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Abbreviations

B Nucleobase 
D Deprotonated state 
DD duplex DNA-DNA duplex 
DNA DeoxyriboNucleic Acid 
EF-Tu Elongation Factor Tu 
HPLC High Performance Liquid Chromatography 
H-bond Hydrogen bond 
N Neutral state 
N-type North type 
NMR Nuclear Magnetic Resonance 
MD Molecular Dynamics 
mRNA Messenger RNA 
NOESY Nuclear Overhauser Effect Spectroscopy 
P Protonated state 
PAGE Polyacrylamide Gel Electrophoresis 
R Pearson Correlation Coefficient 
RNA Ribonucleic Acid 
RNAi RNA interference 
rRNA Ribosomal RNA 
RR duplex RNA-RNA duplex 
S-type South type 
ss single-stranded 
tRNA Transfer RNA 

G Free energy of a process 
H
S

Enthalpy of a process 
Entropy of a process 
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1. Physicochemical properties of Nucleic acids

1.1 Structure of Nucleic acids 
Nucleic acids are important bio-molecules endowed with cellular functions 
like conservation, replication, and transmission of genetic information, rec-
ognition as well as catalysis. Based on 2'-substitution, nucleic acids can be 
classified into two types i.e (i) deoxyribonucleic acids (DNA) and (ii) ribo-
nucleic acids (RNA). A varied number of modifications (about 93) in nu-
cleobase and the 2' substituent1,2 are however present in nucleoside units of 
tRNA, rRNA and mRNA. DNA and RNA polymers are built of nucleoside 
monomer units bound to each other through 3' 5' phosphodiester linkage2-4.
Each nucleoside unit is made up of a five membered D-pentofuranose sugar 
unit connected to a heterocyclic nucleobase (purine or pyrimidine) through a 
N-gycosidic linkage2-4 (Figure 1 panel A) The sugar unit is either -D-2'-
deoxyribosyl or -D-ribosyl in case of DNA or RNA respectively. The 1' 
carbon of 2'-deoxyribose in case of DNA is connected to either of the nu-
cleobases adenine at N9, guanine at N9, cytosine at N1 or thymine at N1

2-4.

Figure 1. Panel (A) shows the endocyclic ( 0- 4) torsions of pentafuranose and 
sugar-phosphate backbone torsions ( , , , ,  and )2; constituent nucleobases and 
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phosphates for DNA and RNA with respective pKa values of ionization sites (with 
small arrows). Panel (B) shows Watson-Crick basepairing found in usual double 
stranded DNA and RNA. Each double helix has a major groove and a minor groove; 
minor groove is on the side of the base pair where the sugar is attached. 

In RNA the nucleobase thymine is replaced by uracil, while all other bases 
remain unaltered (Figure 1 panel A). 

The torsion angles , , , ,  and  define the conformation along the 
sugar-phosphate backbone in nucleic acids2-4 (Figure 1 panel A). For the 
pentose ring of both the ribose (in RNA) and deoxyribose (in DNA), the five 
endocyclic torsion angles are specified as 0, 1, 2, 3 and 4

2-4 (Figure 1 
panel A). A planar five-membered ring is sterically and energetically very 
unfavorable5,6. To relieve the strain the puckered forms interconvert continu-
ously through a pseudorotational cycle2-5,7-12 (Figure 2). The puckered ge-
ometry of the pentofuranose ring in nucleic acids can be described by two 
parameters8-12 (i) phase angle P (indicating which part of the ring is mostly  

Figure 2. The pseudorotation wheel (E = envelope; T = twist) for pentafuranosyl D-
nucleosides. The hyperspace of geometries accessible to N-and S-type pseudorotam-
ers is within the shaded circle (-1º < PN < 34º, 137º < PS < 194º, 30º < m < 46º) for 

- D-nucleosides and within unshaded circle (-18º < PN < 19º, 168º < PS < 224º, 28º 
< m < 49º) for - D-nucleosides. 
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puckered) (ii) puckering amplitude m (indicating the largest deviation of the 
endocyclic torsion from zero). The crystal structures of nucleos(t)ides13 sug-
gest that the conformation of the pentofuranose can be adequately described 
by a two-state North (N, C3'-endo-C2'-exo)  South (S, C2'-endo-C3'-exo)
equilibrium model (energy barrier of N- and S-type pseudorotational equilib-
rium is 1.2-5 kcal/mol)5,14, since no other state is found to exist abundantly. 
Only a few East-type15 (E, O4'-endo) pseudorotamers and no West-type (W, 
O4'-exo) conformers were found among the crystal structures13. W-type con-
formers are energetically disfavored owing to the pseudoaxial orientation of 
both the nucleobase and the 5'-CH2OH group as well as the eclipsed C2' and 
C3' substituents. Analogously, the energy destabilization of E-type confor-
mations, compared to either N- or S-type can be attributed to the eclipsed 
orientation of the C2' and C3' substituents. Solution phase NMR studies16-21

also showed that the confrormation of pentafuranose can be described by a 
two-state North South equilibrium. This has been observed in some B Z
DNA16,17, A Z RNA18,19 and A-form B-form lariat RNA20,21 transitions. 
Nature of nucleobase5,22,23, sugar modification24,25 as well as 2'-and/or 3'-
substitution5,26,27 can be used to drive the sugar conformation towards either 
North-type or South-type. 

The torsion angle about the glycosidic bond is specified by the angle 2-4

(Figure 1 panel A . The two ranges found for the value are designated as 
syn (-90º  90º) and anti (90º  270º). In syn conformation the six-
membered ring of the purines or the carbonyl at C2 of pyrimidines is near to 
the sugar, which makes this conformation unfavorable. The anti conforma-
tion is energetically more favourable with the six-membered ring of the 
purines or the carbonyl at C2 of pyrimidines away from the sugar unit. 

In duplex nucleic acids, nucleobases present in one strand of the poly-
meric nucleic acid chain engage in base pairing with the complementary 
nucleobases of the opposite strand with the help of H-bonding28-33 and stack-
ing among the neighboring nucleobases of the same strand34-39. Thus base 
pairing and stacking are the predominant forces stabilizing the secondary 
structures of nucleic acids. Hydration40 of phosphate backbone furanose oxy-
gen and nucleobases as well as positioning of the phosphate backbone to-
wards the exterior of the double helix to minimize repulsive forces are other 
factors stabilizing nuclei acid structure. Nucleic acids generally form Wat-
son-Crick type base pairing28 where nucleobases adenine (A) and thymine 
(T) (in DNA)/uracil (U) (in RNA) [designated as A.T/U] or guanine (G) and 
cytosine (C) [designated as G.C] are involved in H-bonding (Figure 1 panel 
B). Non-Watson-Crick type base-pairing (non-canonical base-pairing) (Fig-
ure 3) like Hoogsteen (A.T/U) 2,3,41,42, Wobble (G.U, G.T) 2,3,43-45, reverse 
Hoogsteen (A.C, A.U) 3, reverse Wobble (G.U) 3 to name a few, exists in 
addition to Watson-Crick in the vast array of nucleic acid self-assemblies. In 
many instances ionization of bases can provide further opportunities for base 
pairing as in triplex formation ((C.G)C+)3,46
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DNA is generally found in the duplex form but single stranded (see sec-
tion 6) and circular forms47,48, hairpins49,50 triplexes3,46 and quadruplexes51

also exist. RNA generally functions in the single-stranded form and organ-
izes (folds itself) to secondary and tertiary structures52 like hairpins, bulges, 
loops, pseudoknots, through stacking and hydrogen bonding across the 
folded motifs according to structural and functional requirements. Depend-
ing on the amount of hydration and the nature of counter-ions present the 
DNA and RNA duplex can organize itself forming A, B or Z forms53-61

which are different in their helical parameters. B form is the predominant 
form of DNA duplex. Z form of DNA is made up of (pyrimidine-purine)n
tandem repeats with alternating conformation (anti and syn for glycosylic 
torsion and South and North for sugar conformation) for glycosyl torsion and 
sugar 56-61. Earlier sequences with alternating (CG)n repeats were known to  

Figure 3. Panel a-e shows some of the different kinds of non-canonical base pairing 
involved in DNA and RNA secondary structures. 

be responsible for Z-DNA formation but other repetitive sequences59-61 of 
(AC)n and (TG)n are known now. RNA on the other hand exists predomi-
nantly as the A type helix. It has been found that the pentose sugar confor-
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mations in B-form DNA helix (i.e deoxyribose sugar) is C2'-endo i.e S-type, 
and that of A-form RNA helix (i.e ribose sugar) is C3'-endo i.e N-type. The 
detailed features of A, B and Z forms can be found in Table 3 in section 6.3.  

The arrangement of bases in the base paired oligonucleotide, as well as 
their stacking mode can be specified by a set of structural parameters62. They 
are defined in terms of translation and rotation about the coordinate axis. The 
translational parameters can be classified into a) translation involving two 
bases of a base pair: X displacement, Y displacement, stagger, stretch and 
shear and b) translation involving two successive base-pairs: rise, slide and 
shift. The rotational parameters can be classified into c) rotation involving 
two bases of a base pair: tip, inclination, opening, propeller twist and buckle 
and d) rotation involving two successive base-pairs: twist, roll and tilt. 

1.2 Reactive groups in Nucleic acids 
A detailed study of the structural aspects of nucleic acid helps us to under-
stand the mechanisms behind its reactivity and function. The groups that 
impart reactivity to nucleic acids can be broadly classified as follows: (1) 
The nucleobase moieties help to structurally preorganize the strands by 
nearest-neighbor stacking34-39 interactions and by H-bonding28-33 to give the 
thermodynamically stable duplexes. It also assists in binding to ligands as in 
the aptamers63-65 (aptamers are nucleic acids that can bind with high affinity 
and specificity to a wide range of ligands). (2) The 2'-OH group in RNA, on 
other hand, is a quintessential function (see section 2.1) involved in all key 
biological transesterification reactions such as splicing66, RNA catalysis66 or 
base catalysis by RNA cleaving proteins67. (3) Finally, some specific inter-
nucleotidic phosphates in RNA, which are the cleavage points (with or with-
out metal ion cofactors)66 for the biological transesterification reactions. It is 
indeed a very complex task to identify whether the chemical characters of all 
adeninyls or guaninyls or cytosinyls or uracilyls are similar or different 
compared to their respective monomeric counterparts when placed in a large 
sequence-context. Due to the fragile nature of the phosphodiester bonds in 
RNA it is also very difficult to probe if the chemical nature of all internu-
cleotidic phosphate groups or 2'-OH groups are dissimilar when placed in a 
real biological context in various folded states with or without cofactors 
(such as metal ions or proteins that typically serve to stabilize the transition 
states for the cleavage reaction)66.

Fortunately, nucleic acids have a variety of ionization centres present in 
the nucleobases, 2'-OH and phosphate groups throughout the pH range of 1-
14 (Figure 1, panel A)68. Each of the nucleobase has a protonation or a de-
protonation site in the acidic or the alkaline pH respectively, which itself 
could be a measure to understand, for example, if the aromatic characters of 
all 9-adeninyl moieties are similar or dissimilar depending upon the se-
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quence context. The 9-adeninyl moiety in adenosine has a protonation site at 
N1with a pKa value of 3.5. The 9-guaninyl moiety in guanosine has a proto-
nation site at N7 with a pKa value of 1.6 and a deprotonation site at N1 with 
a pKa value of 9.2. Both uridine and thymidine have a deprotonation site at 
N3 with pKa values 9.2 and 9.7 respectively. Cytidine has a protonation site 
at N3 with a pKa of 4.2. In case of RNA, the 2'-OH group has an ionization 
site with pKa around 12.0-14.0 (section 2.3 as well as Papers I and II in this 
thesis). Internucleotide phosphate groups have an ionization pKa of 1.569

whereas the terminal phosphate has pKas of 1.5 and 6.5 69,70. This means that 
at the physiological pH the internucleotide phosphates are fully ionized. 
Thus a careful pH titration of an oligo-DNA or -RNA allows us to probe the 
protonation or deprotonation equilibrium (pKa) of the nucleobases to assess 
their aromatic characters as the sequence-dependant environment changes, 
and also to assess its effect on the neighboring nucleobases (see section 4.4), 
phosphates (see section 3.3) as well as 2'-OH (see section 3.3). Thus the pH-
dependant protonation or deprotonation of nucleobases can be used as a tool 
to gain a deeper understanding of electronic properties and reactivity of nu-
cleic acids, which in turn may help us to understand recognition and interac-
tion processes in nucleic acids, in general. Similarly, the nucleobase-
dependant ionization of 2'-OH groups in nucleotides can also be used to 
determine how the unique character of a specific nucleobase can alter or 
modulate the pKa of the 2'-OH, in a variable manner thereby affecting its 
ability to participate in the transesterification reaction with the vicinal phos-
phate.

1.3 Forces underlying the stacking interactions of 
nucleobases in DNA and RNA 
In nucleic acids, stacking of nucleobases allow DNA and RNA to form self-
assembled structures. Thermodynamic data on single-stranded71,72 and du-
plex oligonucleotides73,74 show that stacking is driven by a favourable en-
thalpy factor organizing a helix. In duplexes this preorganization helps in the 
formation of H-bonding with its complementary strand. The nucleobases in 
an oligonucleotide constitute heterocyclic aromatic moieties with a relatively 
positively charged  framework sandwiched between a  electron cloud (see 
section 4.1). It is to be also noted that the purine nuclobases even in its neu-
tral state have inequal charge distribution with the imidazole ring being more 
electron rich than pyrimidine part75. In a oligomeric DNA or RNA, 
neighboring nucleobases in a stacked conformation can interact with each 
other due to the inherent polarity in them (the dipole moment values for each 
nucleobase is as follows: adenine 2.56D, guanine 6.55D, cytidine 6.39D, 
thymine 4.31D and uridine 4.37D)31. The negatively charged  cloud of one 
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ring can interact with the positive  framework of the nearest-neighbor nu-
cleobase and result in attractive interactions (see section 4.1). Similarly if 
either the  cloud or the  fromework of two neighboring aromatic rings 
come close they repel each other76. Development of additional charge or 
creation of differential charge distribution in the system (by neighboring 
nucleobases and phosphate as well as formation of hydrophobic pockets) can 
increase or decrease the stability of the stacked nucleobases in nucleic acid 
single strands as well as duplexes. 
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2. Reactivity of the 2'-hydroxyl group in RNA 

2.1 Importance of the 2'-hydroxyl group in RNA
The 2'-OH is the functional group that differentiates RNA from DNA. This 
group influences pentofuranose conformation and helix geometry77,78, coor-
dinates metal ions79, provides a scaffold for solvent or protein interactions80,
and mediates catalysis66,67,81-93 as well as tertiary interactions94-115 by hydro-
gen bonding in RNA. The importance of the presence of 2'-OH group of 
RNA can be classified into (i) recognition80,116-125 by RNA binding macro-
molecules like ribozymes116-121 and proteins122-125, (ii) processing and cata-
lytic66,67,81-93 properties of RNA as well as (iii) stabilization of RNA tertiary 
structure94-115.

