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1. Introduction 

1.1 General introduction to nucleic acids 
Nucleic acids are macromolecules that have essential role in the transmis-
sion, expression and conservation of genetic information. They are universal 
in living organisms and can be found in all cells and viruses. In nature, nu-
cleic acids exist in two similar chemical forms: deoxyribonucleic acid 
(DNA) and ribonucleic acid (RNA). The main role of DNA is the long-term 
storage and carrier of genetic information,1, 2 whereas RNA has a variety of 
cellular functions.3 In form of messenger RNA (mRNA) by transcription 
process it brings information about a protein sequence from DNA to the 
translation machinery – ribosome, which, in turn, consists of ribosomal RNA 
(rRNA) and proteins. In this process transfer RNA (tRNA) serves as the 
adaptor (codon-anticodon interaction) between the amino acids, building 
blocks of proteins, and the genetic code on the mRNA.3, 4 In viruses and 
retroviruses RNA can carry genetic information, which is then copied into 
DNA by reverse transcriptase.5 Apart from that RNA molecules involved in 
catalytic processes.6-11 

1.2 Composition and structure of nucleic acids 
Nucleic acids are made up of a linear array of monomers called nucleotides, 
which are covalently attached through 3' � 5' phosphodiester linkages (Fig-
ure 1). Except a phosphate unit all nucleotides include another two compo-
nents: pentofuranose sugar and nucleobase. A 2'-deoxy-D-ribose (in DNA) 
or D-ribose (in RNA) sugar ring and heterocyclic aromatic nucleobase are 
attached through an N-glycosidic bond in � configuration, and referred to as 
a nucleoside. The nucleobases in DNA are represented by the purines [ade-
nine (Ade) and guanine (Gua)] and the pyrimidines [cytosine (Cyt) and 
thymine (Thy)], whereas RNA incorporates the pyrimidine uracil (Ura) in 
place of thymine. The purines are linked at N9 to the C1' of the sugar while 
pyrimidines are linked at N1 (Figure 1). The resulting polynucleotide chain 
displays a primary structure of DNA and RNA with high degree of similar-
ity. The presence of OH-substituent at the C2' of the pentofuranose sugar in 
RNA causes the nucleic acid to adopt conformations that differ from those of 
DNA.12  
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Figure 1. The primary structures of DNA and RNA where the nucleotides are con-
nected by 3' � 5' phosphodiester linkages. The pentofuranose sugar and phosphate 
form the backbone to which bases (Ade, Cyt, Gua and Thy/Ura) are attached. 

The conformations of nucleotides depend on the torsion angles (�, �, �, �, 	 
and 
 in the sugar-phosphate backbone; �0–�4 in the pentofuranose sugar 
ring; and � for the N-glycosidic bond)13 (Figure 2). The torsion angle about 
the glycosidic bond has two designated ranges: syn (–90° � � � 120°) and 
anti (90° � � � 270°). The anti conformation is usually more stable and most 
common.4, 12 To reduce the non-bonded interaction between substituents in 
the five-membered sugar the furanose ring can adopt preferably either the 
C3'-endo and C2'-exo (often referred to as North or N-type) or the C2'-endo 
and C3'-exo (South or S-type) conformations. By moving atoms out of the 
ring plane it produces a stable conformation releasing the strain and mini-
mizing the energy.14, 15 Sugar conformations in nucleic acids are not static 
and in solution are involved in a dynamic two-state North            South equi-
librium.3, 4, 16, 17 The DNA commonly consists of monomeric units preferen-
tially with South-type sugar conformation whereas RNA – with North-type. 
However the sugar modifications18, 19 as well as nature of the nucleobases20, 

21 can force the pentofuranose ring adopt predominantly one type of confor-
mation. According to the pseudorotation concept16, 17, 22 the other conforma-
tions are possible (Figure 3). However only a few E-type conformations23 
are known whereas no W-type have been found.15, 24 Two parameters, the 
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phase angle (P) and the puckering amplitude (�m) are used to describe the 
puckered geometry of pentofuranose sugar ring.16, 17, 25 

 
 
 
 
 
 
 
 
 

 
 
 
Figure 2. The torsion angles of a sugar-phosphate backbone in the nucleic acids. R = 
H for DNA, R = OH for RNA. 

The phase angle of pseudorotation shows which part of the ring is mostly 
puckered, while the puckering amplitude demonstrates the largest deviation 
of the endocyclic torsion angles from zero.15  
 

Figure 3. Sugar pseudorotation cycle in nucleoside moiety of nucleic acids. The 
pseudorotation phase angle P and the puckering amplitude �m are represented 
around the circle and on the axis, respectively. Shaded regions show the population 
of the sugar packer in the �-D-nucleosides. 
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Within the cell DNA commonly adopts a double helix structure, which is 
stabilized by the hydrogen bonding between the nucleobases and by - 
stacking interactions that occur between aromatic planes of the nucleobase 
units.5, 12 This specific formation of hydrogen bonds between two antiparallel 
strands of DNA is known as Watson-Crick base pairs26 (Figure 4). Purine 
nucleobases form hydrogen bonds to pyrimidines, where Ade bonding to 
Thy, and Gua bonding to Cyt. In addition to the canonical type of base-
paring a number of non-Watson-Crick base pairs with alternate hydrogen 
bonding was also discovered.12, 27-29 

Figure 4. Watson–Crick base pairing for T·A (left) and C·G (right). Major and minor 
grooves of nucleic acid helix are also shown. 

Generally DNA exists in A-, B- or Z-form of duplexes depending on the 
DNA sequence, relative humidity and salt concentration. A- and B-DNA are 
right-handed, whereas Z-DNA is left-handed.5, 12, 30 The overall structure of 
DNA constructs two distinct helical grooves: the minor and the major with 
specific structural parameters for each DNA conformation12 (Figure 4). 

The pentofuranose sugar in the A-DNA duplex has C3'-endo conforma-
tion whereas C2'-endo pucker exist in the B-DNA duplex. Formation of the 
Z-DNA helix can be possible in the sequences with alternating purine-
pyrimidine structural units at high salt concentration.4, 31 Along with the 
structure described above DNA can adopt alternative structures including 
single stranded, super-coiled, hairpin DNA or multiple stranded triplexes and 
quadruplexes structures.4, 12 The functional form of single stranded RNA 
molecules required strikingly diverse global tertiary structures whereas sev-
eral fundamental units of secondary structure are known (A-form double 
stranded stems, stem-loops and pseudoknots).3, 5 
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1.3 Nucleic acid-based therapeutics 
Recent advances in molecular biology and biotechnology have enabled us to 
understand how the genetic information is converted to a phenotype. Ge-
nome sequencing32 has identified many genes that encode proteins whose 
functions are yet unknown. A number of these proteins will unquestionably 
be future targets in medicinal chemistry. The challenge now is to find new 
approaches that will allow the regulation and manipulation of this informa-
tion in order to develop new pharmaceutical interventions to treat diseases at 
the genetic level. The common goal of these strategies is to identify disease-
related genes and target them for silencing by perturbing gene expression at 
the level of transcription or translation. 

Figure 5. Different antisense strategies. AONs sterically block translation of the 
mRNA or induce its degradation by RNase H. RNA interference approaches are 
performed with small interfering RNA (siRNA) molecules that are attached through 
the RISC complex and induce degradation of the target mRNA. Ribozymes and 
DNAzymes catalytically cleave the target mRNA. 

The high affinity and specificity of base pairing has made nucleic acids at-
tractive agents for diagnostic and therapeutic applications. In 1977 Paterson, 
Roberts and Kuff were first to use single stranded DNA to inhibit translation 
of a complementary RNA in a cell-free system.33 Zamecnik and Stephen-
son34, 35 in 1978 showed inhibition of viral replication in cell culture by a 
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short 13-mer DNA. Above examples demonstrate antisense approach for 
gene silencing when antisense oligonucleotide (AON) acts at the mRNA 
level via Watson-Crick hybridization, preventing its translation into pro-
tein.36 Since that time, other antisense approaches have been developed 
(Figure 5). In the early 1980s Cech6, 37 and Altman38 discovered catalytic 
RNAs (ribozymes), which not only bind to their target RNAs, but also en-
zymatically cleave them.8 In 1994 Breaker and Joyce39 revealed catalytic 
DNAs40, 41 (DNAzymes) and showed that DNA also capable of site-specific 
cleavage of RNA targets. Recently, RNA interference42, 43 (RNAi) has been 
established as another, highly efficient, method of suppression gene expres-
sion by the use of small interfering RNAs44, 45 (siRNAs) or microRNAs46, 47 
(miRNAs) molecules.  

