15. 
105. Umezawa, Y., Tsuboyama, S., Takahashi, H., Uzawa, J., and Nishio, 

M., Bioorg. Med. Chem., 1999, 7, 2021-6. 
106. Umezawa, Y. and Nishio, M., Bioorg. Med. Chem., 1998, 6, 493-

504. 
107. Geroult, S., Hooda, M., Virdee, S., and Waksman, G., Chem. Biol. 

Drug. Des., 2007, 70, 87-99. 
108. Shvartsman, D. E., Donaldson, J. C., Diaz, B., Gutman, O., Martin, 

G. S., and Henis, Y. I., J. Cell. Biol., 2007, 178, 675-86. 
109. Umezawa, Y. and Nishio, M., Bioorg. Med. Chem., 1998, 6, 2507-

15. 
110. Umezawa, Y. and Nishio, M., Bioorg. Med. Chem., 2000, 8, 2643-

50. 
111. DeDecker, B. S., O'Brien, R., Fleming, P. J., Geiger, J. H., Jackson, 

S. P., and Sigler, P. B., J. Mol. Biol., 1996, 264, 1072-84. 
112. Kim, J. L., Nikolov, D. B., and Burley, S. K., Nature, 1993, 365, 

520-7. 
113. Freier, S. M. and Altmann, K. H., Nucleic Acids Res., 1997, 25, 

4429-43. 
114. Maki, A. S., Kim, T., and Kool, E. T., Biochemistry, 2004, 43, 1102-

10. 
115. Olson, W. K., Marky, N. L., Jernigan, R. L., and Zhurkin, V. B., J. 

Mol. Biol., 1993, 232, 530-54. 
116. Calladine, C. R., Drew, H. R., and McCall, M. J., J. Mol. Biol., 

1988, 201, 127-37. 
117. Hizver, J., Rozenberg, H., Frolow, F., Rabinovich, D., and Shakked, 

Z., Proc. Natl. Acad. Sci. U S A, 2001, 98, 8490-5. 
118. Goodsell, D. S., Kaczor-Grzeskowiak, M., and Dickerson, R. E., J. 

Mol. Biol., 1994, 239, 79-96. 
119. Stewart, J. A., Campbell, J. L., and Bambara, R. A., J. Biol. Chem., 

2006, 281, 38565-72. 



 69

120. Rossi, M. L. and Bambara, R. A., J. Biol. Chem., 2006, 281, 26051-
61. 

121. Verdun, R. E. and Karlseder, J., Nature, 2007, 447, 924-31. 
122. Branzei, D. and Foiani, M., DNA Repair (Amst), 2007, 6, 994-1003. 
123. Rudolph, C. J., Dhillon, P., Moore, T., and Lloyd, R. G., DNA Re-

pair (Amst), 2007, 6, 981-93. 
124. Rudolph, C. J., Upton, A. L., and Lloyd, R. G., Genes Dev., 2007, 

21, 668-81. 
125. Levin, H. L., Mol. Cell. Biol., 1996, 16, 5645-54. 
126. Temin, H. M., Cell Biophys, 1986, 9, 9-16. 
127. Panganiban, A. T. and Fiore, D., Science, 1988, 241, 1064-9. 
128. Darlix, J. L., Biochimie, 1986, 68, 941-9. 
129. Burnett, J. R., Curr. Opin. Mol. Ther., 2006, 8, 461-7. 
130. Zhang, C., Pei, J., Kumar, D., Sakabe, I., Boudreau, H. E., Gokhale, 

P. C., and Kasid, U. N., Methods Mol. Biol., 2007, 361, 163-85. 
131. Yuan, J., Lim, T., Liu, Z., Qiu, D., Wong, B., Luo, H., Si, X., 

McManus, B., and Yang, D., Anti-Infective Agents in Med. Chem., 
2006, 5, 367-77. 

132. Wang, S. and Kool, E. T., Biochemistry, 1995, 34, 4125-32. 
133. Lebars, I., Richard, T., Di Primo, C., and Toulme, J. J., Blood. Cells. 