2.1.1 Role of the 2'-hydroxyl group in recognition 
In large RNAs the 2'-OH group has a key role in substrate recognition during 
the formation of the enzyme-substrate complex as in the case of RNase P 
RNA116,117, the Group I self splicing intron118-122 and polymerase ri-
bozyme123. Several 2'-OH contacts help the RNase P ribozyme117 (to recog-
nize the tertiary structure of pre-tRNAs), Group I118-122 (to recognize the 
helix that present the 5' splice site by using four discrete 2'-OH) and RNA 
dependant RNA polymerase (to recognize the substrate with the help of eight 
2'-OH groups present in the substrate)123 to specifically recognize the sub-
strate. Other than ribozymes, proteins also employ 2'-OH groups for se-
quence independant RNA recognition. Many proteins, binding double 
stranded RNA (dsRNA), contain a sequence called the dsRNA-binding motif 
(dsRBM) that depends mostly on 2'-OH contacts80,124. The specific interac-
tion of RNA-activated protein kinase with dsRNA involves molecular rec-
ognition of a network of 2'-OH groups 125.

2.1.2 Role of the 2'-hydroxyl group in processing and catalytic 
properties of RNA 
The catalytic RNA molecules–the ribozymes can be classified into i) self-
splicing introns (Group I81-90,66 and Group II introns83-90,66) and RNase P83-90, 

106,107 RNA which undergo RNA processing, ii) small self-cleaving ri-
bozymes83-90 like Hammerhead, Hairpin, HDV and Neurospora VS and iii) 
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the ribosome83. Reactions at phosphate center in ribozyme take place in two 
ways: (1) Ribonuclease P and self-splicing introns (Group I and Group II) 
catalyse phosphodiester-cleavage and ligation reactions that produce 5'- 
phosphate and 3'-hydroxyl termini (a, c and d in Figure 4). (2) The small 
self-cleaving ribozymes catalyse reversible phosphodiester cleavage reac-
tions that generate 5'-hydroxyl and 2'–3'-cyclic-phosphate termini (b in Fig-  

Figure 4. The different mechanistic pathways followed by different ribozymes in 
catalysis. The nucleophile used and the products formed in the phosphodiester 
cleavage reaction via transesterification differ with ribozyme type showing the di-
versity in catalytic activity. (a) In the case of RNase P RNA the nucleophile is a free 
water hydroxide (HO ) or metal-bound hydroxide ion, which promotes the hydroly-
sis with the formation of 3'-OH and 5'-phosphate residues. (b) In small ribozymes 
hydrated metal ions (in hammerhead and HDV) or nucleobases (adenosine or cyto-
sine in Hairpin and HDV), denoted as B  deprotonate the 2'-OH of the ribose at-
tached to the nucleobase N in the figure and attacks the vicinal phosphate group 
leading to the formation of cyclic 2'-3' phosphate and 5'-OH group at the N+1 base. 
(c) The Group I intron splicing takes place by the attack of the 3'-OH (ionized with 
the help of solvated metal ions) of the exogenous guanosine cofactor (blue) at the 
phosphorus of the 5' splice site. The guanosine becomes covalently linked to the 5'-
end of intron and a new 3'-OH is formed at the 3'end of exon. (d) The Group II in-
tron splicing takes place by the attack of the 2'-OH group of a adenosine residue 
located within the RNA intron (blue) at the phosphrous of the 5' splice site. Upon 
self splicing the adenosine forms the lariat RNA by getting covalently linked to the 
5'-end of intron through 2'-5' linkage with the N+1 base (first base of intron se-
quence) and a new 3'-OH is formed at the 3'end of exon. An SN2 type inline attack 
mechanism is followed in all ribozymes. A pentacoordinated phosphorane interme-
diate is formed at the phosphorus center undergoing nucleophilic attack with inver-
sion of configuration.   
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ure 4). Both kinds of phosphoryl-transfer reaction proceed via transesterifica-
tion through SN2 like mechanism83,84,87,91 (Figure 4) with an in line attack of a 
nucleophile (HO at the scissile phosphate  followed by the departure of a 
leaving group. This involves an inversion of configuration of the nonbridging 
oxygens of penta-coordinated phosphorane91 (Figure 4). The nucleophilic 
attack at the scissile phosphorus center of the phosphodiester backbone in the 
RNA substrate is made by an oxyanion from a remote 2'-OH in Group II 
introns, the 3'-OH of exogeneous guanosine in Group I introns (ionized with 
the help of solvated Mg2+), or by a free water hydroxide (HO ) or Mg2+

bound hydroxide ion in RNase P. In small ribozymes like Hammerhead, 
Hairpin, HDV and Neurospora VS the nucleophilic attack on the reactive 
phosphate, on the other hand, is made by the neighboring 2'-OH. Metal ions 
like solvated Mg2+ (in case of Group I, RNaseP, hammerhead and HDV ri-
bozymes)79 and nucleobases with environmentally perturbed pKa

126-129 values 
(in case of hairpin126,127 and HDV128,129 ribozymes) have however also been 
found to play prominent role in RNA catalysis. Recently it has also been 
shown that ribosomal RNA catalyses peptide bond synthesis in the ribo-
some83 where 2'-OH also plays an important role. Apart from ribozymes 
RNA strand scission has been shown to be catalysed by ribonucleases like
RNase A67,92,93 which also involve nucleophilic attack of the 2'-OH on adja-
cent phosphrous atom. 

2.1.3 Role of 2'-hydroxyl group in stabilization of RNA tertiary 
structure
The 2'-hydroxyl groups of RNA molecules often play important roles in 
RNA tertiary structure formation, both as hydrogen bond donor and accep-
tors, and in some cases to co-ordinate structurally important metal ions 66,94.
Various motifs like the U-turns110,111, tetraloops106-109, ribose zipper motif96,
A-minor motifs101 and tetraloop-helix interactions95,100,111 use hydrogen 
bonding abilities of 2'-OH group to stabilize tertiary structures of RNA. 
Studies on the structure of tRNAphe 97-99 show that the 2'-OH moieties of non-
helical nucleotides are involved in hydrogen bonds to the nitrogenous bases, 
phosphate oxygen and other ribose groups. 2'-OH groups present in the mi-
nor groove of RNA duplexes are involved in the formation of a ribose zipper 
motif96,102 as found in the crystal structure of the P4-P6 domain of Group I 
intron, HDV104,110 and hairpin ribozymes104,110. Similar to ribose zipper mo-
tifs, A-minor motifs formed from hydrogen bonded 2'-OH groups are impor-
tant for RNA tertiary structure stabilization in ribosomal RNA101. In small 
RNA hairpin loops the ribose hydroxyls participate in loop tertiary struc-
ture106-109,112 stabilization as in UUCG tetraloop106,108,109,112 the GNRA107 (N 
stands for any nucleobase and R stands for purine) tetraloop as has been 
established by biochemical and NMR studies. 
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2'-OH groups are involved in structural stabilization of RNA-protein114  

and aptamer115 complexes as well. Recent studies show the evidence of par-
ticipation of the 2'-OH group in tRNAphe of Thermus thermophilus and
tRNAcys of E. coli to stabilize its complex with EF-Tu113 and cysteine-tRNA 
synthetase114 respectively. The exchange properties of 2'-OH of a guanosine 
residue involved in a novel H-bond has been shown to contribute to the im-
mobilization of bound AMP by the RNA aptamer115.

2.2 Variability in the experimentally determined pKa
values of 2'-OH group of RNA   
The biological importance of 2'-OH group in terms of understanding the 
structure and function of RNA in molecular details made the determination 
of pKa of 2'-OH an important issue. It is however impossible to measure the 
pKa of 2'-OH in a large RNA accurately as it is decomposed under alkaline 
conditions.

Variable pKa values of 2'-OH130-142 have been reported in the past for nu-
cleos(t)ides130-139 and internucleotidic 2'-OH in diribonucleoside 3' 5' mo-
nophosphates140,141 as well as in an oligo-DNA with a single diribonucleo-
side (3' 5') monophosphate unit incorporated within142. In nucleosides and 
nucleotides they provide inconsistent values of the pKa of 2'-OH group for 
the same compound mainly because of employment of different techniques 
like thermometric titration130, electrometric titration131, potentiometric titra-
tion133 and quantum chemical calculations133 to obtain the pKa value. On the 
other hand studies on pKa values of internucleotidic 2'-OH in diribonucleo-
side (3' 5') monophosphate140,141 as well as a single diribonucleoside 
(3' 5') monophosphate unit embedded in a DNA oligomer142 have been 
performed in different temperature and salt concentration conditions, using 
different techniques like HPLC141 and PAGE140,142 analysis for separation 
and quantification of the reaction components for determination of the pH-
dependant first-order rate constants for the alkaline hydrolysis. It is well 
known that for every 10K change in temperature the pKa values for acids and 
bases differ approximately by 0.1 to 0.3 units143,144. For a change in K+ ion 
concentration from 0.5 to 3.0M the pKa of the 2'-OH group change by 0.6 
pKa units142. Thus due to varied experimental conditions employed for 2'-OH 
pKa calculation, the values already available in literature could not be com-
pared directly.
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2.3 Present work (Papers I – II) 
The present work showed how the nature of nucleobase and 3'-substituent 
can affect the pKa of 2'-OH group in RNA. This has been shown by meas-
urement of pH dependant 1H shifts (for mononucleos(t)ides) as well as the 
variation of pseudo first order rate constant with pH (for dinucleotides). 

2.3.1 Determination of pKa of the 2'-OH group in nucleosides, 
mono- and dinucleotides and 3' 5' monophosphates by pH 
titration studies
The experimental pKa values for 2'-OH were measured for mono and dinu-
cleotide units145. The 2'-OH pKa values of mononucleotidic compounds were 
obtained from pH dependant sugar proton (H1', H2', H3') chemical shifts of 
ribonucleosides (1b, 1d, 1e, 1f, Scheme 1), their 3', 5'-bis-alkyl phosphodi-
ester derivatives (3b, 3c, 3d, 3f, Scheme 1), 3'-monophosphates (2a, 2b, 2c,
2d, Scheme 1), adenosine 3'-ethyl phosphate (4b, Scheme 1), 3'-
deoxyadenosine (1c, Scheme 1), ara-adenosine (1g, Scheme 1), aristeromy-
cin (1h, Scheme 1), the abasic sugar (1a, Scheme 1) as well as abasic 3',5'-
bis-ethyl phosphate (3a, Scheme 1) under identical condition. For dinucleo-
tidic compounds (6a – h in Scheme 2) a plot of pH versus pseudo first order 
mean rate constant (kmean) for alkaline cleavage was used to calculate the pKa
of the internucleotidic 2'-OH. The mean rate constant (kmean) used was calcu-
lated from the area of proton (1H) signals. As in these dimeric compounds 
(6a-h) in many cases the H2' and H3' chemical shifts could not be extracted 
due to overlapping of signals, the pH dependant chemical shift change was 
not used to calculate the pKa values of internucleotidic 2'-OH. 

2.3.2 Variation in pKa values of 2'-OH group in nucleosides and 
mononucleotides with varying 3' substituents and aglycones 
The pH-dependant proton chemical shift measurements under identical con-
ditions for nucleosides and nucleotides (1a-h, 2a-d, 3a-d, 3f and 4a, Scheme
1) showed a pKa variation of 2'-OH of upto 1.9 units (12.15-14.05) with 
maximum standard error of ±0.08 pKa unit. From detailed studies of pKa’s 
for 2'-OH in various nucleosides and nucleotides, it is evident that electron 
withdrawing groups in the vicinity of 2'-oxyanion delocalizes the negative 
charge and stabilizes the system, resulting in increased acidity of the 2'-OH 
group. Effects which can cause delocalization of the oxyanion negative 
charge are i) H-bonding, ii) through-space field effect, iii) through-bond 
inductive effect, iv) solvation, or v) sterioelectronic anomeric and gauche
effects. Thus the pKa of the 2'-OH in adenosine (1b) is more acidic by 0.87 
pKa units compared to 3'-deoxy adenosine (1c). The presence of H-bonding 
between 2'-OH and 3'-OH with 2'-OH acting as donor in the former while its  
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Scheme 1

absence in latter could be one of the reason for increased acidity of 2'-OH in 
adenosine. Relative stabilization of the 2'-oxyanion by vicinal 3'-substituent 
has been shown by comparing the pKa’s of 2'-OH in 3'-AMP (2a) (13.81), 
adenosine 3'-ethyl phosphate (4b) (13.00), adenosine (1b) (12.15) and 3'-
deoxyadenosine (1c) (13.02). The stabilization by 3'-substituent follows the 
order 3'-OH > 3'-H 3'-OPO2EtO > 3'-OPO3

2 Apart from 3'-substituents, 
the chemical characters of C1'-aglycons, have an influence on the stabiliza-
tion of the 2'-oxyanion. The comparison of pKa for 2'-OH in 1-deoxy-D -
ribofuranose (1a) (13.56) with those of nucleosides adenosine (1b), 
guanosine (1d), uridine (1e), cytidine (1f) (12.15-12.71) and 1-deoxy-D -
ribofuranose 3',5'-O-bis-ethyl phosphate (3a) (14.05) with those of nucleo-
sides adenosine 3',5'-bis-ethyl phosphate (3b), guanosine 3',5'-methyl-ethyl 
phosphate (3d), guanosine 3',5'- bis-ethyl phosphate (3c), cytidine 3',5'-
methyl-ethyl phosphate (3f) (12.99-13.53) clearly shows that the 2'-OH in 
adenosine (1b) and its 3',5'-bis-ethylphosphate derivatives (3b) is the most 
acidic (Table1). Similarly comparison of pKa for 2'-OH in 3'-AMP (2a), 3'-
GMP (2b), 3'-CMP (2c) and 3'-UMP (2d) (13.81 – 13.98) shows pKa of 2'-
OH in 3'-AMP to be lowest. This is because adenin-9-yl is a better stabilizer 
for the 2'-oxyanion compared to any other aglycons in the nucleoside, 3'-
phosphomonoester, 3'-phosphodiester, or 3',5'-bis-phosphodiester series. 
From this work it has been established that the pKa’s for 2'-OH of the ribo-
nucleosides and their phosphate derivatives simply change because of differ-
ent abilities of various sugar substituents to stabilize the 2'-oxyanion. 