The disruption of gene expression at the level of transcription is referred 
to the antigene approach.48-51 By this method synthetic triple-helix forming 
oligodeoxynucleotides (TFOs) hybridizing with double stranded (ds) DNA 
to form stable triple helices. Such hybrids are typically formed within the 
major groove of the helix in a sequence-specific manner52 utilizing Hoog-
steen27 or reverse Hoogsteen28 hydrogen bonds. Inhibition of transcription 
may be due to the blocking of transcription by competition of the TFO with 
transcription factors or by strand invasion.52, 53 There are some advantages of 
the antigene techniques, when gene knockout can be achieved with mini-
mum amount of TFOs needed for activity.51 Nevertheless, even with poten-
tial benefits the progress in this field has been limited. There is still no anti-
gene ONs in clinical trials. Main problems in the use of triplex-based tech-
nologies are pH dependency of the C+·GC triplet with optimal stability much 
below physiological pH, the restriction to the homopurine tracts with no 
simple means of recognizing pyrimidine bases, and low stability of triplexes 
compared with their duplex counterparts.51, 54-56 Another new class of anti-
gene strategies is short (ds) DNA molecules, referred to as "decoy". These 
synthetic oligodeoxynucleotides (ODNs) inhibit gene transactivation by 
competing for transcription-factor complexes.57-59 One of the main problems 
of this method as well as triplex-based approach is the limited gene accessi-
bility.53 

In the past decade, the development of gene therapy strategies utilizing 
nucleic acids already resulted in the commercialization of few antisense oli-
gonucleotide drugs. Vitravene® is the first antisense drug developed by ISIS 
Pharmaceuticals and approved by Food and Drug Administration (FDA) in 
1998 used to treat cytomegalovirus (CMV) retinitis.43, 60, 61 Macugen® is an-
other oligonucleotide-based antisense drug introduced into the market for the 
treatment of neovascular age-related macular degeneration (AMD).43 Drug-
candidate called Genasense® for the treatment of patients with metastatic 
melanoma, who have not received prior chemotherapy, by targeting protein 
Bcl-2 expressed in cancer cells62 is already waiting for FDA approval.63 A 
numerous other antisense compounds with indications for the treatment of 
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cancer, viral infection and inflammatory diseases are currently being evalu-
ated in clinical trials.60, 63, 64 

1.4 Antisense oligonucleotides as therapeutic agents 
AONs are unmodified or chemically modified single stranded DNA mole-
cules of 13–25 nucleotides long specifically designed to hybridize to the 
corresponding complementary mRNA by Watson-Crick hydrogen bond-
ing.61, 65They inhibit mRNA function in several ways including modulation 
or inhibition of splicing or translational arrest by sterically blocking the ribo-
somal machinery.66-70 However the most important mechanism is the utiliza-
tion of endogenous RNase H enzyme by the AONs, when enzyme recog-
nizes the AON:mRNA hybrid duplex and cleaves the mRNA strand leaving 
AON intact.36, 70-73 The released AON then again can bind to the other target 
utilizing maximum efficiency at the minimum amount of AON.61, 74 It should 
be noted, that RNase H is an enzyme which can bind to DNA:DNA or 
RNA:RNA duplexes although it cleaves only the RNA strand in the 
DNA:RNA hybrid.73, 75, 76 

Although it is relevantly easy to synthesize natural phosphodiester (PO) 
ONs, their use as a therapeutic agents is limited as they are rapidly degraded 
by the intracellular exonucleases and endonucleases.77, 78 Moreover the deg-
radation products of ONs with natural PO linkages have shown the toxic 
effects.79 In attempt to overcome these problems many modifications have 
been developed (Figure 6).  

Oligonucleotides as potential drugs have to fulfill certain requirements to 
become useful. They must be able to cross cell membranes; they should re-
main stable in the extracellular and intracellular media; they should find its 
specific target and form stable hybrid duplex; they should have relatively 
low toxicity; they should elicit RNase H cleavage; they should have favor-
able pharmacokinetic properties; and their synthesis should be reasonably 
economical. Meeting all these requirements in any one molecule together 
with the finding the correct target sequence in a mRNA for AON hybridiza-
tion,80, 81 and appropriate delivery agents82-84 have turned out to be a demand-
ing task.61, 64, 65, 85, 86 
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1.4.1 AONs containing backbone modifications 
First-generation antisense-molecules have been designed to make internu-
cleotide backbone more resistant to nuclease attack. The first chemically 

synthesized modified ONs were the methylphosphonates87, 88in which a non-
bridging oxygen atom at the phosphorus in the ON chain is replaced by a 
methyl group. These modifications enhanced the nuclease resistance87 but 
failed to recruit RNase H.89, 90  
Figure 6. Examples of nucleotide analogues of the first, second and third generation 
of antisense oligonucleotides. 

Another major backbone modification was phosphorothioate (PS)91, 92 oli-
gonucleotides, where one of the nonbridging oxygen atoms in the phos-
phodiester bond is replaced by sulfur (Figure 6). These molecules have en-
hanced nuclease resistance as compared to the unmodified ONs.93-95 How-
ever, the phosphorus center in PS-ONs is chiral, and each phosphorothioate 
linkage is a mixture of optically active Rp and Sp diastereomers. Only Sp ana-
logue is relatively nuclease resistant, whereas Rp diastereomer is equally 
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nuclease sensitive as a PO linkage.92, 96 Also, ONs with PS modification have 
lower (decrease approximately 0.5 oC per nucleotide) melting temperature 
(Tm) of the ON:RNA duplex with respect to the natural PO-ONs.36, 97, 98 
However, PS-AONs are highly soluble and have excellent antisense activ-
ity.53 They recruit RNase H75 and display attractive pharmacokinetic proper-
ties.61, 92 Therefore PS-AONs have been used in a large number of experi-
ments designed to downregulate gene expression85, 99 and in several clinical 
therapeutic trials.61, 100 The major disadvantage of these molecules is their 
highly biological activity, when PS-AONs nonspecifically binds to certain 
proteins, particularly to those that interact with polyanions such as heparin-
binding proteins.61, 101, 102 This interaction is known to have sequence-
independent and length-dependent effects.65, 85 Above issues could contribute 
to observed clinical responses and making understanding of antisense effect 
more difficult and problematic.103, 104 In addition this nonspecific interaction 
may cause cellular toxicity.105 

A different backbone modified AONs, boranophosphates, has shown their 
ability to activate RNase H cleavage of RNA in AON:RNA hybrid duplex, 
but their potential antisense applications is limited by low binding affinity to 
the target mRNA.106-108 

Peptide nucleic acids (PNAs)109-113 are DNA analogues in which 2'-
deoxyribose phosphate backbone is replaced by polyamide linkages (Figure 
6). They have shown favorable hybridization properties to the complemen-
tary targets, and high resistance to the nucleases. However, this modification 
do not elicits RNA cleavage by RNase H in the AON:RNA hybrid.36, 65 Also, 
PNAs have low solubility and cellular uptake, because of the presence of 
electrostatically neutral backbone in the modification. Problems in the intra-
cellular delivery could be overcome by coupling PNAs to negatively charged 
ONs, lipids or certain peptides that are efficiently internalized by cells.114, 115 
Because PNAs are not substrates for the RNase H, their antisense mecha-
nism depends on steric hindrance. They can bind mRNA and inhibit splic-
ing116 or translation initiation,117, 118 or they can also bind to DNA and inhibit 
RNA polymerase initiation and elongation,119, 120 as well as the binding and 
action of transcription factors.121 To date, in vivo studies reveal PNAs as 
nontoxic molecules with low affinity for protein that normally bind nucleic 
acids. 