Mol. Dis., 2007, 38, 204-9. 
134. Ravelet, C., Grosset, C., and Peyrin, E., J. Chromatogr. A, 2006, 

1117, 1-10. 
135. Chen, X., Li, N., and Ellington, A. D., Chem. Biodivers., 2007, 4, 

633-55. 
136. Roychowdhury-Saha, M. and Burke, D. H., RNA, 2006, 12, 1846-52. 
137. Doudna, J. A. and Lorsch, J. R., Nat. Struct. Mol. Biol., 2005, 12, 

395-402. 
138. Yuan, B.-F., Xue, Y., Luo, M., Hao, Y.-H., and Tan, Z., Int. J. Bio-

chem. & Cell Biol., 2007, 39, 1119-29. 
139. Chakraborty, C., Curr. Drug Targets, 2007, 8, 469-82. 
140. Joyce, H., Bray, I., and Clynes, M., Cancer Genom. & Proteom., 

2006, 3, 127-36. 
141. Zhou, D., He, Q. S., Wang, C., Zhang, J., and Wong-Staal, F., Curr. 

Top. Med. Chem., 2006, 6, 901-11. 
142. Crooke, S. T., Biotechnol. Genet. Eng. Rev., 1998, 15, 121-57. 
143. Crooke, S. T., Antisense Nucleic Acid Drug Dev., 1998, 8, 115-22. 
144. Rubenstein, M., Tsui, P., and Guinan, P., Drugs of the Future, 2004, 

29, 893-909. 
145. Rayburn, E., Wang, W., Zhang, R., and Wang, H., Prog. Drug. Res., 

2005, 63, 227-74. 
146. Neeman, Y., Dahary, D., Levanon, E. Y., Sorek, R., and Eisenberg, 

E., Trends. Genet., 2005, 21, 544-7. 
147. Achenbach, T. V., Brunner, B., and Heermeier, K., Chembiochem, 

2003, 4, 928-35. 



 70 

148. Carpousis, A. J., Genes Dev., 2003, 17, 2351-5. 
149. Bevilacqua, P. C. and Yajima, R., Curr. Opin. Chem. Biol., 2006, 

10, 455-64. 
150. Lönnberg, T. and Lönnberg, H., Curr. Opin. Chem. Biol., 2005, 9, 

665-73. 
151. Bodner, U., BioTec (Marktheidenfeld, Germany), 1991, 3, 51-4. 
152. Nowotny, M., Gaidamakov, S. A., Crouch, R. J., and Yang, W., 

Cell, 2005, 121, 1005-16. 
153. Davies, J. F., Hostomska, Z., Hostomsky, Z., Jordan, S. R., and Mat-

thews, D. A., Science, 1991, 252, 88-95. 
154. Corradini, R., Sforza, S., Tedeschi, T., Totsingan, F., and Marchelli, 

R., Curr. Top. Med. Chem., 2007, 7, 681-94. 
155. Nielsen, P. E., Seq. Spe. DNA Bind. Agents, 2006, 96-108. 
156. Porcheddu, A. and Giacomelli, G., Curr. Med. Chem., 2005, 12, 

2561-99. 
157. Blidner, R. A., Hammer, R. P., Lopez, M. J., Robinson, S. O., and 

Monroe, W. T., Chem. Biol. Drug. Des., 2007, 70, 113-22. 
158. Wengel, J., Vester, B., Lundberg, L. B., Douthwaite, S., Sorensen, 

M. D., Babu, B. R., Gait, M. J., Arzumanov, A., Petersen, M., and 
Nielsen, J. T., Nucleosides Nucleotides Nucleic Acids, 2003, 22, 
601-4. 

159. Petersen, M., Nielsen, J. T., Bondensgaard, K., Wengel, J., and 
Jacobsen, J. P., Nucleosides Nucleotides Nucleic Acids, 2003, 22, 
1691-3. 

160. Christiansen, J. K., Lobedanz, S., Arar, K., Wengel, J., and Vester, 
B., Bioorg. Med. Chem., 2007, 15, 6135-43. 

161. Morita, K., Takagi, M., Hasegawa, C., Kaneko, M., Tsutsumi, S., 
Sone, J., Ishikawa, T., Imanishi, T., and Koizumi, M., Bioorg. Med. 
Chem., 2003, 11, 2211-26. 