Table 1.The pKa values with standard error at 25°C for sugar 2'-hydroxyl dissociation in various nucleosides, their 3'-monophosphates, nucleo-
tides, their abasic counterparts, as well as 3'-deoxyadenosine, ara-adenosine and aristeromycin. The pKa is measured by the effect of pH on the 
1H chemical shift of the proton (H1', H2' and H3') for these compounds. 

aThe pKa values of 3a,2b, 2d and 2c are estimated to be not less than 14.05, 13.83, 13.96 and 13.98 respectively. b pH = pKa + 
log[A ]/[AH]= pKa + (1-a)/a.......Eqn(1).c pKa = pH + log ( h – obs)/( obs – l).......Eqn(2). # See scheme 1 for chemical formulae.

pKa from H1' pKa from H2' pKa from H3' Compound name#

Titration 
curves Eq.1b

Calculated
From Eq.2c

Titration 
curves  Eq.1b

Calculated
From Eq.2c

Titration 
curves  Eq.1b

Calculated
From Eq.2c

Overall 
Average 

pKa

1-d-rf (1a) 13.65±0.18 13.56±0.02 13.51±0.16 13.47±0.02 13.63±0.16 13.55±0.01 13.56±0.03 
EtprfpEt (3a)a 14.04±0.12 14.15±0.14 13.96±0.12 14.05±0.06 
Ado (1b) 12.10±0.04 12.07±0.03 12.22±0.06 12.10±0.03 12.23±0.05 12.15±0.04 12.15±0.03 
ApEt (4b) 12.90±0.09 12.86±0.04 13.28±0.06 13.11±0.05 12.98±0.10 12.90±0.04 13.00±0.07 
EtpApEt (3b) 13.07±0.08 12.87±0.04 13.24±0.09 12.95±0.04 13.00±0.08 12.83±0.04 12.99±0.06 
3'-AMP (2a) 13.66±0.05 13.92±0.01 13.76±0.10 13.99±0.01 13.69±0.06 13.89±0.01 13.81±0.05 
ara-Ado (1g) 12.80±0.16 12.83±0.10 12.58±0.16 12.61±0.08 12.71±0.06 
3'-dAdo (1c) 12.90±0.06 12.59±0.10 13.23±0.11 12.98±0.06 13.36±0.13 13.07±0.04 13.02±0.11 
Aristeromycin (1h) 13.37±0.11 13.13±0.02 13.49±0.13 13.18±0.03 13.34±0.10 13.14±0.02 13.28±0.06 
Guo (1d) 12.53±0.03 12.56±0.03 12.63±0.05 12.76±0.05 12.45±0.03 12.61±0.02 12.59±0.04 
MepGpEt (3d) 13.41±0.06 13.30±0.02 13.49±0.13 13.03±0.12 13.24±0.02 13.39±0.01 13.31±0.07 
EtpGpEt (3c) 13.44±0.06 13.17±0.06 13.39±0.06 13.29±0.02 13.32±0.06 
3'-GMP (2b)a 13.86±0.08 13.80±0.07 13.83±0.08 13.83±0.02 
Urd (1e) 12.79±0.09 12.54±0.08 12.88±0.08 12.42±0.13 13.07±0.10 12.56±0.07 12.71±0.10 
3'-UMP (2d)a 13.88±0.06 14.01±0.12 13.98±0.10 13.96±0.04 
Cyd (1f) 12.45±0.05 12.45±0.03 12.53±0.03 12.55±0.02 12.60±0.05 12.55±0.02 12.52±0.02 
MepCpEt (3f) 13.46±0.04 13.52±0.01 13.47±0.06 13.68±0.07 13.46±0.04 13.57±0.01 13.53±0.04 
3'-CMP (2c)a 13.83±0.09 14.07±0.02 14.04±0.02 13.98±0.08 
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2.3.3 The effect of aglycone on the pKa of the internucleotidic 2'-
OH group in diribonucleoside (3' 5') monophosphates 
pH dependant pseudo first order rate constant (kmean) for alkali mediated 
cleavage of diribonucleoside (3' 5') monophosphates under identical condi-
tion was used to determine the pKa values for the internucleotidic 2'-OH of 
eight different diribonucleoside (3' 5') monophosphates (6a-h, Scheme 2). 
The diribonucleoside (3' 5') monophosphates (5'-N1pN2-3') were chosen 
such that while the 5'-N1p (N1 = A, G, C and U) was varied, the pN2-3' have 
been kept constant, either to G or A, to examine if the nature of base-base 
stacking had any influence on the pKa value of internucleotidic 2'-OH. It was 
seen that the pKa values remain almost the same for all internucleotidic 2'-OH  

Table 2. The pKa values of diribonucleoside (3' 5') monophosphates and nucleoside 
3'-ethyl phosphatse measured at 298 K and ionic strength of 1M NaCl 

for 5'-N1p (N1 = G, C and U) in dimers 6a-h, except for the internucleotidic 
2'-OH with 9-adeninyl as the 5'-aglycon [12.71 ±0.02 in ApG (6a) and 12.81 
±0.04 in ApA (6e)] which are 0.3 to 0.4 pKa units more acidic compared to 
others shown in (Table 2). 

Similar effect of nucleobases on the respective 2'-OH pKa values were ob-
served in monomeric nucleoside 3'-ethyl phosphates (4a-d) which are the 
simplest model of dimers with absence of any intramolecular base-base stack-
ing. The pKa of their 2'-OH were noted to be very comparable to those of the  

Compound pKa determination by pH 
dependant first order rate 
constant

pKa determination by pH 
dependant 1H chemical 
shift  

ApG (6a) 12.71 ± 0.02 
GpG (6b) 13.13 ± 0.04 
CpG (6c) 13.17 ± 0.03 
UpG (6d) 13.16 ± 0.03 
ApA (6e) 12.81 ± 0.04 
GpA (6f) 13.11 ± 0.08 
CpA (6g) 13.28 ± 0.02 
UpA (6h) 13.10 ± 0.03 
GpEt (4a) 13.14 ± 0.06 
ApEt (4b) 12.91 ± 0.05 

CpEt (4c) 13.21 ± 0.04 

UpEt (4d) 13.25 ± 0.03 
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 Scheme 2  

dimeric counterparts (Table 2) with the exception of ApEt (4b), in which pKa
of 2'-OH increases by 0.2 pKa units compared to the pKa of the internucleo-
tidic 2'-OH in ApG (6a) and ApA (6e). It is to be further noted that in both 
the case of dimers (6a and 6e) the internucleotidic 2'-OH group with adeno-
sine as the aglycone at the 5'-end and the monomer (4a) having the 2'-OH 
groups with adenosine as the nucleobase showed the most acidic pKa.

The internucleotidic 2'-OH of 5'-Ap moiety of ApA (6e) or ApG (6a) is 
more acidic compared to the 5'-Gp counterpart in GpA (6f) or GpG (6b) re-
spectively. This is due to unique aromatic characters of their respective 9-
adeninyl and 9-guaninyl groups. This is because the imidazole moiety in 
adenin-9-yl can fully donate its  charge successfully to the electron deficient 
fused aromatic pyrimidine moiety, which is only partly possible in the pseu-
doaromatic pyrimidine part in guanin-9-yl. Thus the imidazolyl moiety in 
guanin-9-yl system retains a considerable basic character by poorly conjugat-
ing its  charge to the fused 2-amino-6-pyrimidone moiety. The differential 

-charge donating capacity of 9-adeninyl vis-à-vis 9-guaninyl allows the for-
mer to stabilize its 2'-oxyanion more efficiently compared to that of the latter, 
thereby causing an increased acidity of its 2'-OH group.  

2.4 Implications 
The study suggests that the pKa of 2'-OH of different ribonucleotide units in a 
large RNA molecule can vary according to the local microenvironment and 
the hydrophobic character of the nucleobase, hence imparting different reac-
tivities to the phosphodiester functions (sections 2.3.2 and 2.3.3). The differ-
ential stabilization of the internucleotidic 2'-oxyanion in nucleos(t)ides can 
also lead to differential hydration of 2'-OH. The fact that the absence of the 
ring oxygen in aristeromycin (1h) elevates the pKa of 2'-OH by 1.13 units 
compared to that in adenosine (1b) means that the substitution of pentose 
sugar by a cyclopentane moiety in an RNA molecule will make the general 
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acid-base-catalyzed 2'-OH assisted transesterification reactions slower in the 
former compared to the latter. Thus the importance of the pentoses prevails 
over the cyclopentane-based RNA-world. 
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3. Reactivity of phosphodiester group in RNA 

After the discovery of RNA catalysis the hydrolysis/transesterification of 
RNA has been studied extensively in both model compounds146-154 as well as 
in ribozymes81-90,66,67,93. It is still a challenge for the chemist to understand 
how RNA with a very few reactive functional groups compared to proteins 
can act as biocatalysts. To shed light into the mechanistic aspects of ribozyme 
catalysis, an endeavor was made to understand the mechanism of nonenzy-
matic cleavage of RNA and the factors affecting the kinetics and thermody-
namics of the process. This knowledge can be utilized in the rational design 
of artificial catalytic ribonucleic acids.  

3.1 Factors affecting nonenzymatic base-promoted 
degradation of RNA 
Several factors have so far emerged as prerequisites in the nonenzymatic base 
catalyzed hydrolysis of RNA phosphodiesters133,142,146-154. They are (i) the 
nucleophilicity of the 2'-OH group which depends on its pKa

133,142, (ii) The 
electrophilicity of the reacting phosphate147,148, (iii) the in-line conformation 
of the attacking 2'-oxyanion with the developing 5'-oxyanion149, (iv) readiness 
with which 5'-oxyanion leaving group departs147,148, (v) the intramolecular 
environment147-162, i.e stacking, hydrogen-bonding and nucleobase composi-
tion around the transesterification site. Thus a well-stacked rigid structure 
would retard the base-promoted cleavage of a RNA phosphodiester compared 
to a disordered structure. Similarly the rate of phosphodiester bond cleavage 
is different depending on whether the sequence undergoing degradation is 
within the loop of a hairpin or in the stem153,162. Due to H-bonding, the helical 
stem is more rigid and in-line attack is hindered compared to the loop region 
that behaves as a single stranded RNA. (vi) The hydrogen bonding network 
around the scissile bond, attacking the 2'-OH and the neighboring bases may 
accelerate the transesterification reaction in the following ways159: (a) by 
accepting a proton from the 2'-OH, (b) by donating a proton to the negatively 
charged phosphodiester or (c) by donating a proton to the leaving 5'-
oxyanion. Direct or water-mediated hydrogen bond between the nucleobase 
and the non-bridging oxygen of 5'-phosphodiester has been shown to make 
the latter a better electrophile163.



29

3.2 Importance of electron density around phosphate in 
RNA
In ribozymes the enzymatic cleavage of phosphodiester bonds is achieved 
through precise substrate recognition, binding of the substrate to the enzyme 
by Watson-Crick base pairing164-170,172, folding of the enzyme substrate com-
plex using flexible domains (as in hammerhead) as well as tertiary interac-
tions (as in Group I164, Group II 165,166, HDV 167-169, Hairpin168,169 and VS ri-
bozymes 170) to form the catalytic core. Following binding, the phosphodiester 
bond cleavage in ribozymes involves transesterification reaction (as discussed 
earlier in section 2.1.2) where the electrophilicity of the phosphate may play 
an important role in the attack of the scissile phosphate by a 2'-oxyanion. A 
similar importance of electrophilicity of phosphate may prevail in ribonucle-
ase action on RNA that also proceeds through transesterification67,92,93,171. In 
the hammerhead ribozyme172 it has been shown that a conformational change 
must occur at the phosphate center prior to cleavage to facilitate the in line 
attack of the nucleophile. In VS ribozyme 170 substrate two phosphate groups 
can act as ligand for two metal ions for metal dependant docking of substrate 
on ribozyme. 

The electronic environment around the phosphate group in RNA is also vi-
tal for the interaction of proteins with RNA173-176. The crystal structure of 
glutaminyl tRNA synthetase (GlnRS)-tRNAGln 173 complex show that hydro-
gen bonding between amino group of a guanine and a 5'-phosphate of an ade-
nine in tRNA contributes to the recognition of GlnRS by tRNAGln. The RNA 
binding domain in sex-lethal protein174 recognizes and binds uridine rich se-
quences by forming hydrogen bonds between 2'-OH groups and phosphate 
within the RNA.  

3.3 Present work (Paper III) 
The present work showed that the electronic environment around phosphodi-
ester groups in ssRNA is non-equivalent in sequence specific manner whereas 
in ssDNA the phosphate group environments are rather comparable. This has 
been demonstrated by the pH dependant chemical shift ( 1H as well as 31P)
experiments of iso-sequential ssDNA/ssRNA followed by studies on the alka-
line hydrolysis rates at specific phosphates in the ssRNA sequences.  
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3.3.1 Reflection of ionization of pseudoaromatic 9-guaninyl 
group on neighboring phosphate groups in ssDNA and ssRNA 

Scheme 3
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Titration at a particular pH range (6.6 - 12.5) on the model heptameric 
ssDNA and ssRNA sequences [d/r(5'-Cp1Ap2Q1p3Gp4Q2p5Ap6C-3'): Q1 = Q2

= A (8a/8b) or C (8g/8h), Q1 = A, Q2 = C (8c/8d), Q1 = C, Q2 = A (8e/8f)
Scheme 3] as well as trimeric ssDNA and ssRNA [d/r(Ap1Gp2A) (7a/7b),
d/r(Ap1Gp2C) (7c/7d), d/r(Cp1Gp2A) (7e/7f), d/r(Cp1Gp2C) (7g/7h) Scheme 
3] was used to generate a single negative charge at 9-guaninyl in the molecule 
in case of ssDNAs and trimeric ssRNAs. In case of heptameric ssRNAs, the 
formation of 9-guaninyl was accompanied by the simultaneous ionization of 
2'-OH at pH values above 11.6. The effects of G/G  and 2'-OH/2'-
O ionization on the neighboring phosphate anions were studied by monitor-
ing the change in chemical shift of 31P markers of neighboring phosphate 
groups with changing pH. The anionic phosphates present in the oligonucleo-
tide chain electrostatically interacted with the ionizing 9-guaninyl and 2'-OH 
group and as a result the 31P markers showed the pKa of guanine from the pH 
dependant 31P chemical shifts. 

3.3.2 Deshielding of phosphorus resonances in the alkaline pH 
The internucleotidic phosphates in ssDNAs and ssRNAs are fully ionized at 
the studied pH range of 6.6 – 12.5 69,70. Hence the observed downfield shift of 
all 31P resonances from the neutral to alkaline pH is a result of through-space 
repulsive electrostatic interaction of the phosphate anion and the 
G in trimeric ssDNA/ssRNA and heptameric ssDNA as well as the phos-
phate anion and the G 2'-O in heptameric ssRNA. The observed downfield 
shift of the 31P resonances reflects weaker screening of 31P nucleus owing to 
delocalization of charge into its d  orbitals as G becomes G  over the pH 
range of 6.6 – 12.5 and 2'-OH becomes 2'-O at pH values 11.6 – 12.5 in hep-
tameric ssRNAs (8b, 8d, 8f and 8h, Scheme 3). This is very similar to the 
earlier observed downfield 31P shifts in various types of phosphates177-187,
phosphonates178,179 and aminophosphonates179, as they are ionized with in-
crease of pH. 