Another example of a modified phosphate backbone is N3'-P5' phos-
phoroamidates (NPs),122-124 in which the 3'-hydroxyl group of the 2'-
deoxyribose ring is replaced by a 3'-amino group (Figure 6). NPs have 
shown a high affinity towards a complementary RNA as well as nuclease 
resistance. They do not induce RNase H cleavage of the target RNA, and 
their antisense effect utilized by steric blocking of translation initiation in 
cell culture.125 Their antisense potency has been already demonstrated in 
vivo, where NPs were used to specifically down regulate the expression of 
the gene.126 
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In the morpholino oligonucleotides (MFs)127, 128 the ribose is replaced by a 
morpholino moiety, and phosphorodiamidate linkages are used instead of PO 
bond (Figure 6). Similar to the NP-ONs, these modifications do not activate 
RNase H,128 and can be used only as steric blockers to inhibit gene expres-
sion in biological system.129 They are stable against nucleases and have simi-
lar target affinity to that of the isosequential unmodified ONs.130 Because 
backbone in MFs is uncharged they are unlikely to have unwanted interac-
tions with proteins, but on the other hand it affects their cellular uptake.65, 131 
Also, some unspecific side effects have been observed in several studies 
with NP-ONs.132 

1.4.2 AONs containing 2'-modified sugar residue 
The 2'-modifications in the ribose moiety have been developed to improve 
efficiency of the AONs. Among several modifications such as 2'-F,133 2'-O-
alkyls134 or 2'-O-aminoalkyls,135-137 the 2'-methoxy (2'-O-Me) and 2'-
methoxyethoxy (2'-O-MOE) are most widely studied representatives of so-
called "second-generation molecules"18 (Figure 6). AONs containing these 
building blocks have been shown to enhance the target affinity with com-
plementary RNA and found to be less toxic than PS-modified DNAs.18, 75, 95 
With increase of the size of alkyl chain in the 2'-O-alkyl modified ONs the 
binding affinity drops138 while the nuclease resistance increases.139 The 2'-F 
modification has shown the largest increase in Tm (3 oC per modification) 
whereas nuclease stability has remained to be low and comparable with the 
unmodified DNAs.18, 133 Another 2'-O-aminopropyl (2'-O-AP)135 modifica-
tion has shown moderate increase in target affinity and exhibited much 
higher resistance to the nucleases compared to PS modifications. This im-
proved nuclease stability due to the "charge effect" of the cationic alkyl 
chain, where amino function in the 2'-O-substituent can be protonated at 
physiological pH.135 However, 2'-modified AONs form A-type-like 
AON:RNA hybrid duplexes rather than B-type, therefore they failed to acti-
vate RNase H cleavage of target RNA.18, 36 The antisense effect of 2'-O-alkyl 
modified ONs have been demonstrated through the steric blocking of trans-
lation140 or by alteration of splicing.141 Use of the "gapmer technology"18, 75, 

142 is another approach to overcome the limitations cause by the RNA-type 
rigidity of AON:RNA hybrids. Gapmers consist of a central stretch of DNA 
or PS-ON monomers and 2'-O-alkyl modified nucleotides at the terminal 
ends of chimeric ONs. At least four or five deoxy residues between the 2'-O-
alkyl nucleotides were reported to be sufficient for activation of RNase H.36 
These chimeric ONs have shown efficient gene silencing effect in cellular 
systems.61 

Arabino nucleic acid (ANA)143, 144 and the corresponding 2'-deoxy-2'-
fluoro-�-D-arabino nucleic acid analogue (FANA)143, 145 (Figure 6) were the 
first uniformly sugar-modified AONs showed capability to activate RNase H 
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cleavage of the target RNA in the AON:RNA hybrids. This ability results 
from the similar helical conformations of the modified hybrid duplexes 
compared to that of the corresponding native DNA:RNA duplex.145 Also, 2'-
hydroxyl or 2'-fluoro substituent are thought to be projected into the major 
groove of the helix, where it should not interfere with the binding and cata-
lytic processes of RNase H.18, 145 The ANA:RNA hybrid showed a slightly 
lower Tm value with respect to the native counterpart, whereas the replace-
ment of 2'-hydroxyl group by a 2'-fluoro resulted in a gain (approximately 1 
oC per modification) in duplex thermostability.143-145 These modifications 
exhibit a higher nuclease resistance compared to the native DNA although 
less than corresponding PS-ONs.144 Therefore PS-linked FANA ONs have 
been employed for the inhibition of gene expression.146, 147 A full RNase H 
activation by PS-FANA was only achieved with chimeric ONs containing 
DNA monomers in the center, however having shorter DNA stretch com-
pared to that of the 2'-O-alkyl gapmers.146 

1.4.3 AONs containing "six-membered" nucleic acids 
The hexose analogue of natural DNA (homo-DNA) was developed as a 
model system for the study of the family of hexopyranosyl ONs.148 In homo-
DNA the five-membered furanose ring is expanded to a six-membered 
pyranose moiety by an additional methylene group (Figure 6). �-D-
Glucopyranosyl analogue of homo-DNA forms antiparallel duplexes with 
purine-pyrimidine Watson-Crick base pairs. These modified duplexes have 
shown higher thermodynamic stability than the corresponding natural DNA. 
Above observation can be due to the fact that the pyranose chair is more 
conformationally pre-organized towards duplex formation compared to the 
more flexible furanose ring.149, 150 The crystal structure has shown that �-
homo-DNA duplex resembles drastically different structure with left-handed 
double stranded helix and a right-handed symmetry, compared to DNA.151 
Also, the �-homo-DNA is incapable of hybridizing with unmodified DNA or 
RNA.149 

However, �-D-glucopyranosyl analogue of homo-DNA forms parallel du-
plexes with RNA, which represents the first hybridization system between 
hexopyranose and pentofuranose nucleic acids.152 The resulting helix struc-
ture is a right-handed hybrid duplex that differs significantly from a standard 
A- or B-type helix.152, 153 Hybrids between �-homo-DNA and natural DNA 
are less stable. Also, �-homo-DNA in the duplex with target RNA does not 
recruit the RNase H.152 

In the hexitol nucleic acids (HNAs)19, 154-156 the furanose sugar moiety of 
an ON is replaced by a six-membered hexitol component (Figure 6). The 
replacement of the conformationally flexible deoxyribose by the restricted 
anhydrohexitol ring results in a structural preorganization of HNA to form 
A-type helices.157, 158 They showed significant increase in binding affinity 
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towards complementary RNA (approximately 3 oC per modification) and 
small decrease in Tm values for the HNA:DNA duplexes.154, 155 In addition, 
the HNAs were found to be stable against enzymatic degradation.159 How-
ever, antisense effect of these modifications can be attributed only to the 
steric blocking of target mRNA, as they do not activate RNase H.155 In sev-
eral studies HNA-ONs have shown inhibition of translation in the cell-free 
system and cell culture.160-162 

Introduction of the double bond into cyclohexane ring resulted in the de-
velopment and evaluation of the cyclohexene nucleic acid (CeNA)163, 164 
(Figure 6) as a new antisense agent. This system is more flexible compared 
to the cyclohexane system and can undergo conformational changes similar 
to those of natural nucleic acid.163-165 CeNA showed enhanced target affinity 
with complementary RNA (approximately 1 to 2 oC per modification) and a 
small decrease of the thermal stability of CeNA:DNA duplexes (approxi-
mately 0.5 oC per modification).163, 165 Also, they have improved nuclease 
stability similar to those of the HNA.163 Sufficient flexibility within a 
CeNA:RNA double helix allows to recruit RNase H, however with much 
lower efficiency than native counterpart.165 

1.4.4 AONs containing conformationally constrained bicyclic 
and tricyclic nucleosides 
In attempt to control entropically favorable duplex formation a number of 
conformationally restricted nucleosides have been developed (Figure 7). It is 
well established that incorporation of N-type166-187 or S-type-
conformationally constrained nucleotide units180, 188-195 can modulate the 
thermochemical properties of the corresponding AON:RNA hybrid duplexes 
depending upon the type of sugar conformation.19, 196-198 Generally, ONs 
containing nucleotide monomers in which a furanose ring is fixed to the N-
type conformation (i.e. has preorganized structure) bind strongly to the RNA 
because of their ability to drive AON:RNA duplex to the A-type form. The 
concept of "bicyclic oligonucleotides" has been introduced by Leumann and 
coworkers when performing the synthesis of 3',5'-ethano-linked bicyclic 
nucleosides (A in Figure 7) and the corresponding "bicyclo-DNA".188, 199 
Conformational analysis of the bicyclic monomers showed that they exist in 
a S-type conformation.188 The incorporation of the 3',5'-ethano-linked bi-
cyclic nucleosides into ONs resulted in the variation with predominant de-
crease of the thermal stability of duplexes (�Tm = –2.4 to +0.3 oC) with 
complementary DNA or RNA for mixed base sequences.200 Excellent exam-
ple of the effect of N/S-type conformation of sugar moiety on the thermal 
stability of corresponding duplexes with complementary RNA has been 
demonstrated by the two different methano-linked nucleoside analogues (B 
and C in Figure 7). 1',6'-Methanocarbocyclic derivative (pseudosugar moi-
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ety is puckered in a S-type conformation) resulted in a destabilization (�Tm = 
–1 to –2 oC) of the modified AON:RNA hybrid,189 whereas introduction of 
the 4',6'-methanocarbocyclic modification (N-type conformation) into AON 
sequence enhanced thermal stability (�Tm = +0.8 to +2.1 oC) of the hybrid 
duplex.166 However, this modification could not activate RNase H cleavage 
of target RNA,167 and their further evaluation as AONs was not performed.  