162. Varghese, O. P., Barman, J., Pathmasiri, W., Plashkevych, O., Hon-
charenko, D., and Chattopadhyaya, J., J. Am. Chem. Soc., 2006, 128, 
15173-87. 

163. Srivastava, P., Barman, J., Pathmasiri, W., Plashkevych, O., Wen-
ska, M., and Chattopadhyaya, J., J. Am. Chem. Soc., 2007, 129, 
8362-79. 

164. Tyson-Capper, A. J. and Europe-Finner, G. N., Mol. Pharmacol., 
2006, 69, 796-804. 

165. Wang, J., Verbeure, B., Luyten, I., Froeyen, M., Hendrix, C., Rose-
meyer, H., Seela, F., Van Aerschot, A., and Herdewijn, P., Nucleo-
sides Nucleotides Nucleic Acids, 2001, 20, 785-8. 

166. Wang, J., Verbeure, B., Luyten, I., Lescrinier, E., Froeyen, M., 
Hendrix, C., Rosemeyer, H., Seela, F., Van Aerschot, A., and Her-
dewijn, P., J. Am. Chem. Soc., 2000, 122, 8595-602. 

167. Honcharenko, D., Varghese, O. P., Plashkevych, O., Barman, J., and 
Chattopadhyaya, J., J. Org. Chem., 2006, 71, 299-314. 



 71

168. Pradeepkumar, P. I., Cheruku, P., Plashkevych, O., Acharya, P., 
Gohil, S., and Chattopadhyaya, J., J. Am. Chem. Soc., 2004, 126, 
11484-99. 

169. Pradeepkumar, P. I., Amirkhanov, N. V., and Chattopadhyaya, J., 
Org. Biomol. Chem., 2003, 1, 81-92. 

170. McTigue, P. M., Peterson, R. J., and Kahn, J. D., Biochemistry, 
2004, 43, 5388-405. 

171. Rajwanshi, V. K., Hakansson, A. E., Kumar, R., and Wengel, J., 
Chem. Com. (Cambridge), 1999, 20, 2073-74. 

172. Cummins, J. M. and Velculescu, V. E., Oncogene, 2006, 25, 6220-7. 
173. Grosshans, H. and Slack, F. J., J. Cell. Biol., 2002, 156, 17-21. 
174. Ruvkun, G., Science, 2001, 294, 797-9. 
175. Morgan, H. P., Estibeiro, P., Wear, M. A., Max, K. E., Heinemann, 

U., Cubeddu, L., Gallagher, M. P., Sadler, P. J., and Walkinshaw, 
M. D., Nucleic Acids Res, 2007, 35, e75(1-9). 

176. Robbins, J. B., Murphy, M. C., White, B. A., Mackie, R. I., Ha, T., 
and Cann, I. K., J. Biol. Chem., 2004, 279, 6315-26. 

177. Yanez, G. H., Khan, S. J., Locovei, A. M., Pedroso, I. M., and 
Fletcher, T. M., Biochem. Biophys. Res. Commun., 2005, 328, 49-56. 

178. Lee, C. H., Ezra, F. S., Kondo, N. S., Sarma, R. H., and Danyluk, S. 
S., Biochemistry, 1976, 15, 3627-39. 

179. Powell, J. T., Richards, E. G., and Gratzer, W. B., Biopolymers, 
1972, 11, 235-50. 

180. Vesnaver, G. and Breslauer, K. J., Proc. Natl. Acad. Sci. U S A, 
1991, 88, 3569-73. 

181. Warshaw, M. M. and Tinoco, I., Jr., J. Mol. Biol., 1965, 13, 54-64. 
182. Takagi, Y., Warashina, M., Stec, W. J., Yoshinari, K., and Taira, K., 

Nucleic Acids Res, 2001, 29, 1815-34. 
183. Oyelere, A. K., Kardon, J. R., and Strobel, S. A., Biochemistry, 