3.3.3 Non-identical electronic environment around 
internucleotidic phosphates in ssRNA compared to isosequential 
ssDNA
In our work we define pKa1 and pKa2 as the pKa value obtained by monitoring 
the change in H8G and 31P respectively with pH for compounds 7a-h and 
8a-h. In case of trimeric ssDNA (7a, 7c, 7e and 7g, Scheme 3) and ssRNA 
(7b, 7d, 7f and 7h, Scheme 3) as well as heptameric ssDNA (8a, 8c, 8e and 
8g Scheme 3) there is negligible difference between the pKa2 values (see Ta-
ble 1 and Table S1 in Paper III) obtained from the marker phosphates and 
the pKa1 value obtained from H8G of 9-guaninyl [the maximum difference 
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between the pKa1 and any of the pKa2s within a particular sequence is 0.07 pKa
units in 7a among trimers 7a-7h and 0.14 pKa units in 8e among the ssDNA 
heptamers (8a, 8c, 8e and 8g) which is very close to the error limit of ±0.13 
pKa units]. The pKa2 values within a given sequence in trimeric ssDNA and 
ssRNA as well as heptameric ssDNA are also not appreciably different [the 
maximum difference between the pKa2 obtained from the 31P markers p1 and 
p2 is 0.02 pKa units in 7d and 7e among ssDNA/ssRNA trimers (7a-7h).
Among heptameric ssDNA (8a, 8c, 8e and 8g) the maximum difference is 
0.10 pKa units between the pKa2s obtained from the 31P markers, p2 and p3 in 
8g]. Within the heptameric ssRNA sequences (8b, 8d, 8f and 8h, Scheme 3) 
the pKa1 and pKa2 values significantly differ from each other in a sequence 
[the maximum difference between pKa1 and pKa2 (from 31P marker p2) is 0.84 
pKa units in 8h and the minimum difference between the pKa1 and pKa2 (from 
31P marker p4) is 0.05 pKa units in 8b]. In two ssRNA sequences, 8d and 8f,
unfortunately we do not have the pKa1 of guanine from H8 (G) to compare 
with the pKa2 obtained from 31P marker. The pKa2 values obtained from each 
marker phosphates (p2 –p4) in a particular heptameric ssRNAs (8b, 8d, 8f and
8h) also differ from each other depending upon the sequence context [among 
heptameric ssRNAs (8b, 8d, 8f, 8h), the maximum difference between the 
pKa2 values obtained from the 31P markers p3 and p4 in 8f is 0.76 pKa units and 
minimum difference is 0.25 pKa units between the pKa2 values obtained from 
the 31P markers p3 and p4 in 8d].  

31P markers of the internucleotidic phosphates proximal to the 3' and 5' 
ends of the ionization site G  feel the effect of the ionization in the hep-
tameric ssDNA and ssRNA. It has also been observed that only the phosphate 
markers p2, p3 and p4 show the apparent pKa2 of guanine (see Figure 3, in Pa-
per III).

3.3.4 Variable 9-guaninyl pKa values from different phosphate 
markers in heptameric ssRNA 
It has been observed that the pKa of G obtained from the pH dependant 31P
chemical shift (pKa2) of the internucleotidic phosphates in ssDNA/ssRNA 
(7a-h, 8a - h) trimers and heptamers vary depending on the sequences and are 
different from the pKa obtained from pH dependant H8G chemical shifts 
(pKa1) of the 9-guaninyl group in the trimers and heptamers itself. The reason 
for variation of the pKa2 can be explained as a result of variable electrostatic 
potential energy depending on variable phosphate charges and their distance 
from the charge generation site G . The electrostatic potential energy E = Q1
* Q2 /4 0r, where Q1 = G and Q2 = PO2

-1; 0 = permittivity factor (depend-
ing on the microenvironment around each phosphates) and r = distance be-
tween charge generation site and phosphate. The relation suggests that as the 
distance r between the phosphate marker and the charge generation site G
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increases, electrostatic potential energy decreases, which means that the pKa2
from a given phosphate marker should decrease with respect to pKa1 from 9-
guaninyl, provided all the internucleotidyl phosphates experience identical 
microenvironment. From the above relation it can also be justified that the 
nucleobases that are generally in a more hydrophobic microenvironment (i.e 
lower dielectric 4 0) compared to the internucleotidic phosphates, are ex-
pected to have larger pKa1 compared to the pKa2 from the phosphates. Hence 
the observation of pKa1> pKa2 is well expected. On the other hand when a 
particular phosphate shows larger pKa2 compared to the pKa1, a charge rear-
rangements owing to the electrostatic modulation of their electronic character 
by a hydrophobic local microenvironment188,189, which has lower dielectrics 
compared to that of the aqueous environment is suspected to have occured. 
Thus, those specific phosphates which are in a more hydrophobic pockets 
than the others are likely to show relatively higher pKa than the average pKa
normally measured for the internucleotide phosphates (1.5 to 2.1)69,70 and will 
be relatively less ionized. Hence they are likely to be more electrophilic and 
will be easily attacked by nucleophiles such as 2'-oxyanion or the hydroxide. 
These phosphates can undergo transesterification reaction more readily in 
presence of 2'-oxyanion or the hydroxide ion. 

3.3.5 Study of alkaline hydrolysis of heptameric ssRNAs in 
comparison with their G N1-methylated counterparts 
In order to investigate the relation between chemical reactivity at the internu-
cleotidic phosphodiester bonds in heptameric ssRNA sequences and the 
modulation of electrostatic character at each phosphate centers due to forma-
tion of charged centers such as G  and 2'O  at alkaline pH values; alkaline 
hydrolytic cleavage at pH 12.5 and 20ºC was carried out for native hep-
tameric ssRNAs (8b, 8d, 8f and 8h, Scheme 3) and compared with the cleav-
age of the analogous N1-G-methylated (N1-Me-G) heptameric analogues (8i, 8j
and 8k, Scheme 3) under an identical condition. In earlier instances153-163

chimeric sequences with one reactive phosphodiester bond in single stranded 
and hairpin loops have been studied to show that the rate of non-enzymatic 
phosphodiester bond hydrolysis is sequence specific in nature. The hydrolysis 
of hepameric sequences 8b, 8d, 8f, 8h, 8i, 8j and 8k where more than one 
reactive phosphodiester is present at a time brought into light the inter-play of 
all the possible electrostatic interactions present in a real RNA sequence at an 
alkaline pH with ionized phosphate and 2'-OH groups. It has been found that 
(i) In case of the N1-Me-G heptameric ssRNAs (8i, 8j and 8k), the total alka-
line degradation occurs at a slower rate compared to that of the corresponding 
native ssRNA sequences (8b, 8f and 8h). (ii) In the three native heptameric 
ssRNAs (8b, 8f and 8h Scheme 3), alkaline hydrolysis is preferred to give the 
initial products at those internucleotide phosphates (p2, p3 and p4, Figure 3 in 
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Paper III) which show both pKa2 and weaker screening of 31P nucleus in 
alkaline pH compared to the neutral. These preferential cleavages found at the 
internucleotidic phosphates, p2, p3 and p4 (which also show pKa2) in the native 
heptameric ssRNAs, are 16-78% reduced in case of N1-Me-G containing RNAs 
because of disappearance of the electrostatic effect of G (Figure 4 in Paper
III). (iii) The percentile hydrolytic cleavage values at the internucleotidic p2,
p3 and p4 phosphates in 8k is relatively less compared to those in 8h, despite 
the fact the vicinal 2'-oxyanion population is considerably higher in the for-
mer (as evident from the 31P shifts in Figure 5 Paper III). This suggests 
that the relatively high electrophilic character of phosphates in 8h (contrib-
uted both by G  and 2'-O  in the proximity) is perhaps more important for its 
higher rate of the alkaline cleavage reaction than its 2'-oxyanion population 
(compared to that of 8h), keeping in view that all other cleavage requirements 
in 8h and 8k is perhaps very similar because of closely similar sequence con-
text.

3.4 Implications 
Inequalities of the electronic environment around internucleotidic phosphates 
in RNA have tremendous implications in thorough understanding of the ele-
mentary reactions like the transesterification involved in non-enzymatic 
cleavage of RNA. This knowledge can be used in understanding the reaction 
mechanisms of protein nucleases as well. In small and large ribozymes on the 
other hand due to the difference in internucleotoidic phosphate charges 
caused by differential electronic environment (dictated by the sequence con-
text, interaction with metal ion cofactor or by non-covalent interaction 
through distant neighboring group participation, folding pattern, varying hy-
dration capabilities around each of the internucleotidic phosphates), a particu-
lar phosphate with elevated pKa can have increased electrophilicity compared 
to other neighboring phosphates, which as a result may be more viable to 
transesterification reaction. 
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4 -  interactions between stacked 
nucleobases in ssRNA 

The various inter- and intra-molecular non-covalent forces, involving interac-
tions of  systems within themselves as well as with other molecules, are 
considered important in chemical biology and material science. These forces 
are broadly classified as aromatic interactions76,190-197. The theoretical studies 
have shown the importance of these weak interactions involving in base-base 
stackings to stabilize the double helical structure of DNA197. Thses interac-
tions are also present in drug-DNA interaction197, DNA-protein interaction197,
in crystal packing of aromatic molecules198, in stabilizing the tertiary struc-
tures of proteins199, during binding of polyaromatic macrocycles200-208, in 
many host-guest complexation196,205 and also during the porphyrin aggrega-
tions190,206.

4.1 Different types of aromatic interactions 
The major non-covalent aromatic interactions, can be categorized as (i)  – 
interactions,76,207 (ii) CH –  interactions (involving CH of both aryl202-204,208 

and alkyl209,210) and (iii) ion –  interactions (involving both cation- 211,212 as 
well as anion- 213-216). Various forces190-196 stabilizing the aromatic stacking 
interactions include a) van der Waals interactions, b) electrostatics, c) disper-
sion d) charge transfer and e) solvophobic effect. According to Kool et al.217

aromatic stacking interactions between nucleobases in water involve electro-
statics (dipole-dipole and dipole-induced dipole) interactions, dispersion 
(momentary dipole-induced dipole) effects and solvation. The -  aromatic 
interactions can also be categorized according to the geometries76,190,194,196 of 
interactions as: edge-to-face (T-shaped), offset and face-to-face (Figure 5).  

Although controversies exist regarding the most stable geometry of aro-
matic interaction, several studies76,190-194 invoked that edge-to-face (Figure 5a) 
and offset stacked (Figure 5b) geometries are in general energetically favored 
over the face-to-face (Figure 5c) interaction. It was proposed by Hunter et 
al.76,190,191 that during offset stacking and edge-to-face (T-shaped) interac-
tions, attractive atom-  interaction (electrostatic interaction between -
electrons and -framework) was present rather than repulsive -  interaction
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Figure 5. Panel a, b, and c show schematic representation of the geometry of aro-
matic interactions. The negative lobe represents the -electron cloud and the -frame 
work is considered to be relatively positive. Panel d shows electrostatic interaction 
between -charge distributions as a function of orientation of the aromatic moieties. 
The picture in panel d is adopted from ref 190. 

in the face-to-face stacking. However, an attractive face-to-face aromatic 
interaction can be observed between donor-acceptor pairs of negatively 
charged  cloud of unsubstitued benzene ring and positively charged 
framework of the hexafluoro benzene (C6F6)207.
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4.1.1 Predominating forces involved in inter- and intramolecular 
aromatic interactions 
Temperature202-204, concentration201 and solvent201,219 dependant studies on 
simple chemical model systems by NMR (intermolecular and intramolecular 
complexes) as well as computational methods220 were employed to develop a 
thorough understanding of the different non-covalent forces (discussed in 
section 4.1) involved in the aromatic interactions and their extent of participa-
tion in the total interaction. Electrostatics has emerged as an important force 
in folding of model aromatic systems76,190,191,211,212,222-228or cation-  com-
plexes212,225. Dispersion forces220 are proved to be predominating in edge-to-
face aromatic interaction in aryl CH- , and relatively weaker alkyl CH 

Figure 6. Panel (a) – (c) shows schematic illustration of different kind of non-
covalent forces existing between two arene moieties. 

- interactions. Change in self association between offset stacked m-
phenylene ethylene based cyclic and linear systems by changing the nature of 
substituents (electron donating or electron withdrawing) revealed that van der 
Waals interaction218  have been found to predominate in these systems. Stud-
ies on the stacking interaction between representative hydrocarbon and het-
erocyclic aromatic moieties showed the predominance of polarizability of 
aromatic surface over hydrophobicity as major attractive components in such 
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interactions201. The study on foldamers219 revealed that, desolvation of the 
aromatic surfaces provides the dominant driving force for complexation. Par-
tial charge transfer has been proposed to arise from through-space proximity 
between alkyl hydrogen and aromatic moiety in hydrogen-bond like CH-
interaction209 as well as in intra- and intertmolecular stacking226 involving 
indole and adeninium rings. The dominance of polar/  interaction is observed 
in edge-to-face and offset stacked aromatic moieties in 1,8-di-o-
tolylnaphthalenes195,203,204 , in interactions of carboxylate ion and arene229 as 
well as trimethylammonium ion and arene230

4.1.2 Aromatic interactions in nucleic acids  
Aromatic interactions play an important role in pre-organizing the three di-
mensional structure in nucleic acids and their complexes197,231-241 with protein. 
The presence of offset stacking between neighboring nucleobases in DNA197

was observed by Hunter et al. from X-ray crystallographic data followed by 
computer modelling. Recent crystallographic and solution NMR studies on 
cytidine rich DNA fragments forming quadruplexes have proposed the pres-
ence of stabilizing O4' (lone pair) –  (nucleobase)231 interactions. It has been 
found that H- and lone pair-  interactions are present between water mole-
cules and functionally important unstacked residues in the 1.25 Å crystal 
structure of the ribosomal RNA pseudoknot232. Cation-  interactions have 
been identified in protein-DNA complexes along with base stacking and hy-
drogen bonding in stabilizing stair shape motifs 233-235. Cation-  interactions 
have been found between Mg(OH2)6

2+ and DNA bases in the major groove of 
distorted B-DNA236; the anticodon arm of yeast tRNAphe and to the magne-
sium core of the Tetrahymena group I intron P4-P6 domain. Cation-  interac-
tions have been also implicated in DNA bending, DNA-protein recognition, 
base-flipping, RNA folding, and catalysis236. Recently thymine-methyl/
interactions have been shown to be important in sequence-dependant deform-
ability of DNA237. The importance of electrostatic cation-  interactions was 
shown in the protein recognition of m7G part of the mRNA cap by X-ray 
studies along with calorimetric and fluorescence analyses238-240. A key contact 
in the active site of aminoglycoside phosphotransferase enzyme has been 
shown to be a aromatic  stacking interaction between Tyr42 and the ade-
nine ring of bound nucleotides241.
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4.2 Stabilization of nucleic acid structure by base 
stacking
It has been known for a long time now that nucleosides and nucleotides asso-
ciate in polar solvent like water due to hydrophobic interactions with an asso-
ciation constant of 1M-1-10M-1 34. As stacking interactions can play an impor-
tant role in such associations, the thermodynamic parameters of stacking were 
studied in monomeric and oligomeric nucleic acids using vapour pressure 
osmometry,34,251 temperature and pH-dependant NMR,242-246,252 ORD248 as 
well as theoretical simulations247,249. From these studies it was established that 
purine bases are in general more stacked than pyrimidine bases due to larger 
surface area for the former. 