Figure 7. Examples of various conformationally restricted bicyclic and tricyclic 
nucleosides. 

In the search of optimal structure of nucleotide units for the successful AON 
the conformationally constrained tricyclic nucleoside have been also devel-
oped.192, 201-204 Among them the most studied one is tricyclo-DNA (D in Fig-
ure 7) with S-type sugar conformation.192, 193, 201, 205 However, when incorpo-
rated into ONs the cyclopropane ring drives the furanose unit of the modi-
fied nucleotides into a North-type conformation. As a result this modifica-
tion showed an increase in binding affinity to the complementary RNA 
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(approximately by 1 oC per modification) and enhanced nuclease stability, 
but no activation of RNase H cleavage of target RNA. However, tricyclo-
DNA have been successfully used in a cellular model to correct abnormal 
splicing of human thalassemic �-globin mRNA.206 

In order to enhance binding affinity towards target DNA and RNA as well 
as nuclease stability a large group of bicyclic nucleosides based on furanose 
moiety with alkyl linkers between one of the carbon atoms of the furanose 
ring and heteroatom positioned as a substituent on the furanose ring has been 
prepared (Figure 7). The ON analogues with 2'-O,4'-C-methylene-linked 
ribonucleosides were the first members of the family of locked/bridged nu-
cleic acid (LNA/2',4'-BNA)207 introduced independently by the Wengel168 
and Imanishi169 group (E in Figure 7). LNA with N-form of furanose moiety 
displays unprecedented binding affinities towards both DNA and RNA com-
plements. This modification increases thermal stability of the AON:DNA 
duplexes with �Tm values of +3 to +5 oC per modification and AON:RNA 
hybrids with �Tm values of +4.5 to +8 oC per modification, depending on the 
sequence context and number of LNA units.168, 208 Several LNA derivatives 
such as 2'-amino-LNA209, 210 and 2'-thio-LNA209, 211 has also been reported. 
Structural analysis of these analogues reveals N-type conformation of the 
sugar moiety, similar to those of LNA.209, 210 A 2'-amino-LNA showed an 
increase in binding affinity towards complementary DNA (�Tm = +3 oC) and 
complementary RNA (�Tm = +6 oC),210 whereas binding affinity of 2'-thio-
LNA appears as good as that of LNA itself.211 The xylo-LNA,177, 180, 181 �-L-
LNA177, 178 and �-L-amino-LNA,185 as examples of stereoisomeric forms of 
LNA,177 have also been synthesized (F, G and H respectively in Figure 7). 
Interestingly, �-L-LNA and �-L-amino-LNA nucleosides adopting S-type 
structure demonstrate the binding properties which closely approach those of 
the LNA, despite their different configurations at three out of the four 
stereocenters in their bicyclo[2.2.1]heptane moiety.178, 185 Both, LNA and �-
L-LNA showed enhanced nuclease stability and ability to activate RNase H, 
however, only when "gapmer technology" is used.95, 207, 212 They also demon-
strate efficient triplex formation when incorporated into TFOs.213, 214 Because 
of high binding affinity to the target RNA, the LNA and LNA/DNA chime-
ras have been used as steric blockers to inhibit gene expression.215-217 

3'-O,4'-C-Methylene-linked nucleoside with the [3.2.0] skeleton (I in 
Figure 7) adopts a S-type conformation169, 190, 218 and, when incorporated into 
AON sequences, either decrease or increase thermal affinity towards com-
plementary RNA (�Tm = –1.3 to +4 oC per modification), depending on the 
exact sequence.219 Another oxetane bridged modification, 1'-C,2'-O-
methylene-linked nucleoside (J in Figure 7) have been developed by Chat-
topadhyaya group.173, 174, 220 This modified nucleosides adopts North-East 
conformation, and 1',2'-oxetane-pyrimidines containing AONs in duplexes 
with complementary RNA have shown decrease in thermal stability of the 
duplexes (approximately –6 to –3 oC per modification).172, 173, 220 However, 
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AONs containing 1',2'-oxetane modified purines displayed Tm values similar 
to those of the native sequence.174 1',2'-Oxetane modified ONs172, 174 as well 
as 3',4'-fused analogues219 showed enhanced nuclease resistance. Also, 
AON:RNA hybrids with incorporated 1',2'-oxetane modified nucleotides 
found to be a good substrates for the RNase H, however a gap of minimum 
five unmodified nucleotide units was required.171, 174 

Another modified ONs, ethylene bridged nucleic acids (ENA), include 
conformationally restricted 2'-O,4'-C-ethylene-linked nucleotide units with 
[3.2.1] bicyclic system (K in Figure 7). These modifications with N-type 
conformation have shown high binding affinity to the target RNA (approxi-
mately +3.5 to +5 oC per modification) and improved resistance against ex-
onucleases, which was found to be better than those of the LNA/2',4'-
BNA.175, 176 Chimeric ENA-ONs have been used to suppress gene function 
by the destabilization of mRNA with RNase H digestion221, 222 or by steric 
blocking of the binding of nuclear protein to the splicing enhancer se-
quence.223 These modifications showed enhanced in vivo efficiency of the 
AON with respect to the 2'-O-MOE modifications.224 Also, ENA modified 
ONs demonstrate ability to form a triplex with (ds) DNA at physiological 
pH.225 Recently, Varghese et al. have synthesized amino analogue of ENA 
thymidine, aza-ENA-T182 (L in Figure 7). 

Modified ONs containing 2',4'-C-bridged nucleosides170 (M in Figure 7) 
showed the increase in Tm values for the duplexes with complementary RNA 
(�Tm = +1.9 to +3.3 oC per modification) and close to the native sequence 
melting temperatures for the duplexes with complementary DNA (�Tm = –
0.4 to +1 oC per modification).226 The ONs modified with another conforma-
tionally constrained nucleoside with [3.2.1] bicyclic system, 2',4'-BNANC 
modification (N in Figure 7), demonstrated high triplex-forming ability at 
physiological pH, which is superior to that of the ENA and LNA.186 

2'-O,4'-C-Propylene nucleic acid (PrNA),175 containing North-
conformationally constrained bicyclic nucleosides with seven-membered 
ring (O in Figure 7) have been found to be even more nuclease resistant than 
ENA modifications. However, PrNA modified ONs showed small decrease 
in the Tm values (�Tm = –0.5 oC per modification) of the corresponding 
AON:RNA duplexes. Another analogue with [4.2.1] bicyclic system, 2',4'-
BNACOC (P in Figure 7), has a methyleneoxymethylene linkage between the 
O2' and C4' atoms. This modification has shown moderate increase in bind-
ing affinity to the complementary RNA and high resistance to the exonucle-
ases.184 

To examine whether presence of heteroatom, particularly of the oxygen 
atom, in the ring attached to the furanose moiety of bicyclic nucleosides has 
a direct correlation with the thermal stability of the modified duplexes as 
well as with the nuclease resistance of AONs, various carbocyclic bicyclic 
nucleosides have been developed. Unsaturated and saturated analogues of 
ENA with three-carbon 2',4'-linkage (Q and R in Figure 7) were synthesized 
using a ring-closing metathesis strategy.183 Both modifications showed an 
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increase in thermal stability of the AON:RNA hybrid duplexes (�Tm = +2.3 
to +4.5 oC per modification) and decrease in thermostability of the corre-
sponding AON:DNA duplexes (�Tm = –1.0 to –2.3 oC per modification).183 
The synthesis of carbocyclic analogues of LNA and ENA with the exocyclic 
methyl group (S and T in Figure 7) have also been reported.187 The carbo-
cyclic-LNA showed high binding affinity to the complementary RNA (�Tm 
= +3.5 to +5.0 oC per modification), similar to those of the isosequential 
LNA modifications. On the other hand, thermal stability of the carbocyclic-
ENA modified AON:RNA duplexes was enhanced only by +1.5 oC per 
modification with respect to the native sequence.187 Also, these modifica-
tions have demonstrated potential in the efficient recruitment of RNase H, 
but only when they would be used in the form of gapmers. Importantly, nu-
clease resistance of carbocyclic-LNA and carbocyclic-ENA have been radi-
cally improved compared to the LNA analogue.187  