2002, 41, 3667-75. 
184. Legault, P. and Pardi, A., J. Am. Chem. Soc., 1994, 116, 8390-1. 
185. Schmidt, A., Lindner, A., Nieger, M., Ruiz-Delgado, M. d. C., and 

Ramirez, F. J., Org & Biomol. Chem., 2006, 4, 3056-66. 
186. Matta, C. F., Castillo, N., and Boyd, R. J., J. Phys. Chem. B, 2006, 

110, 563-78. 
187. Kaukinen, U., Bielecki, L., Mikkola, S., Adamiak, R. W., and 

Lonnberg, H., J. Chem. Soc., Perkin Transact. 2, 2001, 7, 1024-31. 
188. Mikkola, S., Kaukinen, U., and Lonnberg, H., Cell Biochem. and 

Biophys., 2001, 34, 95-119. 
189. Michel, F. and Ferat, J. L., Annual Rev. Biochem., 1995, 64, 435-61. 
190. DeRose, V. J., Chemistry & Biology, 2002, 9, 961-69. 
191. Lilley, D. M. J., RNA, 2004, 10, 151-58. 
192. Lafontaine, D. A., Norman, D. G., and Lilley, D. M. J., Biochem. 

Soc. Trans., 2002, 30, 1170-75. 
 



Acta Universitatis Upsaliensis
Digital Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Science and Technology 379

Editor: The Dean of the Faculty of Science and Technology

A doctoral dissertation from the Faculty of Science and
Technology, Uppsala University, is usually a summary of a
number of papers. A few copies of the complete dissertation
are kept at major Swedish research libraries, while the
summary alone is distributed internationally through the
series Digital Comprehensive Summaries of Uppsala
Dissertations from the Faculty of Science and Technology.
(Prior to January, 2005, the series was published under the
title “Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Science and Technology”.)

Distribution: publications.uu.se
urn:nbn:se:uu:diva-8360

ACTA

UNIVERSITATIS

UPSALIENSIS

UPPSALA

2007


	Abstract
	Contribution Report
	Contents
	Abbreviations
	Introduction
	1. Nucleic Acids
	1.1 What are nucleic acids?
	1.2 Composition of nucleic acids
	1.3 Sugar conformations in DNA and RNA
	1.4 Phosphate backbone conformations
	1.5 Forces acting in nucleic acids
	1.6 Structure of nucleic acids
	1.7 Stereoelectronic effects in nucleosides and nucleotides
	1.8 Hydration of DNA
	1.9 Salt concentration and helix stability

	2. Contribution of hydrogen bonding in nucleic acids (paper I-II)
	2.1 Hydrogen bonding in base pairing
	2.2 pKa and base pairing (paper I and II)
	2.3 Dissection of relative stacking and hydrogen bonding energies in isosequential homo and heteroduplexes
	2.4 CH- interaction in nucleic acids and heteroduplex stability

	3. Use of C2� modification in nucleotides (paper III)
	3.1 pKa studies of 2'-substituted mononucleotides
	3.2 Conclusions and implication

	4. Gene silencing (paper IV and V)
	4.1 Physicochemical property and structures of 1 , 2 - and 2 , 4 - locked nucleosides (paper IV)
	4.2 Structural change in DNA duplex due to insertion of 1 , 2 - oxetane constrained thymidine nucleotide (paper V)
	4.3 Key observations from the structural studies

	5. Importance of single stranded forms of nucleic acids
	5.1 Perturbed pKa in nucleic acids
	5.2 Sequence dependence on pKa perturbation (paper VI)

	6. Importance of phosphodiester bond in RNA world
	6.1 Reflection of G- formation on the phosphate groups in ssDNAs / ssRNAs (paper VII)
	6.2 Non identical electronic characters of the phosphate groups in ssRNAs
	6.3 Alkaline hydrolysis of ssRNAs and their N1-methylated G counterparts

	7. Conclusion
	8. Acknowledgement
	9. Summary in Swedish
	Fysikalisk-kemiska och strukturella egenskaper hos nukleinsyror

	10. References

	Acta Universitatis Upsaliensis