Detailed studies on the effect of dangling end bases on the stability of 
RNA/RNA35,36,39 or DNA/DNA37,38 or duplexes showed they stabilize du-
plexes [free energy of stabilization ( G°) of both the DNA and RNA helix 
lies between -0.5 kcal mol-1 to -1.8 kcal mol-1]253 through stacking interac-
tions even in the absence of H-bonding. Duplex melting studies by 
NMR35and UV36,38,39 brought into light various features of dangling end stabi-
lizations. The above discussed inter- and intramolecular stacking interactions 
between nucleobases in monomeric and oligomeric nucleic acids have how-
ever failed to show any insight into the nature of their stacking interaction. 

4.3 pKa perturbation in biomolecules 
The pKa perturbation has important structural and functional188,189,254-274 impli-
cations for biologically active nucleic acids and proteins. The pKa perturba-
tion can be a result of (a) interaction between charged groups to stabilize the 
structure (b) differential solvent accessibility of charged side chains and (c) 
H-bonding and stacking interactions between the functional groups to stabi-
lize an enzyme substrate complex. The strengthening of H-bonding in the 
transition state compared to the ground state can be well achieved by decreas-
ing the pKa difference ( pKa) between the H-bond donor and acceptor by 
being in a more hydrophobic environment (less dielectrics) in the transition 
state through charge rearrangement compared to the ground state188,189. Thus 
in general the shift in pKa of a functional group from its original values in any 
system can provide information about neighboring charges and their electro-
static interaction, structural perturbation, and differential hydration of the 
microenvironment.

In contrast to proteins where histidine (pKa = 6.0) can be found at the ac-
tive site of enzymes quite often, nucleic acids do not contain functional 
groups with pKa’s near physiological pH. Thus shift of pKa values of RNA 
functional groups to near physiological pH (as has been observed in many 
ribozymes with adenine and cytidine nucleobase)126-129,255-259,262 can diversify 
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RNA’s function by making it a valid candidate for performing general acid-
base catalysis. Biophysical and biochemical studies on leadzymes256,257,
DNA260,261,263,264, proteins265-273 and molecular receptors274 revealed that fuc-
tional groups have altered pKa’s compared to their pKa’s in the monomeric 
units according to the requirement of forming activated complexes for reac-
tions. In some proteins268-273 pKa perturbation on the other hand plays a role in 
catalysis and structural stabilization.  

4.4 Present work (Papers IV - VI) 
4.4.1 Cross-modulation between nucleobases of dimeric and 
oligomeric ssRNA
In absence of H-bonding stacking plays a more important role in the self-
assembly process of ssRNA. It has been shown that the change in physico-
chemical character of a nucleobase can be observed from its neighbor de-
pending upon the orientation of adjacent stacked bases. This can have enor-
mous implications in recognition of the single-stranded RNA which guide 
various fundamental life processes. 

4.4.2 pH titration studies of dimeric and oligomeric ssRNAs
For the pH dependant chemical shift studies, a set of dimeric (6a, 6f, 6h-6l 
Scheme 2), trimeric (9a, 9b Scheme 4), tetrameric (10a Scheme 4), pen-
tameric (10b Scheme 4) and hexameric (10c Scheme 4) ssRNA sequences 
were chosen such that only one among all the nucleobases present in the 
molecule could be exclusively protonated or deprotonated at a given pH 
range at 298 K. The pH dependant chemical shift change of the aromatic 
marker protons of the nucleobases in the dimeric and oligomeric ssRNA’s 
showed that pKa of a ionized nucleobase (protonated or deprotonated) could 
be obtained not only from its own maker protons, but also from the marker 
protons of the neighboring nucleobases. This observation was a result of 
cross-modulation of coupled  systems of the nearest-neighbor aglycones. 
The NMR studies on the ssRNA sequences (dimeric to hexameric) brought to 
light i) the nearest neighbor dependant change in pseudoaromatic character of 
the aglycones, ii) the extent of their propagation in a ssRNA sequence and iii) 
the various electrostatic interactions involved in the stacked nucleobases as 
well as iv) the thermodynamics of the offset stacking. The isomeric dimer 
pairs with all possible aglycone combinations i.e purine-purine (6a and 6f),
purine-pyrimidine (6h and 6j) as well as pyrimidine-pyrimidine (6k and 6l)
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Scheme 4 

showed the two way (3' 5' and 5' 3') cross-modulation of pseudoaromatic 
character of the nucleobase  from the one to the other. 

Chemical shift variation for an aromatic marker proton over the total pH 
range ( N-D) was found to be a direct evidence of interplay of electrostatic 
forces affecting stacking  destacking among neighboring nucleobases. The 
upfield/downfield shift of the marker protons of the various nucleotide resi-
dues of oligo RNA’s with pH ( N-D) was due to more relative stack-
ing/destacking of the nucleobases with the neighbors as a result of ionization 
of a single nucleobase in the oligomers (see Figure 3 in Paper VI for oli-
gomers 6f, 6i, 9a, 9b, 10a-c). Negligible change in chemical shift with pH for 
any marker proton of a nucleobase implied that some of those edges or parts 
of the constituent nucleobase is/are relatively destacked or bulged out 
throughout the pH range studied and hence weak electrostatic interactions 
exist between electron densities of these atoms with nearest neighbor nucleo-
bases and phosphates. N-D in compounds (6f, 6i, 9a, 9b, 10a-c) also showed 
that the repulsive electrostatic forces anion (G )- /dipole(Im -) propagated 
from the first to the third nucleobase quite strongly in the ssRNA’s, causing 
destacking of the helix. The repulsive force however was opposed by electro-
static attractive atom- (major) and anion(G )- /dipole(Py +) interactions. In 
ssRNA sequences it has been observed that H8 (marker for the imidazole 
part of the 9-adeninyl) suffers larger deshielding upon deprotonation because 
of destacking owing to repulsive anion(G )- /dipole(Im -) interactions. H2
(marker for the pyrimidine part of the 9-adeninyl) shows only shielding in the 
deprotonated state because of attractive anion(G )- /dipole(Py +) interactions. 
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4.4.3 Nearest-neighbor interaction between nucleobases and free 
energy of offset stacking in ssRNA 
The partial charge on the nucleobase is altered on protonation or deprotona-
tion as the pH of the medium is changed. The free energy change involved in 
the process corresponds to the pKa of the nucleobase ( GpKa) and is transmit-
ted to the nearest-neighbor, modulating the pseudoaromatic character of the 
neighbors. The change in electronic character of the nucleobase in turn pro-
duced a shift in pseudorotational equilibrium of the sugar moiety ( Gº) (con-
sistent with studies on monomeric nucleosides and nucleotides from the same 
lab)23,275. It is known that in RNA dimer, north-north pseudorotomers produce 
maximum stacking between adjacent nucleobases243. Thus by calculating the 
free energy of pseudorotation we could calculate the pH-dependant free en-
ergy of stacking (-0.3 kJ mol-1 Gºstacking  -3.6 kJ mol-1 for dimers 6a, 6f, 
6h, 6j-l, Paper IV). The thermodynamics of the pH-dependant offset stack-
ing in dinucleotides (6a, 6f, 6h, 6j-l) are shown in Figure 4D in Paper IV.
All the dimers promote destacking with ionization of nucleobase, except in 
CpU  where the formation of 1-uracilylate as a function of pH failed to pro-
mote any destacking ( N-D > 0, and [ Gºstackling]N-state: –2.3 kJ mol-1 compared 
to [ Gºstackling]D-state: –1.9 kJ mol-1). In general, the extent of stacking decreases 
(see Figure 4 in Paper IV) in the following order: 5'-purine-purine-3'  5'-
purine-pyrimidine-3' > 5'-pyrimidine-pyrimidine-3' > 5'-pyrimidine-purine-3' 
at the N-state. Calculation of free energies of pseudorotational equilibrium of 
individual sugar units in neutral and alkaline pH in ssRNA oligomers (6f, 6i, 
9a, 9b, 10a-c) showed more south type conformation in deprotonated oligo 
RNA’s proving the destabilization of the stacked RNA helix at alkaline pH 
upon guanylate ion formation. The difference in free energies between neutral 
and alkaline pH of the oligomers also proved that destacking in ssRNA oli-
gomer has an effect through up to the third nucleotide in the tetra, penta and 
hexamer (see Figure 4 and Figure 5 in Paper VI).

4.4.4 An explanatory model for pKa perturbation in single 
stranded oligonucleotides 
The intrinsic pKa of a nucleobase (G in our case) is the one found in a nucleo-
tidic monomer unit with a single ionizable group along with the electrostatic 
interference of the constituent 3' or/and 5'-phosphates (which is already ion-
ized, pKa 1.5)69,70, but in the absence of any nearest-neighbor nucleobase. In 
single stranded oligonucleotide sequences discussed in the present work, G
(at the 5'-end of the sequence in present section and in the middle of the se-
quence in section 5) is one of the nucleobases which on ionization undergoes 
electrostatic interactions with additional neighboring electronic groups such 
as other nucleobases, phosphates, and the pentose-sugar units. This electro-
static interaction causes the modulation/perturbation of the intrinsic pKa of the 
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G in the single stranded oligomers which is termed as the apparent pKa1. This 
can be quantified by comparison with that of the respective monomer unit, 
GpEt (4a) or Etp(d/rG)pEt (3j/3c). Ideally, such a comparison of the apparent 
pKa1 of the G is best done within the subset of similar length oligomers 
thereby ensuring that the electrostatic effect due to the number of phosphates 
and sugars remains the same within the respective group. The marker proton 
from the neighboring nucleobases (A or C), which are non-titrable in the pH 
range 6.6-12.5, also shows the pKa of G because of the variable electrostatic 
interaction of G/G  with the neighboring electronic groups which is termed as 
apparent pKa2. Three distinct cases of variation of apparent pKa2 (with respect 
to apparent pKa1), within each group of oligomers  have been observed in this 
work: (i) when apparent pKa2 > apparent pKa1, the electrostatic energy input 
from the corresponding reporter nucleobase owing to its nearest-neighbor 
influence and/or its location in a more hydrophobic microenvironment is sug-
gested (Type 2 effect); (ii) when apparent pKa2 < apparent pKa1, an electro-
static screening by the solvent is suggested; (iii) when apparent pKa2 = appar-
ent pKa1, it means there is no additional electrostatic energy input from the 
electronic character of the neighboring nucleobase (Type 1 effect). Both the 
apparent pKa1 and apparent pKa2 are site specific and depend on the relative 
difference in the microenvironments between the ionization site (at G to G  in 
our case) and the position of the neighboring nucleobases in the sequence. 
Both are the result of the two-state protonation deprotonation equilibrium. 
The occurrence of apparent pKa2 at a distal site is a result of the electrostatic 
relay of the apparent pKa1 from the guanine ionization site. The actual trans-
mission of pKa is however modulated by the microenvironment and the re-
sulting electronic nature of the nucleobase at the distal site. If the microenvi-
ronment around any of the distal nucleobases in a sequence is different, then 
the specific local hydrophobic environment around that nucleobase will (in 
comparison with the aqueous environment) have altered charge density and, 
as a result, will show different pKa2’s in a sequence-specific manner.  

4.4.5 Shift in pKa value of the 9-guanylate in a ssRNA sequence 
compared to its corresponding monomer unit
The intrinsic pKa of 9-guaninyl from H8G in G pEt (4a) is 9.25 while the 
apparent pKa1 of 5'-Gp/pG-3' (from H8G marker proton) residue in oligo-
ssRNAs (6a, 6c, 6f, 6i, Scheme 2) (9a, 9b, 10a-c Scheme 4) vary as follows: 
9.42±0.01 in ApG  (6a); 9.45±0.02 in CpG  (6c); 9.17±0.02 in G pA (6f); 
9.56±0.01 in G pC (6i); 9.75±0.02 in G pApA (9a); 9.88±0.02 in G pApC
(9b);9.76±0.01 in G pApApC (10a); 9.82±0.01 in G pApApApC (10b) and 
9.76±0.01 in G pApApApApC (10c) (Table 1 in Paper VI). This is due to 
the creation of differential microenvironment for the nucleobase, as a result of 
modulation of pseudoaromaticity through nearest neighbor offset stacking 
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interaction when placed in different sequence context. The nucleobase (9-
guaninyl) in trimers (9a, 9b), tetramer (10a), pentamer (10b) and hexamer 
(10c) shows more basic pKa compared to monomer (4a) or dimer (6a, 6c, 6f, 
6i) because of both the neighboring nucleobases and phosphates (Table 1 in 
Paper VI). The pair wise comparison in dimer and trimer level show: pKa of
9-guaninyl in G pA (6f, 9.17 ±0.02)/G pC (6i, 9.56 ±0.01) giving [ pKa](6i) – 

(6f)  0.39. Similarly G pApA (9a, 9.75 ±0.02) and G pApC (9b, 9.88 ±0.01) 
shows [ pKa](9b) – (9a)  0.13. Thus, the pKa of N1-H of 9-gunaniyl residues is 
sequence dependant since the two set of dimers and/or trimers have the same 
phosphate charge but different nucleobase at the 3' or 5' end of G and their 
pKa differs. Moreover the trimers (9a, 9b) have the same phosphate charge 
but there is a slight difference in the pKa of 9-guaninyl residue [ pKa](9b) – (9a)

 0.13 which can be attributed to the difference in nucleobase sequence. This 
also suggests that the chemical nature of the nucleobase steers the pKa of the 
nearest neighbor nucleobase(s) more effectively than the phosphates although 
latter being negatively charged also imparts electrostatic effect through phos-
phate-nucleobase interaction. 