1.5 Overview of the thesis 
This thesis presents the synthesis and physicochemical and biochemical 
evaluation of short oligonucleotides modified with bicyclic conformationally 
constrained nucleosides in terms of their potential antisense and diagnostic 
properties. The present work consists of three parts. The first part include the 
synthesis of conformationally restricted 1',2'-azetidine and 2',4'-aza-ENA 
modified nucleosides, and exploration of their physicochemical properties. 
In the second part the target affinity of the modified oligonucleotides as well 
as their RNase H recruitment capability in AON:RNA hybrid duplexes have 
been examined. The nuclease stability of modified AONs has also been 
tested by means of 3'-exonuclease (SVPDE) and human serum (major de-
grading enzymes are 3'-exonucleases). Last part of the work describes the 
study of fluorescence properties of oligonucleotide probes that based on 
pyrene-conjugated azetidine-T and aza-ENA-T modified nucleosides. It was 
demonstrated how the character of the conformationally constrained nucleo-
tide can alter the target affinity, specificity and efficiency of fluorescence 
probes. 
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2. Synthesis and Physicochemical Properties 
of Conformationally Constrained Nucleosides 

2.1 Chemistry of the conformationally constrained 1',2'-
azetidine fused and 2',4'-piperidino fused aza-ENA 
nucleosides 
Synthesis of azetidine and aza-ENA modified nucleosides was performed 
using different strategies starting from D-fructo and D-arabino precursors, 
respectively. In the preparation of various azetidine fused nucleosides two 
separate synthetic approaches have been developed in attempt to increase 
overall yields of desired products. In the first procedure (Scheme 1) coupling 
with persilylated thymine was performed directly using protected psicofu-
ranoside 1 and resulted in the mixture of �- and �-isomers. By the second 
approach (Scheme 2), predominant formation of the �-anomer was achieved 
by the stabilization of anomeric carbocation by carbonyl oxygen of toluoyl 
group at position 3 of psico-sugar during the coupling of the protected psico-
furanoside 23 with a persilylated uridine. Also, second strategy allowed us to 
avoid some "extra steps" used earlier in Scheme 1. Synthesis of aza-ENA-
adenosine analogue using D-arabinose-precursor with "ready ara-type con-
figuration" of 2-hydroxyl group is shown in Scheme 3. 

2.1.1 Synthesis of 1',2'-azetidine fused thymidine 
The intermediate 6-O-benzyl-1,2:3,4-bis-O-isopropylidene-D-psicofuranose 
1 (Scheme 1) was prepared according to the literature method.227 This com-
pound was subjected to the direct coupling with persilylated thymine in the 
presence of trimethylsilyl triflate to give the desired �-anomer 2a in 37% 
yield (�:�, 1:1). The �-configuration at anomeric C2' was confirmed by 1D 
NOE difference spectroscopy which showed 2.3% NOE enhancement for 
H6-H3'. The 3',4'-O-acetonide protection of 2a was removed using 90 % 
aqueous trifluoroacetic acid at room temperature (r.t.), and the crude product 
3 was then treated with 4-monomethoxytrityl (MMTr) chloride in pyridine to 
afford 4 in an overall yield of 83%. The 2,3'-anhydro derivative 5 was 
formed in 75% yield by the treatment of 4 with 1,1'-thiocarbonyldiimidazole 
in dry toluene at 120 °C for 3 h. The 4'-hydroxyl of compound 5 was pro-
tected with a second benzyl group using benzyl bromide and sodium  
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Scheme 1 

Reagents and conditions: (i) (a) persilylated thymine, trimethylsilyl trifluoro-
methanesulfonate, CH3CN, r.t., 17 h, 37%; (b) persilylated uracil, trimethylsilyl 
trifluoromethanesulfonate, CH3CN, r.t., 17 h, 33%; (ii) 90% aq. CF3COOH, r.t., 30 
min; (iii) MMTrCl, pyridine, r.t., 20 h, 83% (two steps); (iv) 1,1'-
thiocarbonyldiimidazole, toluene, 120 °C, 3 h, 75%; (v) benzyl bromide, NaH, 
CH3CN, 6 h, 81%; (vi) (a) 80% aq. CH3COOH, r.t., 24 h; (b) 1N aq. NaOH in etha-
nol-water, r.t., overnight, 92% (two steps); (vii) Ac2O, pyridine, r.t., 3h, 98%; (viii) 
4-methoxybenzyl bromide, NaH, DMF, 6 h, 80%; (ix) sodium methoxide, MeOH, 
r.t., 30 min, 94%; (x) methanesulfonyl chloride, pyridine, 4 °C, overnight; (xi) po-
tassium phthalimide, DMF, 110 °C, overnight, 77% (two steps); (xii) aq. MeNH2, 
MeOH, r.t., 4 h, 93%; (xiii) Et3N, pyridine, 90 °C, 48 h, 66%; (xiv) ceric ammonium 
nitrate, CH3CN, H2O, r.t., 3 h, 62%; (xv) phenoxyacetyl chloride, pyridine, r.t., 3 h, 
86%; (xvi) ammonium formate, 20% Pd(OH)2/C, methanol, reflux, 3 h, 92%; (xvii) 
DMTrCl, pyridine, r.t., overnight, 73%; (xviii) Ac2O, pyridine, r.t., 28 h; (xix) (a) 2-
chlorophenyl phosphorodichloridate, 1,2,4-triazole, pyridine, r.t., 6 h; (b) aq. ammo-
nia, r.t., overnight, 70% (three steps); (xx) NC(CH2)2OP(Cl)N(iPr)2, DIPEA, THF, 
r.t., 2 h, 86%. 
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hydride in dry acetonitrile to afford 6a in 81% yield. The 1'-O-MMTr group 
then was deprotected by overnight treatment with 80% aqueous acetic acid at 
r.t. to give crude 6b. Nucleophilic breaking of the 2,3'-anhydro bridge in 6b 
by 1 N aqueous sodium hydroxide in ethanol-water mixture at r.t. resulted in 
the D-fructo derivative 7 in 92% yield after two steps from 6a. Acetylation 
of 7 with excess of acetic anhydride (20 eq) in dry pyridine afforded 1',3'-O-
bis-acetyl nucleoside 8 in 98% yield. The N3 of thymine base in 8 was pro-
tected with 4-methoxybenzyl (PMB) group to give 9 (80% yield) in order to 
avoid 1',2-anhydro formation during nucleophilic displacement of 1'-
mesylate in subsequent steps. Deacetylation of 9 (94% yield) using sodium 
methoxide in methanol followed by mesylation at C1' and C3' hydroxyls in 
dry pyridine at 4 °C gave one major product, the desired 1',3'-bis-mesylated 
compound 11a, along with the minor component, the 3'-mesylated product 
11b with a free 1'-OH group. Since the bismesylated product was found to 
be unstable during column chromatography, we treated the crude mixture of 
11a/11b with excess of potassium phthalimide in dry DMF at 110 °C over-
night to afford 1'-phthalimido-3'-O-Ms-derivative 12 in 77% yield after two 
steps from 10. Unreacted 3'-mesylated compound 11b was recovered in 7% 
yield. Selective displacement of 1'-mesylate in 11a keeping the 3'-mesylate 
group intact was possible since the 3'-carbon in D-fructo sugars is sterically 
more hindered compared to that of the D-arabino analogues. Selective dis-
placement of 1'-mesylate in 30 (Scheme 2) by the azide to get 31, in which 
the 2,3'-anhydro bond is left intact, has provided another experimental evi-
dence that the 3'-center is more sterically hindered than C1'. 