4.4.6 Different pKa value in nucleobase due to dissimilar 
electrostatic interaction in 3'- versus 5'-phosphate 
Comparison of the pKa of 9-guaninyl in GpEt (4a) (9.25 ±0.02) and EtpG 
(5a) (9.57 ±0.01) shows that the 5'-phosphate makes the pKa of 9-guaninyl 
more basic ([ pKa](5a) – (4a)  0.32) compared to the 3'-phosphate (Table 1 in 
Paper VI). This is due to the electrostatic interaction as a result of the spatial 
proximity of the negatively charged 5'-phosphate and the fused imidazole 
moiety of the 9-guaninyl (in the anti conformation) thereby enhancing the 
electron-density in the fused pyrimidine moiety giving an overall increase of 
pKa of 9-guaninyl.  

4.4.7 Variation in the pKa values of 9-guaninyl as obtained from 
different marker protons of nucleobases across the ssRNA single 
strand
The variation of apparent pKa2s ( pKa) for 9-guaninyl ionization as measured 
from the aromatic marker protons of other nucleobases i.e. A’s and C’s (Ta-
ble 1 in Paper VI) across the strand in ssRNA are: pKa = 0.85 for hexameric 
(10c); pKa = 0.48 for pentameric (10b); pKa = 0.15 for tetrameric (10a)
ssRNA respectively. Similar pKa’s for trimeric ssRNA are relatively small. 
Thus, the corresponding o

pKaG values (in kJ mol-1) which are 4.8 for 10c;
2.8 for 10b and 0.9 for 10a have been attributed to the variable strength of 
electrostatic interactions of the offset stacked nucleobases among themselves 
as well as with the phosphates, across the strand in ssRNA. The variable pKa



45

values of 9-guaninyl ionization as obtained from marker protons (H2A, H8A, 
H5C, H6C) of other nucleobases show that the Type 2 effect predominates in 
ssRNA oligomers.  

4.5 Implications 
The pH dependant studies on ssRNA’s help to understand how the change in 
electronic environment brought about by protonation or deprotonation of a 
particular constituent nucleobase can affect microenvironment of its own and 
the neighboring nucleobases, thereby influencing the self-assembly process of 
the ssRNA in general. This study shows that the change of microenvironment 
around a certain nucleobase propagates across the nucleotydic strand in vari-
able manner depending upon the nature of nearest-neighbor aromatic interac-
tions. The anionic and cationic centers generated in the ssRNA on changing 
the pH mimic the change of the environment due to binding of a ligand to the 
ssRNA. The ligand binding involves week non-covalent forces like electro-
static, hydrophobic and van der Waals as well as relatively strong forces like 
H-bonding and stacking between interacting moieties. The modulation of the 
pseudo-aromatic character of the nucleobase caused by environment depend-
ant changes can hence dictate the ligand binding properties by steering the 
strength of molecular interaction forces. The spread of electrostatic interac-
tions due to ssRNA, and/or ligand interaction can be controlled by the 
neighboring nucleobases depending upon whether they are electronically 
coupled i.e (stacked or not) thereby acting as an on-off switch in such mo-
lecular recognition process. 
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5 Sequence specific recognition in nucleic 
acids

It has been found that both ssDNA and ssRNA sequences are involved in 
protein recognition through sequence specific binding in many biological 
process like transcription, replication and recombination. Besides this, DNA 
and RNA aptamers63-65,289-301 also bind to a large variety of ligands (like co-
factors, amino acids, nucleotides, saccharides, antibiotics, peptides, proteins 
and other nucleic acids) with high sequence specificity and affinity. The se-
quence specific interactions in nucleic acids can be classified as i) ssDNA-
protein interactions276-282 and RNA-protein interactions283-288 and ii) Aptamer 
binding to ligands63-65,289-301. Thus studies on sequence specific interactions in 
nucleic acids guide various cellular processes as well as shed light on struc-
ture recognition and catalytic function of nucleic acids. 

5.1 Sequence specific interactions of ssDNA and ssRNA 
with proteins 
Many ssDNA have shown their functionalities on binding to specific proteins 
in a sequence specific manner276-282. The DNA binding proteins include i) 
gene regulatory proteins276,277,280 ii) proteins for which DNA is a sub-
strate278,279 like polymerase, topoisomerase and recombinase. The single 
stranded regions (sequence containing 5'-GTACCACC-3') in promoters of 
several cellular and viral genes interact with high affinity towards transcrip-
tion factors 276 and optimize rates of transcription. The ssDNA binding do-
main of the protein Cdc13277, shows high sequence specificity for GT rich 
sequences in yeast telomeres. The RecA278,279protein in the presence of ATP 
binds preferentially to the less stacked polypyrimidine ssDNA sequences. On 
the other hand, the presence of stacked purine rich sequences obstructs recA 
polymerization. Autoantibody 11F8 sequence282 specifically recognizes a 
19mer ssDNA sequence which has TCC as the tenth, eleventh and twelvth 
residues respectively. The sequence specificity in DNA-protein interaction 
may arise from designated interaction of protein with a specific DNA struc-
tural variant which is characteristic of a specific sequence. 

Several ssRNA283-288 have also shown to interact sequence-specifically 
with proteins. The interactions between RNA and protein is through i) van 
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der Waals contacts ii) hydrogen bonding, iii) salt bridges and iv) stacking 
interactions. Examples of such interactions can be found in sex-lethal pro-
teins284 binding to uridine rich sequence (UGUUUUUUU) of one of the in-
trons of mRNA precursor; in the recognition of 3'mRNA poly(A) tail by 
poly(A) binding protein (PABP)285 ; in transcription termination factor Rho287

protein in its associates with two consecutive cytidine nucleotides and in the 
tRNA binding attenuation protein (TRAP)286  that can bind to target sequence 
within ssRNA.

5.2 Sequence specific ligand binding of aptamers
The ligands recognized by aptamers tend to be planar, contain H-bond donat-
ing and accepting groups as well as positively charged groups. Aptamers on 
the other hand generally use purine rich sequences engaged in non-canonical 
base pairing interactions and tend to arrange for proper surfaces and H bond 
donors and acceptors for proper ligand binding. Irregular chain topologies, 
across helix stacking along with H-bonding as well as hydrophobic and elec-
trostatic interactions stabilize the active conformations of the complex. The 
RNA aptamers include sequences binding to nucleotide cofactors like FMN63,
AMP63 and ATP63; amino acids like L-Arginine63 and L-Citrulline63, drugs 
like Theophylline63, and antibiotics like Tobramycin63 and Neomycin B63.
DNA aptamers on the other hand binds to thrombin64, HIV-I reverse tran-
scriptase64, ATP63, human neutrophil elastase (HNE)64 and arginine63. G-
quartet65 and i-motifs have been identified as an important motif involved in 
ligand binding in all of these DNA sequences. Single stranded DNA 
(DNAzymes)292-300 have also been shown to form specific binding pockets 
similar to RNA and to catalyse chemical reactions. Aptamers are selected 
from large libraries of DNA and RNA by invitro selection procedure289,290.

5.3 Present work (Paper VII) 
Importance of sequence-specific interactions in nucleic acids is evident from 
our studies described in sections 5.1 and 5.2. Sequence specificity is an in-
trinsic property of single stranded nucleic acids and has been shown even in 
small heptameric ssRNA and ssDNA sequences. The chemical reactivity of 
single stranded nucleic acids is thus expected to be strongly modulated by 
sequence context. 
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5.3.1 pH titration studies on trimeric and heptameric ssRNA as 
well as ssDNA 
Heptameric and trimeric ssDNA/ssRNA molecules (8a-h and 7a-h, Scheme
3) are designed in a way that, among all the aromatic residues present, only a 
single nucleobase (central 9-guaninyl moiety) ionizes at alkaline pH. Varia-
tion of electronic environment around 9-guaninyl has been studied depending 
on the sequence context of oligonucleotides. Efficiency of the electrostatic 
propagation of ionization of 9-guaninyl (G  formation) through the neighbor-
ing nucleobases has been investigated in various ssDNA or ssRNA se-
quences. The trimeric sequences (7a-h Scheme 3) were used for comparison 
with heptamers to show how the electrostatic effect of the G  in the trimeric 
sequences is modulated when it is inserted in to a larger oligomer with an 
altered sequence context. 

5.3.2 Sequence dependant pKa modulation of the central 9-
guaninyl (pKa1) in heptameric ssRNA and ssDNA sequence 
The apparent pKa (pKa1) of G in ssDNA trimers (7a, 7c, 7e, 7g Scheme 3) 
varies from 9.49 ± 0.01 to 10.24 ± 0.01 ( pKa1= 0.75); in ssDNA heptamers 
(8a, 8c, 8e, 8g Schene 3) varies from 10.39 ± 0.01 to 11.06 ± 0.01 ( pKa1=
0.67); in trimeric ssRNAs (7b,7d,7f,7h Scheme 3) varies from 10.03 ± 0.01 
to 10.25 ± 0.01 ( pKa1= 0.22) whereas in heptameric ssRNAs (8b, 8d, 8f, 8h
Scheme 3) it varies from 10.09 ± 0.02 to 10.58 ± 0.01 ( pKa1= 0.49). The 
variation in apparent pKa ( pKa1) of G observed within the set of the trimeric 
or the heptameric ssDNAs/ssRNAs is a measure how variable its pseudoaro-
matic character is within each group as a result of variation of the respective 
sequence, while the phosphate charges or/and the pentose sugar units within 
each group of trimers or heptamers remains the same. When the apparent pKa
( pKa1) variation of the G in ssDNA trimers (7a, 7c, 7e, 7g) is compared with 
the corresponding ssDNA heptamers (8a, 8c, 8e, 8g) and, the ssRNA trimers 
(7b, 7d, 7f, 7h) with the corresponding ssRNA heptamers (8b, 8d, 8f, 8h) the 
effect of different microenvironments owing to their respective nearest-
neighbors depending upon the chain length, phosphate charges or/and the 
pentose sugar units, as well as the sequence-context as a result of variable 
stacking is observed. 

The apparent pKa1 of G in heptameric ssDNAs (8a, 8c, 8e, 8g) and
ssRNAs (8b, 8d, 8f, 8h) is always more basic compared to the pKa of G in 
their monomeric counterparts EtpdGpEt (3j) and EtpGpEt (3c) respectively 
(Table 1 Paper VII). By plotting such a difference in pKa of G [i.e., pKa,
where pKa = {(pKa of G) from H8G in ssDNA or ssRNA} - {(pKa of G)
from H8G in EtpdGpEt or EtpGpEt}] as a function of either (i) the chemical 
shift of G (see Figure 3a in Paper VII) or (ii) the oligomerization shift (see 
Figure 3b in Paper VII) (difference in chemical shift between the monomer 
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and oligomer), within the series of heptameric ssDNA and ssRNA sequences 
(in which the number of phosphate charges remain the same) at the neutral 
pH, we have shown the effect of the sequence context promoted modulation 
of the respective chemical environments. Both these plots show a correlation 
with a high correlation coefficient (0.9 and 0.85, see Figure 3 in Paper VII). 
The chemical shift ( H8) and the oligomerization shift of G are manifesta-
tions of the strength of stacking of G with its nearest neighbors as well as the 
sugar-phosphate backbone conformation around G in the heptameric ssDNAs 
and ssRNAs. Such high correlation reveals that the pKa perturbation ( pKa)
of G in any oligomer increases with its increasing stacking interaction with 
the nearest-neighbors. The most up-field shifts at the N-state as well as 
higher oligomerization shifts for G occur in the sequences with 5'-purine(A)-
G-purine(A)-3' in the middle (as in the heptamers 8a and 8b) compared to all 
ssDNA/ssRNA sequences; and the least up-field shifts at the N-state as well 
as lowest oligomerization shifts for G in sequence having 5'-pyrimidine(C)-
G-pyrimidine(C)-3' in the middle (as in the heptamers 8g and 8h) compared 
to all ssDNA/ssRNA sequences show that the former sequence G is most 
stacked and in the latter sequence G is least stacked among the heptameric 
ssDNA and ssRNAs (8a-h). However, in the case of trimeric ssDNA and 
ssRNA sequences (7a-h), such correlations could not be obtained, as their 
structures are presumably more random than those of the heptamers. 

5.3.3 The electrostatic cross-modulation and pKa perturbation of 
9-guaninyl (pKa2) among neighboring nucleobases in heptameric 
ssRNA and ssDNA sequence 
The variable apparent pKa2 obtained from marker protons of nucleobase moie-
ties, A and C in trimers (7a, 7c, 7e, 7g, Scheme 3) and (7b, 7d, 7f, 7h, 
Scheme 3) and heptamers (8a, 8c, 8e, 8g, Scheme 3) and (8b, 8d, 8f, 8h, 
Scheme 3) is the result of cross-modulation of pseudoaromatic character of 
centrally located G residue to the neighbors, owing to tandem nearest-
neighbor electrostatic interactions. This gives rise to Type1 effect (pKa of 9-
guaninyl from the neighboring nucleobases is the same as 9-guanylate ion) as 
the most predominant type of electrostatic interactions among the coupled 
nucleobases in all trimeric ssDNAs and ssRNAs and heptameric ssDNA se-
quences. This is because the pseudoaromatic characters of A or C in the 
above sequences have been similarly modulated by the electrostatic interac-
tion of the G  (apparent pKa2, Type 1 effect) which means that the pseudo-
aromatic characters of As and Cs at both 3'- and 5'-ends are uniform. Both 
Type 1 and Type 2 effects (pKa of 9-guaninyl from the neighboring nucleo-
bases are larger than that of 9-guanylate ion, owing to their own intrinsic 
electronic property) were however observed in the apparent pKa2 for the hep-
tameric ssRNAs (8b, 8d, 8f, 8h) depending on the respective sequence con-
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text (see Table 1 Paper VII). Heptameric ssRNA sequence r(5'CAAGAAC-
3')(8b) (G flanked by 5'-A and 3'-A) showed comparatively poorer ( pKa2 = 
0.23) cross-modulation of pKa of G by the neighboring nucleobases (Type 1 
effect) while the sequences r(5'-CAAGCAC-3') (8d) ( pKa2 = 0.56, G is
flanked by 5'-A and 3'-C), r(5'-CACGAAC-3') (8f) ( pKa2 = 0.43, G is
flanked by 5'-C and 3'-A), and r(5'-CACGCAC-3') (8h) ( pKa2 = 1.25, G is 
flanked by 5'-C and 3'-C) show higher crossmodulation of pKa, owing to the 
variation of the apparent pKa2 (Type 2 effect) as a result of sequence-
dependant nearest neighbor effect. Thus it is evident that the pKa2 perturba-
tion within the sequence is maximum when the neighboring nucleobases of G
are pyrimidines, whereas it is minimum when the neighboring nucleobases of 
G are purines. Moreover the variation of the pKa of G as measured from the 
marker protons of As (apparent pKa2, Type 2 effect) shows the modulation of 
the pseudoaromatic character of As in (8d), (8f), and (8h) (Table 1 Paper 
VII). Thus the 3 A’s in (8d) are not identical, nor are the 3 A’s in (8f) nor the 
2A’s in (8h). This is due to the different partial ionic charges for the adenines
owing to the differences in their intrinsic pseudoaromatic characters depend-
ing upon their nonidentical microenvironments. The pseudoaromatic charac-
ters of Cs have also been assessed by comparing the pKa’s of G as measured 
from the neighboring marker protons of Cs (apparent pKa2, Type 2 effect). 
This also shows that the pseudoaromatic characters of 3C’s in (8d), 3C’s in
(8f) and 4C’s in (8h) are electronically non-uniform.

By comparing the propagation of electrostatic interaction in 
ssDNA/ssRNA sequences, it has been found that for trimeric ssDNA (7a, 7c,
7e, 7g) and ssRNA (7b, 7d, 7f, 7h) sequences electrostatic transmission was 
observed to be similar both at the 3'- and 5'-direction of G. In contradistinc-
tion, the transmission of electrostatics interaction (manifested in apparent 
pKa2 obtained from the neighbors) of G in 3'- and 5'-directions in heptameric 
ssDNAs/ssRNAs is different depending upon the sequence context in the 
deoxy versus ribo series. The distance up to which the effect of electrostatics 
of G  is transmitted through the neighboring nucleobases (as evident by ob-
servation of apparent pKa2) is shown in Figure 2 Paper VII.

5.4 Implications 
The result of transmission of electrostatic properties of an ionized nucleobase 
to its neighbors as well as the interactions between the base-base stacked 
neighboring aglycones in a single stranded nucleic acid sequence is the crea-
tion of a unique set of aglycones in an oligo or polynucleotide. The physico-
chemical properties of these nucleobases are completely dependant upon the 
nearest neighbor electrostatic interactions. Thus in a RNA sequence, 
P1Q1NQ2P2, the actual physico-chemical integrity of N is dictated by the 
pseudoaromatic character of both neighboring Q1 and Q2, whose properties 
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are further tuned by the electronic nature of P1 and P2. Hence, the relative 
stacking destacking in any two adjacent nucleotides will actually set the ON 
and OFF switch for the tunability of the pseudoaromatic character of a par-
ticular nucleobase, N. Thus, the pseudoaromatic character of N can have at 
least 24 numbers of variations, depending upon the chemical nature of the 
neighboring Q1 and Q2, which depends on the intrinsic dynamics of folding 
and unfolding within the molecule owing to the sequence context or interac-
tion with an external ligand. This has considerable implication in the specific 
ligand binding ability, aptamer recognition, RNA catalysis, and most proba-
bly in codon-anticodon interaction. On the other hand, the conformational 
flexibility of ssRNA allows it to create different scaffolds and nascent folded 
states with the characteristic tunable dielectrics, giving variable microenvi-
ronments (resulting in to larger pKa variation), which is manifested in its dual 
biological role in general, as we witness in the translation machninery and 
catalysis. 
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6 Importance of single-stranded and duplex 
structures in functioning of nucleic acids 

6.1 Role of single- and double-stranded nucleic acids in 
biological process 
H-bonding, stacking and electrostatic interactions28-39,63-65 are important fea-
tures in nucleic acid structure and recognition. In the single stranded form of 
nucleic acids the active groups available for interactions are well exposed. 
Recognition mainly takes place through single stranded regions in RNA and 
DNA, however double stranded DNA has been known to be recognized by 
ligands through intercalation302,303 and helical interactions in the minor304 and 
major groove305.

A number of examples regarding importance of single-stranded nucleic 
acid in RNA structure lies in the stabilization of the cloverleaf structure of 
tRNA306 by the 3'-terminal CCA end of tRNA, which is involved in aminoa-
cylation reaction. Codon-anticodon recognition takes place through base pair-
ing between tRNA and mRNA single strands307. A dangling nucleotide35-39 at 
the end of both DNA and RNA duplexes is known to increase the duplex 
stability (discussed in section 4.2). A dangling nucleotide at the 3'-end is 
known to stabilize one of the stems in the RNA pseudoknot structure308. Sin-
gle unpaired base bulges in RNA duplexes enhance309,310 the stability of the 
RNA more compared to the fully base paired counterpart. The catalytic activ-
ity of Group I introns depend on recognition of a short complementary se-
quence called the internal guide sequence (IGS) in the enzyme by the sub-
strate by base pairing to form the P1 helix164,165. Recognition and interaction 
with many ligands including proteins also take place with ssRNA and 
ssDNA276-280,282,311-319 (as discussed in section 5.1) The ssDNA binding pro-
teins belong to either of the two following categories: (i) those that recognize 
a particular sequence of nucleic acids like the transcriptional regulation pro-
teins,276 and the proteins involved in telomere replication277 and (ii) those that 
specifically interact with the minor and major grove of DNA278-280 like Es-
cherichia coli ssDNA binding protein, RepA protein280 or RecA protein278,279.
The stacking interaction between aromatic side chain of proteins and nucleo-
baes are considered to be a major force in the binding process320 for proteins 
undergoing the second kind of interactions. Stacking between aromatic amino 
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acids and nucleic acid bases plays an important role in the specificity of the 
enzyme for its complex with nucleic acid substrate. 281 

The most abundant secondary structural motif of nucleic acids is the homo 
(DNA-DNA/RNA-RNA) and hetero (DNA-RNA/RNA-DNA) duplex forma-
tion. Duplexes are an integral part of cellular processes like transcription and 
DNA replication, as well as intermediates in the reverse transcription of ret-
roviral RNAs like HIV. Duplex stability is also an important factor in the 
design of gene silencing agents24,321-323 such as, trans-cleaving ribozymes321,
small interfering RNAs321 and antintisense oligonucleotides24,321-323 where 
RNA/RNA or DNA/RNA duplex formation is a necessary step for degrada-
tion of the targeted mRNA.Thus an in-depth understanding of the conforma-
tional preorganization of the ssDNA and ssRNA as well as the factors affect-
ing stability of duplex structures is a pre-requisite for understanding the vari-
ous intra and intermolecular functionalities. 

6.2 Characterization of single-stranded nucleic acid 
structures using NMR spectroscopy and NMR 
constrained Molecular Dynamics

Three types of regular helical pattern are commonly found in solution for 
DNA/DNA and RNA/RNA duplexes: A-, B- and Z-type, as discussed previ-
ously in section 1. By analyzing the relative intensities of aromatic to sugar 
residue (n, n+1, n-1) inter- and intra-residue NOESY324 cross-peak volumes 
(distance between two protons can be estimated from cross-peak volume) as 
well as 3J1H-1H and 3/4J1H31P coupling constants valuable information can be 
obtained regarding helical characteristics, backbone and sugar puckering in 
nucleic acid duplexes. A schematic representation of the intra and inter proton 
contacts less than 5Å between nucleotide units in one of the strands of duplex 
are shown in Figure 7a for A-, B- and Z-type DNA/DNA or RNA/RNA du-
plexes. Due to the presence of syn guanosaine in Z-type DNA/DNA or 
RNA/RNA duplex, the intensity of intra-residue cross-peak between H1' and 
H8G (2.2 Å) is much stronger than that in A-and B-type DNA/DNA or 
RNA/RNA duplex. The inter residue (H8/H6)n–(H1'/H2'/H3')n-1 cross-peaks 
on the other hand is stronger (2 – 5.1 Å) for A and B type duplexes compared 
to that of Z-type duplex ((H8G)n+1-(H1'/H2'/H3')n is 6.9 to 8 Å). The inter 
residue cross-peak intensity (H8)n+1 –(H4'/H5'/H5'')n is stronger (3.3 to 4.7 Å) 
in guanosine moieties of Z-type duplexes compared to A- and B-type du-
plexes (6.9 to 7.2 Å). A- and B-type DNA/DNA or RNA/RNA duplexes can 
be differentiated from each other on the basis of relative intensity comparison 
of intra residue (H8/H6)n – H1'n and (H8/H6)n – H3'n as well as inter residue 
(H8/H6)n – H1' n-1 and (H8/H6)n – H3' n-1 cross-peak. In A type helix as the 
sugar is in 3'-endo conformation the(H8/H6)n – H3' n-1/ (H8/H6)n  – H3' n
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cross-peak is stronger (~3Å) than(H8/H6)n – H1' n-1 / (H8/H6)n – H1' n cross-
peak. In B type helix the sugar is in 2'-endo conformation and hence (H8/H6)n
– H1' n-1/ (H8/H6)n – H1' n cross-peak is stronger (~3Å) than (H8/H6)n – H3' n-1

Figure 7. Interproton contacts less than approximately 5Å (marked by arrows) ob-
served in nucleoside moieties of one of the strands of A-type (panel a), B-type (panel 
b) and Z- type (panel c) DNA/DNA duplex. Similar contacts are observed for 
RNA/RNA duplex. It should be noted that the distances involving exchangeable 
protons are omitted. The thick arrows in panel a, b and c are used to highlight the 
relatively shorter (within 3Å) interproton distances giving rise to stronger NOESY 
cross peaks. 

 / (H8/H6)n – H3' n cross-peak. 
For both A- and B-type DNA/DNA or RNA/RNA duplex t and + is the 

preferred backbone conformation where the four bonds H4'-C4'-C5'-O5'-P are 
located in the same plane forming a W-shaped conformation. This is evident 
from the strong cross-peak intensity of Pn-H4'n. Similarly if a detectable 4JH2'P
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coupling is observed in a DNA/DNA or RNA/RNA duplex it suggests the 
predominance of  conformation in the duplex.  

The NMR data (inter and intra proton distances and dihedral angles) can 
be used as constraints for determination of refined structures using molecular 
dynamics both at constant temperature (restrained molecular dynamics)325-327

and by the temperature cycling protocol (simulated annealing)326,327. The pro-
tocols used for refinement of NMR structures are dependant on personal 
choices as well as trial and error. The final converged structures obtained are 
coherent with the experimental observation made by NMR and have a low 
RMSD (root-mean-square deviation) value between them. The structures 
obtained are not guaranteed to be at a global energy minima in the potential 
energy curve but are near to it. 

6.3 Present work (Papers VII-IX) 
Structural preorganization is very important for proper functioning of nucleic 
acids. The existing literature lacked in studies on structural aspects of single 
stranded nucleic acids which prompted us to investigate the helical pattern 
and stacking geometry of ssDNA as well as ssRNA. Extent of H bonding and 
stacking forces involved in duplex stabilization was also brought into light. 

6.3.1 Observation of right handed helical pattern in ssDNA and 
ssRNA
The NOE footprint patterns in the NOESY spectra of hexameric ssDNA (10d
Scheme 4) and ssRNA (10c Scheme 4) in aqueous solution have shown that 
they have right-handed helical structure. The presence of NOE connectivity 
[(H6/H8)n to (H1', H2'/'', H3')n-1] for both the ssRNA (10c) and ssDNA (10d)
hexamers show that the single-stranded hexamers follow a right-handed heli-
cal conformation which is typical of the A or B-type double-stranded struc-
tures. The absence of (H6/H8)n to (H5'/'')n-1 cross-peaks rules out the presence 
of Z-type conformation. In a comparison of NOESY footprints of hexameric 
ssDNA (10d) and ssRNA (10c) (see Table 4 and Figure 3 in Paper VIII) it 
has been found that the intra residue cross-peaks (H6/H8)n–(H3')n and (H5) n-
(H3') n, as well as the inter residue cross-peaks (H6/H8)n–(H3')(n-1) and (H5) n–
(H3')(n-1), are significantly stronger in the ssRNA (10c) hexamer than in the 
ssDNA (10d) counterpart. In contrast, the interresidue (H6/H8)n–(H1')(n-1)
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Table 3. Helical parameters and interproton distances that distinguish the A-type, B-type and Z-type 
DNA/RNA duplex and comparison with the ssDNA/ssRNA structures obtained in Paper VIII

The helical parameters and cross-peak intensities categorized as strong (S, < 3Å) 
medium (M, 2.5-4 Å) or weak (4-5 Å) as obtained for hexameric ssDNA and ssRNA 

Properties of DNA  
and RNA Helix A-type 

DNA/DNA 
or

RNA/RNA

B-type 
DNA/DNA

or
RNA/RNA

Z-type 
DNA/DNA 

or
RNA/RNA

ssDNA ssRNA

Helicity Right 
handed 

Right 
handed 

Left handed Right 
handed 

Right 
handed 

Base pair per repeat 1 1 2 1 1 

Base pair per turn 11 10 12 - - 
Sugar conformation North South South for C; 

North for G 
South North 

Glycosidic bond anti anti anti for C; 
syn for G 

anti anti 

Width(Å) 11.0 5.7 4 - - Minor 
groove 

Depth(Å) 2.8 7.5 9 - - 

Width(Å) 2.7 11.7 Convex - - Major 
groove Depth(Å) 13.5 8.5 Convex - - 

t  t  t  t  t

+ + + + +
Torsion
angles 

t t t t

H6/H8n– H1'n-1 4.34 3.01 6.98 G

(4.8)C
S S 

H6/H8n– H3' n-1 3.25 5.10 6.89 G

(3.55) C
M S 

H6/H8n– H4'n-1 5.21 6.03 6.13 G

(4.76) C
M M 

H6/H8n– H5'n-1 6.15/6.73 7.25/6.89 3.31G (6.08)C

/
4.66 G (6.07)C

-/- -/- 

H5n – H1'n-1 5.00 3.80 5.18 C M W 
H5 n – H3' n-1 3.70 5.47 4.41 C W M 
H2 n – H1'n-1 3.48 4.64        5.20 M S 

Interpro-
ton 
distances

H5 n – H6/H8 n-1 3.44 3.64 5.15 C M M 



57

are presented together for easy comparison. Superscript C indicates n is cytosine 
residue and superscript G indicates n is guanine residue. See reference 59-61 for 
other nucleobase containing duplexes that give Z-DNA 

and (H5)n –(H1')(n-1) cross-peaks are stronger in ssDNA (10d) compared to 
ssRNA (10c). The distances involving the H3' proton is the main differences 
between the ribo and the deoxy hexamers (Figure 3E Paper VIII). The sugar 
proton 3JH1' couplings show that the sugar units of the hexameric ssDNA 
(10d) are predominantly in south conformation (C2'-endo), which is charac-
teristic for B-type DNA duplex conformation, while the sugar units of the 
hexameric ssRNA (10c) are predominantly in north conformation (C3'-endo)
(Table 1 Paper VIII), which is in turn associated with A-type conformation. 
Conformation for ssRNA (10c) was thus found to be predominantly right 
handed A-type helix and that of ssDNA (10d) was found to be right handed 
B-type helix.  