Deprotection of 1'-phthalimido group in 12 by aqueous methylamine in 
methanol at r.t. gave the corresponding 1'-amino derivative 13 in 93% yield. 
Multiple attempts to perform azetidine cyclization at ambient temperature by 
intramolecular nucleophilic attack of the 1'-amino group were carried out 
under variety of conditions, such as 1 M NaOH in dioxane, NaOEt in ethanol 
or 1 M NaHMDS in THF, all of which proved to be unsuccessful. Only a 
mixture of Et3N and pyridine with heating at 90 °C for 48 h afforded the 
azetidine modified nucleoside 14 with 66% yield. Deprotection of N3-PMB 
group was performed using ceric ammonium nitrate in aqueous acetonitrile 
(1:9, v/v) at r.t. and afforded 15 in 62% yield. The azetidine-nitrogen was 
protected with phenoxyacetyl (PAC) group to avoid N-branching during the 
solid-phase oligodeoxynucleotide synthesis using the phosphoramidite ap-
proach. Other protecting groups such as acetyl and trifluoroacetyl were not 
useful in this case as acetyl deprotection was very slow, whereas 
trifluoroacetyl group was too labile. The PAC protected nucleoside was ob-
tained by the treatment of 15 with PACCl in pyridine, which afforded a mix-
ture of rotamers 16 in 86% yield, confirmed by 1H and 13C NMR. Debenzy-
lation of 16 was done by means of ammonium formate and 20% Pd(OH)2/C 
to give 17 in 92% yield. Treatment of 17 with 4,4'-dimethoxytrityl (DMTr) 
chloride in pyridine afforded 18a in 73% yield. The 4'-hydroxyl of DMTr 
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protected nucleoside 18a was acetylated and product 18b was converted into 
the 5-methylcytosine derivative via the C4-triazolyl intermediate. Thymine 
was firstly activated by conversion into the 1,2,4-triazole derivative, which 
was subsequently displaced with ammonia along with deacetylation to give 
19 in 70% yield. Phosphitylation of 18a with 2-cyanoethyl-N,N-
diisopropylphosphoramidochloridite gave the desired phosphoroamidite 20 
in 86% yield as a mixture of four diastereomers [31P NMR (CDCl3) � (ppm): 
154.7, 150.7, 149.9, 148.7] for the solid-phase synthesis. 

2.1.2 Synthesis of 1',2'-azetidine fused uridine and cytidine 
Another approach has been developed for the synthesis of 1',2'-azetidine 
fused uridine (39) and cytidine (42) phosphoramidites (Scheme 2). Coupling 
of the persilylated uracil with the 6-O-benzyl-protected psicofurnoside 1 
(shown in Scheme 1) gave a complex anomeric mixture (�:�, 1:0.8), from 
which only 23% of the �-anomer 2b could be isolated. By utilizing 2-O-
acetyl-6-O-benzyl-1,3,4-tri-O-(4-toluoyl)-D-psicofuranose 23 as a coupling 
precursor, the desired �-anomer 24 was obtained in 65% yield from an ano-
meric mixture, in which �-anomer was a predominant constituent (�:�, 1:9) 
(Scheme 2). The �-configuration at the anomeric C2' center was confirmed 
by 1D NOE difference spectroscopy which showed 1.9% enhancement for 
H6-H3'. 

Another important achievement of modified Scheme 2 is the avoiding a 
few steps presented in Scheme 1, such as acetylation/deacetylation and 
thyminyl N-3 protection/deprotection. It was achieved by keeping intact the 
2,3'-anhydro bond in the number of intermediate nucleosides until the dis-
placement of 1'-mesylate in 30 by azido group was performed to get 31. 
Thus the breaking of the 2,3'-anhydro bond in 31 gave a direct entry to the 
desired �-D-fructo configured nucleoside 32. 

The 6-O-benzyl-protected psicofurnoside 1 was treated with 70% aqueous 
acetic acid at 80 °C for 5 h followed by 4-toluoylation using 4-toluoyl chlo-
ride in dry pyridine to afford 22 as an anomeric mixture (~1:1) in 75% yield. 
Acetylation of 22 in dry pyridine with excess of acetic anhydride (20 eq) at 
r.t. for 48 h gave 23 (90% yield) as an anomeric mixture. The coupling be-
tween 23 and the uracil nucleobase using Vorbrüggen-type reaction, utilizing 
trimethylsilyltriflate as Lewis acid and N,O-bis(trimethylsilyl)acetamide as a 
silylating agent, afforded 24 in 65% yield. Complete detoluoylation of nu-
cleoside 24 was accomplished with 1 M sodium ethoxide in ethanol to give 
intermediate 25, which was subsequently treated with MMTrCl in dry pyri-
dine to afford 26 in 75% yield in two steps from 24. The use of 1,1'-
thiocarbonyldiimidazole in toluene at 120 °C to obtain the anhydro deriva-
tive 27 resulted in some undesired side products. This problem was solved  
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Scheme 2 

Reagents and conditions: (i) 70% aq. acetic acid, 80 °C, 5 h; (ii) 4-toluoyl chloride, 
pyridine, 0 °C, 4 h, 75% (two steps); (iii) Ac2O, pyridine, r.t., 48 h, 90%; (iv) per-
silylated uridine, TMSOTf, CH3CN, 40 °C, 2 h, 65%; (v) NaOEt, ethanol, 10 min; 
(vi) MMTrCl, pyridine, r.t., overnight, 75% (two steps); (vii) diphenyl carbonate, 
DMF, 110 °C, 2 h, 91%; (viii) benzyl bromide, NaH, CH3CN, overnight, 85%; (ix) 
80% aq. CH3COOH, r.t., 48 h, 79%; (x) MsCl, pyridine, 0 °C, 1.5 h, 89%; (xi) 
NaN3, DMF, 100 °C, 60 h, 87%; (xii) aq. NaOH, r.t., 2 h, 85%; (xiii) MsCl, pyri-
dine, 0 °C, 24 h, 90%; (xiv) PMe3, THF, water, r.t., 1 h, 90%; (xv) Et3N, pyridine, 
90 °C, 48 h, 63%; (xvi) PACCl, pyridine, r.t., 2.5 h, 84%; (xvii) BCl3, CH2Cl2, –78 
°C, 2 h; –20 °C 2 h; (xviii) DMTrCl, pyridine, r.t., 5 h, 85% (two steps); (xix) 
NC(CH2)2OP(Cl)N(iPr)2, DIPEA, THF, r.t., 2 h, 93%; (xx) (a) Ac2O, pyridine, r.t., 
24 h; (b) 2-chlorophenyl phosphodichloridiate, 1,2,4-triazole, pyridine, r.t., 6 h; (c) 
aq. ammonia, r.t., overnight, 70% (three steps); (xxi) (a) TMSCl, pyridine, 30 min; 
(b) isobutyryl chloride, r.t., 3 h; (c) MeOH, r.t., overnight, 83% (three steps); (xxii) 
NC(CH2)2OP(Cl)N(iPr)2, DIPEA, THF, r.t., 2 h, 92%. 
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by the treatment of 26 with diphenyl carbonate and NaHCO3 in DMF at 110 
°C to give 27 in 91% yield. Benzyl protection of the 4'-hydroxyl in com-
pound 27 gave 28 (85% yield), in which 1'-O-MMTr was then deprotected 
with 80% aqueous acetic acid to give 29 in 79% yield. Compound 29 was 
treated with MsCl (3 eq) in dry pyridine at 0 °C for 1.5 h to give the 1'-O-
mesylated product 30 (89% yield) followed by the displacement of 1'-
mesylate with NaN3 in DMF at 100 °C to afford 31 in 87% yield. Breaking 
of the 2,3'-anhydro bond in 31 with 1 M NaOH in THF gave the desired D-
fructo-nucleoside 32 with 85% yield, which was then mesylated at C3' with 
MsCl in dry pyridine at 0 °C to provide a key precursor 33 in 90% yield. 
Reduction of the azide was carried out under Staudinger's conditions (PMe3, 
THF and H2O), which afforded 34 in 90% yield. Cyclization of 34 by in-
tramolecular nucleophilic attack of the 1'-amino group was performed under 
the same conditions as in Scheme 1 (Et3N and pyridine at 90 °C) and gave 
azetidine modified uracil nucleoside 35 in 63%. Protection of the azetidine-
nitrogen using PACCl in dry pyridine afforded 36 (84% yield), which was 
found to be a mixture of rotamers, as it was previously establish for 16. De-
benzylation of 36 with (ammonium formate and 20% Pd(OH)2/C) or (20% 
Pd(OH)2/C and H2) in ethanol did not work satisfactorily in our hands. How-
ever, the reaction proceeded to completion efficiently with 1 M BCl3 in 
CH2Cl2 at –78 °C. The crude product 37 was selectively dimethoxytritylated 
to afford 38 in 85% yield in two steps from 36. Phosphitylation under stan-
dard conditions provided the desired phosphoramidite 39 in 93% yield [31P 
NMR (CDCl3) � (ppm): 154.6, 150.6, 149.9, and 149.2]. The 6'-O-DMTr 
protected uracil nucleoside 38 was acetylated using acetic anhydride in pyri-
dine to give product 38a, which was converted into the cytosine nucleoside 
40 (70% yield) by means of the procedure used for 19 (Scheme 1). Nucleo-
side 40 was transiently protected by trimethylsilylation followed by treat-
ment with isobutyryl chloride in pyridine and subsequent desilylation to 
afford 41 in 83% yield. Compound 41 was transformed to its corresponding 
phosphoramidite 42 in 92% yield [31P NMR (CDCl3) � (ppm): 154.4, 150.6, 
149.6, 149.0]. 