6.3.2 NMR constraints and Molecular dynamics protocol for 
structural analysis of ssDNA and ssRNA  
Starting ssDNA and ssRNA structures for molecular dynamics at constant 
temperature (298 K) were built from B-type antiparallel duplex for ssDNA 
hexamer and from A-type antiparallel duplex for ssRNA hexamer. The single 
stranded structures of hexameric DNA and RNA were solvated in water with 
Na+ counterions used for neutralizing the phosphate charge. Molecular dy-
namics was run at 298 K (protocol described in Paper VIII) for 1.5 ns by 
introducing NMR constrains (Table 4) for both ssDNA and ssRNA. The 
simulation was stopped when RMSD and energy profile of the trajectory 
reached equilibrium at 298K.  

Table 4. NMR constraints used in structure calculations

Type of NOE constrain Number of constrains 

Intranucleotide NOEs 95 for ssDNA; 70 for ssRNA 
Internucleotide NOEs 46 for ssDNA; 41 for ssRNA 
Dihedral restrains      16 
Another set of simulations were performed with temperature cycling pro-

tocol (100 K to 450 K and back to 100K) with ssDNA and ssRNA (protocol 
in Paper VIII) to ensure that the starting structures can take a variety of con-
formations due to elevated temperatures. The starting ssDNA structure was 
the less preferred A-type and starting ssRNA structure was the less preferred 
B-type which were also solvated in a box filled with water molecules with 
added Na+ ions. The NMR constrains used were same as in molecular dynam-
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ics at constant temperature. The final set of structures obtained by simulated 
annealing was the same as obtained by constrained molecular dynamics and 
the RMSDs were also comparable (<1.8Å for ssDNA and <1.7Å for ssRNA) 

6.3.3 Difference in stacking geometry of ssDNA vs. ssRNA as 
observed from NMR constrained MD simulation 
pH titration of ssRNA (10c) showed that the H8A is deshielded with pH 
while H2A remains non-responsive. In ssDNA (10d) on the other hand 
H2A is deshielded with pH and H8A remains non-responsive. This hints at 

different orientation of the base-base stacking in the ground state in ssRNA 
(10c) compared to ssDNA (10d). The NMR- constrained molecular dynamics 
showed that overlap of neighboring nucleobase of ssRNA as well as ssDNA 
is guided by attractive electrostatics between the relatively electron-deficient 
pyrimidine and the relatively electron-rich imidazole moieties at each dinu-
cleotide step. The difference between ssRNA and ssDNA lies in the relative 
directionality of this interaction. The MD snapshots zooms highlighting the 
stacking geometries of each dinucleotide step of the hexameric ssDNA (10d)
and ssRNA (10c) (Figure 6, panels C and D Paper VIII) show that the imi-
dazole stacks above the pyrimidine in the 5' to 3' direction in ssDNA (10d)
while, in contradistinction, the pyrimidine stacks above the imidazole in the 5' 
to 3' direction in ssRNA (10c). In ssDNA, the H2 protons are completely 
overlapped by the shielding cone of the base from the 5'- side (n - 1), while 
the H2 protons of ssRNA (10c) are mainly extruded and only partly shielded 
by the base from the 3'- side (n + 1). The situation is reversed for the H8 pro-
tons. In ssDNA, (10d) the H8 protons are extruded, while they receive full 
shielding by the base to the 5'-side (n - 1) in ssRNA (10c). This means that 
the negative -surface of one pyrimidine ring is near to the relatively positive 
imino and amino hydrogens normally involved in base pairing of the n + 1 
and n - 1 neighboring base for DNA and RNA, respectively. 

The chemical shifts of the ssDNA (10d) and ssRNA (10c) base protons 
have been used to confirm the stacking pattern found in the MD simulations 
(Figure 6 Paper VIII). The displacement of the H6, H8, and H2 protons in 
the X-Y plane, relative to the closest ring atom of the neighboring bases (n + 1 
and n - 1) have been measured and compared with the chemical shift shifts 
( ) obtained both from oligomerization (oligomerization shift = monomer-

oligo) and destacking (destacking shift = 363K – 298K) processes. Plots of oli-
gomerization shift and destacking shift versus the displacement in the X-Y
plane (Figure 7 Paper VIII) for each proton from the nearest edge of the 
neighboring nucleobases measured in both 3' and 5' directions showed high 
correlation of 0.83 and 0.82 respectively. It is noteworthy that the correlation 
is completely lost when the coordinates of ssDNA (10d) and ssRNA (10c) are 
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reversed. This shows the difference in stacking orientations in ssDNA (10d)
compared to ssRNA (10c).

6.3.4 Extent of stacking versus base pairing forces involved in 
relative stability of RNA-RNA compared to DNA-DNA duplex, 
estimated from the pKa calculation of the model mononucleotides
pKa values of nucleobases in nucleoside 3'-ethylphosphates (3a – 3e for ribo 
and 3f – 3j for deoxy, Scheme 1) as well as nucleoside 3',5'-bis-
ethylphosphates (5a – 5e for ribo and 5f – 5j for deoxy, Scheme 1) in both 2'-
deoxy and ribo series obtained from pH-dependant 1H NMR was used to 
study relative stabilities of RNA-RNA and DNA-DNA duplex. The nucleo-
side 3',5'-bis-ethylphosphates (5a – 5e for ribo and 5f – 5j for deoxy, Scheme 
1) were used to mimic the internucleotidic monomeric unit where the stack-
ing contribution normally found in DNA and RNA duplexes is completely 
absent. All monomeric DNA nucleobases are found to be more basic than the 
corresponding RNA nucleobases by ~0.2 pKa unit due to the presence of elec-
tron withdrawing effect of 2'-OH group in RNA. It was found that from the 
pKa of the monomeric nucleotide blocks, pKa values can be used to under-
stand the relative contribution of base-pairing vis-à-vis stacking in oligomeric 
duplexes. Thus the pKa values for the G-C base-pairing with model ribo pair 
(5a/5c) and deoxy pair (5f/5h) are 5.04 and 5.24 respectively (Table 2A in 
Paper IX). Similarly, the pKa for the A-U/T base-pairing with model ribo 
pair (5b/5d) and deoxy pair (5g/5i) are 5.53 and 6.29 respectively. Compari-
son of these pKa values of G-C and A-T/U base-pairing shows that the ribo 
base-pairing is stronger (i.e. pKa is less) than the corresponding deoxy base 
pairing. Also the pKa is considerably less for the G-C base-pairing in both 
ribo and deoxy series than those for the A-U/T base-pairing (Table 2A in 
Paper X) which is consistent with the fact that the former is stronger than the 
latter.2,3

The G°pKa of the donor and acceptor of the base pair in duplexes enables 
a qualitative dissection of the relative strength of the base-pairing ([ Go

bp]RR–

DD) and stacking ([ Go
stacking]RR–DD) in the RNA-RNA over the DNA-DNA 

duplexes. Linear plots of [ Go
bp]RR–DD and [ Go

stacking]RR–DD as a function of % 
A-T/U bp content (Figure 3 in Paper X) show opposite slopes. This shows 
that with increasing content of A-T/U base pairs the base-pairing stability of 
DNA-DNA duplex weakens over the corresponding RNA-RNA duplexes 
([ Go

bp]RR–DD), while the strength of stacking ([ Go
stacking]RR–DD) of A-T rich 

DNA-DNA sequence increases in comparison with A-U rich sequence in 
RNA-RNA duplexes. This increased stacking contribution from T compared 
to U, in DNA-DNA over RNA-RNA duplex, comes from favorable electro-
static CH/  interaction237 between the 5-methyl group of T with the nearest-
neighbor A in the AT rich sequence. 
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6.4 Implications 
The above study includes elucidation of structural characteristic of single 
stranded nucleic acids, the directionalities involved in base-base stacking and 
factors governing stability of duplexes. This can help us in understanding the 
intermolecular forces involved in homo or hetero duplex formation, triplex 
formation or interactions with specific ligands. The above knowledge can be 
used in understanding folding through secondary structure formation in single 
stranded nucleic acids. This knowledge can also be used in designing of vari-
ous therapeutic agents. 



61

Acknowledgements

This work has been done in the Department of Bioorganic Chemistry, Upp-
sala University (from December 1999 to April 2006). In the words scribbled 
below, I take the opportunity to thank everybody who helped and supported 
me in this journey. 

To begin with, I express my sincere gratitude to my supervisor Professor 
Jyoti Chattopadhyaya for accepting and supporting me as a PhD student in his 
well-equipped laboratory, introducing me to the field of nucleic acid chemis-
try and providing me guidance throughout these years.  

I sincerely thank Dimitri Ossipov, Melker Holmer, Catherine Petit, 
Edouard Zamaratski, Mrinal Kanti Kundu, Gopal Dutta, S. Karthick Babu, 
Dimitri Honcharenko, Dimitri Kulik, Xiaoguang Luo, Pei Wen, Brian 
Lawrance, Puneet Sreevastava, Malgorzata Bogucka, Petr Naus, Thirumari 
Mariappan, Mohitosh Maiti, Ayan Samanta, Hu Wenbin, Dimitri 
Ovcharenko, for maintaining a friendly collaborative atmosphere in this de-
partment over the years. 

My special thanks are due to:  
Dr. Tatiana Maltseva for providing me initial hands-on training with high 
field NMR spectrometers. 
Dr. Andras Földesi for offering me sincere help whenever I approached him 
with a problem. Thak you for thoroughly checking my thesis. 
Dr. Oleksandr Plashkevych for promt help regarding computer related prob-
lems in the laboratory and for his comments on my thesis.  
Dr. Steve Graham for his critical comments on my thesis. 
Dr. Nariman Amirkhanov, Anna Trifonova, Pradeep Cheruku and Zhou 
Chuanzheng for taking the pains of synthesizing and purifying a number of 
compounds used in our study. 
Jharna Barman for synthesizing the single stranded DNA and RNA oligomers 
as well as helping me generously in and outside the lab. 
Omen P. Varghese for his good friendship. 
Dr. Johan Issakson for being a valuable co-worker, Vimal Pathmasiri for his 
always ready to help attitudes and Subhrangshu Chtterjee for NMR experi-
ments with decomposable RNAs and related works.  
Irina Velikyan for being nice and friendly colleague when I first started work-
ing in this laboratory. 



62

Jaana Öst and Rabab Elkarib for their kind assistance and competent secretar-
ial work. I also wish to thank all staffs from BMC-biblioteket and from BMC 
administration for their kind help. 

Thanks to my teachers in school and university for helping me in all my 
endauvers. I would specially like to thank Professor R. R. Rao (Late) and 
Professor Aloka Rao for their encouragement to persue research in chemitry. 
I would like to thank all my friends and the growing Indian community in 
Uppsala which never make me feel so far away from home. 
Special thanks to my friends Dr. Bharat Bhikaji; Dr. Pradeep Kumar; Dr. 
Rituparna Mukherjee; Drs. Biplab and Suparna Sanyal; Somali and Dr. 
Sabyasachi Sanyal; Drs. Kaushik and Pritha Mahato for being kind and affec-
tionate friends. 
Thanks a due to Dr. Santanu Dasgupta and Dr. Lena Åslund for being affec-
tionate and specially Lena for helping me out with the Swedish summary of 
this thesis in the last moment. 
At the end I express my heart felt thanks to my dear family. First of all I 
thank my parents and my brother for creating the best environment in a fam-
ily and sharing all my joys and sorrows in life. I specially thank my mother 
for comming all the way to Sweden to take care of my little son (Protit) as I 
have been preparing my thesis. I would also like to thank my father-in-law 
and mother-in-law for being so supportive and concerned about me and help-
ing me out with Protit. I have no words to appreciate the love and support I 
got from my husband both as a colleauge and partner in life. I highly ap-
preaciate his cool nature and patient attitudes. Last but not the least I thank 
my son Protit for always cheering me up in home with his cute smiles. 



63

Summary in Swedish 

Denna avhandling är baserad på nio vetenskapliga publikationer (I-IX) som 
sammanfattar mina studier på nukleinsyror (DNA/RNA), de molekyler som 
utgör vår arvsmassa och som är uppbyggda av flexibla sockerenheter, en 
ryggrad av polyelektrolytisk fosfodiester och nukleobaser. De är, med hjälp 
av andra faktorer, involverade i fundamentala biologiska funktioner såsom 
bevarandet av den genetiska koden på DNA-nivå och i katalytiska reaktioner 
genom RNA. Olika egenskaper hos nukleinsyror för bindning av ligander och 
igenkänning medieras genom inter- och intramolekylära vätebindningar och 
stackningsinteraktioner. I detta arbete användes det pH-beroende kemiska 
skiftet, pKa värden av 2’-OH gruppen eller nukleobaserna, alkalisk hydrolys 
av internukleotid fosfodiesterbindningar och analys av ’NOESY footprint’ 
studier tillsammans med NMR-begränsad molekylärdynamisk simulering, 
som verktyg för att undersöka det fysikalkemiska beteendet hos olika nukle-
insyresekvenser med syfte att förstå reaktiviteten och krafterna involverade i 
deras själv-sammansättande. Arbete I-II visade att joniseringen av 2’-OH 
gruppen är nukleobas-beroende. Arbete III visade att de kemiska egenska-
perna hos internukleotidfosfat är icke-identiska i RNA jämfört med dessa i 
DNA. Arbete IV-VI visade att variabla intramolekylära elektrostatiska inter-
aktioner mellan elektroniskt kopplade närmaste grann-nukleobaser i ett enkel-
strängat RNA kan modulera deras respektive pseudoaromatiska egenskaper. 
Detta kan resultera i bildandet av en unik uppsättning av aglykoner med unika 
egenskaper beroende på tendensen och geometrin av närmaste grannbas in-
teraktionen. Arbete VII visade att kors-moduleringen av den pseudoaroma-
tiska karaktären hos nukleobasen genom närmaste grannbas-interaktionen till 
naturen är sekvensberoende och denna effekt kan överföras längs med oligo-
nukleotidkedjan. Arbete VIII visade att det purinrika hexameriska enkel-
strängade DNAt och RNAt behåller den högervridna helixstrukturen (B-typ i 
enkelsträngat DNA och A-typ i enkelsträngat RNA) i enkelsträngad form, 
även i frånvaro av intermolekylär vätebindning. Riktningen av stacknings-
geometrin skiljer sig emellertid i enkelsträngat DNA jämfört med enkel-
strängat RNA. I enkelsträngat DNA stackas det relativt elektronrika imidazo-
let ovanför den elektronfattiga pyrimidinet i 5’ till 3’ riktning, i klar motsats 
till enkelsträngat RNA där pyrimidinet stackas ovanför imidazolet i 5’ till 3’ 
riktning. Arbete IX visade att pKa värden hos nukleobaserna i monomeriska 
nukleotider kan användas för att visa att en RNA-RNA duplex är mer stabil 
än en DNA-DNA duplex. Dissektion av den relativa styrkan i basparning och 
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stackning visade att bidraget från basparning i relation till stackning i en 
RNA-RNA duplex jämfört med motsvarande DNA-DNA duplex, minskar 
med ökande innehåll av A-T/U baspar i en sekvens. 
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