Phosphoramidites 20, 39 and 42 were incorporated at different positions 
of mixed 15-mer AON sequences as shown in Table 1, and their composition 
was verified by MALDI-TOF MS analysis. 

2.1.3 Synthesis of 2',4'-piperidino fused aza-ENA adenosine 
Compared to the known procedure for the preparation of aza-ENA 
thymidine molecule182 the synthesis of aza-ENA adenosine analogue re-
quired different strategy. A presence of the ara 2'-hydroxyl group in the 
sugar residue is one of the requirements on the way to the desired 2',4'-
piperidino fused compounds. This 2'-OH then can be converted into a leav-
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ing group for its subsequent displacement with nucleophile via an SN2 
mechanism. 
 

Scheme 3 

Reagents and conditions: (i) NaH, BnBr, DMF, 0 °C, overnight, 45%; (ii) oxaloyl 
chloride, DMSO, CH2Cl2, –78 °C, 2 h, then Et3N, –78 °C to r.t.; (iii) BuLi, 
MeP(Ph)3Br, THF, 0 °C to r.t., 3 h, then addition of 45 at –78 °C to r.t., 94% (two 
steps); (iv) 9-BBN, THF, overnight then 3 N NaOH, 30% H2O2, 30–45 °C, 0.5 h, 
80%; (v) 4-toluoyl chloride, pyridine, r.t., 1 h, 99%; (vi) MeOH, H2SO4, reflux, 0.5 
h, 67%; (vii) Tf2O, pyridine, CH2Cl2, 0 °C, then r.t., 0.5 h; (viii) NaN3, DMF, 40 °C, 
48 h, 57% (two steps); (ix) CH3COOH, Ac2O, H2SO4, 0 °C, 3 h, 95%; (x) persily-
lated N6-benzoyladenine, TMSOTf, CH3CN, 80 °C, overnight, 57%; (xi) NaOH, 
ethanol, pyridine, r.t., 6 min, then pyridine, 4-toluenosulfonyl chloride, r.t., over-
night, 72% (two steps); (xii) PMe3, 2 N NaOH, THF, r.t., 3h, 69%; (xiii) (a) 
trifluoroacetic anhydride, pyridine, CH2Cl2, 0 °C to r.t., 20 min, (b) 1 M BCl3 in 
CH2Cl2, –78 °C to r.t., 24 h, 50% (two steps); (xiv) DMTrCl, pyridine, r.t., over-
night, 83%; (xv) aq. ammonia, r.t., overnight, 85%. 
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However, this approach is mainly suitable for the synthesis of only 
pyrimidine analogues because of their ability to form 2,2'-O-anhydro inter-
mediates by nucleophilic attack of carbonyl group at the C2 centre of 
pyrimidine base. 

According to the new strategy as a precursor was chosen D-arabinose with 
the ara configuration of 2-OH. Arabinosugar was converted to the com-
pound 43 (Scheme 3) by known procedure.228, 229 Selective benzylation of 5-
OH group using 0.8 eq of benzyl bromide in DMF afforded compound 44 in 
45% combined yield. This reaction leads to the mixture of 5- and 6-
monobenzylated products (ratio 2:1), a small amount of bisbenzylated mole-
cule and unreacted compound 43, which was separated and recycled again to 
give desired product 44. Structure of the 5-O-benzylated compound 44 was 
confirmed by 1H NMR spectroscopy together with 1D NOE difference spec-
troscopy (Figure 8). Both methyl groups of 1,2-isopropylidene moiety were 
irradiated separately. Irradiation of one of the methyl groups showed NOE 
enhancement for protons H1 and H2 (which are "below the sugar ring"), 
whereas irradiation of the other methyl group demonstrated NOE enhance-
ment for protons H3 and CH2 group at position 5 (showing that they must be 
both "above the sugar ring"). Also, this 5-CH2OH group must been protected 
with benzyl group since 5-CH2 did not show any coupling with the ex-
changeable OH proton. 

Figure 8. NOE spectra of compound 44 that shows enhancement of protons in the 
sugar moiety after irradiation of methyl groups (left). NOE contacts in the 5-O-
benzylated compound 44 (right). 

The 5-O-monobenzylated compound 44 was converted by means of Swern 
oxidation to the aldehyde 45 following by Wittig reaction, using carbon-
donor generated in situ by reaction of methyltriphenylphoshine bromide and 
butyl lithium, to give derivative 46 in 94% yield after two steps. Then com-
pound 46 was converted to 47 by the hydroboration reaction using 9-BBN 
followed by oxidation in 80% yield in two steps. 

Our several efforts directly to place activated leaving group (methylene-
sulfonyl or p-toluenosulfonyl) at position 7 in the sugar moiety and/or utilize 
displacement of secondary 2-trifluoromethanesulfonyl moiety in the pres-
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ence of primary 7-p-toluenosulfonyl group with sodium azide were unsuc-
cessful (for more details see attached Publication II). 

For the reason mentioned above, 7-hydroxy function of compound 47 was 
protected with p-toluoyl group to give 48 in high 99% yield. The reflux of 
the last one in dry methanol in the presence of catalytic amount of sulfuric 
acid afforded compound 49 as an anomeric mixture in 67% yield. 1-Methyl 
glycoside 49 was treated with triflic anhydride in pyridine-dichloromethane 
mixture as a solvent at 0 °C to give precursor 50. Crude 50 was used directly 
in the next reaction with azide displacement using sodium azide in DMF at 
40 °C for 48 h to afford compound 51 (57% after two steps). To form reac-
tive glycosyl donor compound 51 was subjected to the acetolysis to give 1-
O-acetyl analogue 52 as an anomeric mixture in 95% yield. Coupling of 52 
with N6-benzoyladenine was carried out at Vorbrüggen conditions 
(trimethylsilyltriflate as Lewis acid and N,O-bis(trimethylsilyl)acetamide as 
silylating agent) to afford nucleoside 53 as an anomeric mixture (�:�, 1:2) 
with desired � anomer in 57% of overall yield. p-Toluoyl group of com-
pound 53 was deprotected using sodium hydroxide solution in ethanol and 
crude product was subjected to the p-toluenosulfonylation in pyridine at r.t. 
to give 7'-O-p-toluenosulfonyl derivative 54 in 72% yield after two steps. 
Reductive cyclization of the 54 was achieved by means of reaction with 
trimethylphosphine in the presence of 2 N sodium hydroxide solution and 
afforded desired 2',4'-fused bicyclic nucleoside 55 in 69% after two steps. 
Amino function of piperidino ring in 55 was protected using trifluoroacetic 
anhydride to give crude product as a mixture of rotamers, which was directly 
debenzylated with 1 M BCl3 in CH2Cl2 at –78 °C to afford 3',5'-bishydroxy 
compound 56 in 50% after two steps. Fully deprotected compound 56a was 
prepared in 85% yield by the treatment of nucleoside 56 with 32% aqueous 
ammonia at r.t overnight. Selective dimethoxytritylation of 56 afforded de-
sired molecule 57 (83% yield), which can be utilized for the preparation of 
suitably protected phosphoroamidite analogue for the solid-phase oligonu-
cleotide synthesis. 

2.2 Structure and physicochemical properties of 1',2'-
azetidine fused and 2',4'-piperidino fused nucleosides 
Various chemically modified nucleotide units incorporated into ONs have 
significant impact on the properties of nucleic acids. Thus, conformationally 
constrained nucleotides, depending on the conformation-type of sugar moi-
ety as well as chemical nature of conformational constraint, may influence 
structural and conformational preorganization of correspondently modified 
ONs. This, in turn, may modulate thermal stability of their duplexes with 
complementary DNA or RNA targets; or may have effect on the recognition 
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by specific enzyme and on followed interaction with it, such as RNase H in 
the antisense action; or even may control the ON stability toward 
endo/exonucleases. Therefore physicochemical properties of conformation-
ally restricted nucleotides could tune the structure and reactivity of the nu-
cleic acid duplexes to have certain properties that are essential for the gene 
silencing techniques.  

2.2.1 Structures of 1',2'- and 2',4'-locked nucleosides 
Conformational analysis of bicyclic nucleoside units has been performed 
using high-field NMR, molecular modeling ab initio and molecular dinamics 
(MD) simulations. It has been found that azetidine fused pentafuranose ring 
is locked in a North-East conformation with pseudorotational phase angle in 
the range (44º < P < 54º) and sugar puckering amplitude (29º < �m < 33º) for 
the azetidine modified T, U, C, and 5Me-C nucleosides (from ab initio re-
sults).  

Figure 9. Molecular structures and corresponding superposition of 10 randomly 
selected structures of 1',2'- and 2',4'-fused nucleosides. 

These values are similar to that of the oxetane modified nucleosides174 with 
P being within 2º of corresponding values for the oxetane T and C and �m 
being ~7° lower compared to the values for the oxetane T and C. Lower 
electronegativity of nitrogen atom compared to the oxygen lead to about 
0.02 Å increase in C2'-C3' and C3'-C4' bonds and weakened restraining 
power of the azetidine moiety compared to the oxetane. This resulted in 
broader conformational subspace available for the azetidine modified sugar 
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moiety (P = 37 ± 27, �m = 25 ± 18) during MD trajectories compared to that 
of the oxetane analogue (P = 37 ± 21, �m = 33 ± 9). In contrast to the 1',2'-
fused systems (azetidine and oxetane modified nucleosides), in which penta-
furanose ring exist in North-East-type conformation, sugar moiety of 2',4'-
fused aza-ENA thymidine adopts pure North-type (P = 19 ± 8, �m = 48 ± 3) 
similar to the other 2',4'-fused modified nucleosides, such as ENA-T, LNA-
T/BNA-T and 2'-amino-LNA-T (Figure 9). The aza-ENA adenosine ana-
logue showed proton chemical shifts and coupling constants very close to 
that of the aza-ENA thymidine nucleoside, indicating their high conforma-
tional similarities.  

Also, it has been found that the 1',2'-fused conformational constraints give 
more flexibility to the nucleoside than those of the 2',4'-fused conformational 
constraints. The actual internal dynamics and conformational hyperspace are 
found to be distinctively different and very specific within these two groups 
of modified nucleosides. 

2.2.2 Effect of the conformationally constrained 1',2'- and 2',4'- 
fused systems on the nucleobase pKa 
It has been shown early that modification at C2' position in the pentafu-
ranose moiety of nucleoside has an effect on the pKa of its nucleobase. Thus, 
electron-withdrawing effect of the 2'-hydroxyl group in the ribonucleotides 
results in the more acidic corresponding aglycons compared to those in the 
2'-deoxyribonucleotides analogues.230 Also, any modulation observed in the 
acidity or basicity of the nucleobase by the chemical nature of 2'-substituent 
should influence the strength of hydrogen bonding in the nucleic acid du-
plexes varying their thermal stabilities. 

Figure 10. Chemical structures of the 3'-ethylphosphates (R = H) and 3',5'-bis-
ethylphosphates (R = PO�2OEt) nucleotides. 
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Effect on the electronic character of the nucleobase by the presence of 1',2'-
lock systems in the sugar moiety has been studied by high-field NMR using 
model nucleoside 3',5'-bisethylphosphates and 3'-monoethylphosphates, and 
has been compared with another 2'-substituted model systems (Figure 10). 

It has been found that 1',2'-fused azetidine ring similar to 1',2'-fused 
oxetane system has a stronger electron-withdrawing effect compared to the 
2'-amino group or 2'-methoxy substituent in the sugar moiety. This resulted 
in the decrease of pKa values for more acidic N3 of 1-cytosinyl, 1-thyminyl 
and 1-uracilyl of azetidine modified pyrimidines with respect to the 2'-NH2 
or 2'-O-Me substituted analogues. 

Another set of experiments has been demonstrated that the linkage sites 
(1',2'- or 2',4'-fused systems) and the ring-size of the sugar constraint has a 
profound influence on the pKa of endocyclic amino group in the sugar moi-
ety, therefore also modulate the pKa of N3 of the constituent 1-thyminyl 
residue. 

The pH-dependent 1H chemical shift measurements showed that the en-
docyclic azetidine-amino group in four-membered azetidine-T has pKa of 
6.07, which is ~0.6 pKa units more acidic compared to that of piperidino-
amino group in aza-ENA-T with pKa of 6.69 (Figure 11).  

Figure 11. pKa values of the 2'-amino function protonation and thyminyl N3-
deprotonation in the 2'-amino thymidine, 1',2'- and 2',4'-fused nucleosides. 

Also, the size of the fused system found to be correlated with the pKa of 
endocyclic amino function as well as with the pKa of N3 of 1-thyminyl nu-
cleobase. With decrease of the ring-size from six-membered (aza-ENA-T) to 
four-membered (azetidine-T) the basicity of endocyclic amino group also 
decreases, which causes a decrease in the basicity of N3 of 1-thyminyl moi-
ety (Figure 11). 
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3. Target Affinity and Antisense Properties of 
Modified AONs 

3.1 Binding affinity of chemically modified AONs 
towards the RNA and DNA targets 
Measurement of thermal stabilities of the AON:RNA and AON:DNA du-
plexes was performed by means of temperature dependent UV spectroscopy. 
Incorporation of a single North-East-locked azetidine unit into AON (AONs 
59–62, 62a and 62b) resulted in the increase of binding affinity to the com-
plementary RNA compared to the isosequential oxetane modified analogues 
(by up to ~1 °C for thymidine and by ~2 °C for cytidine) (Table 1). How-
ever, these modified AON:RNA hybrids still shows drop in melting tempera-
tures (�Tm = –5.5 to –4 oC for thymidine and �Tm = –1 to –2 oC for cytidine) 
with respect to the native AON 58:RNA duplex. This attributed to the 1',2'-
fused system in azetidine and oxetane modified nucleotides that constrains 
the glycosyl torsion (�) and limits the ability to form linear base pairing.231 

However, AONs containing aza-ENA-T modification with North-sugar 
conformation (AONs 63–66) enhanced target affinity to the complementary 
RNA significantly (�Tm = +2.5 to +4 °C per modification) compared to that 
of the unmodified counterpart, depending upon the position of modification 
in the AON strand (Table 1). 

Other 2'-modified nucleotides, such as 2'-O-Me-T (AON 67) and 2'-O-
MOE-T (AON 68) carrying North-type sugar showed a slightly higher bind-
ing affinity towards complementary RNA (Table 1). 

On the other hand, all modified AONs demonstrated destabilization of the 
AON:DNA duplexes. 
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Table 1. Thermal denaturation studies of the native and modified AONs in duplexes 
with complementary RNA and DNA complements �. 

� Tm values measured as a maximum of the first derivative of melting curve (A260 vs 
temperature) recorded in medium salt buffer (60 mM Tris-HCl at pH 7.5, 60 mM 
KCl, 0.8 mM MgCl2 and 2 mM DTT) using 1μM concentrations of the two com-
plementary strands. Complementary RNA: 5'-rGAAGAAAAAAUGAAG; comple-
mentary DNA: 5'-dGAAGAAAAAATGAAG; �Tm is relative to the Tm value of 
native duplexes with target RNA or DNA, respectively. 

3.2 RNase H recruitment properties 
Degradation of mRNA by the endogenous RNase H enzyme is one of the 
possible mechanisms in antisense strategies to down regulate gene expres-
sion. Therefore, ability of modified AON in AON:RNA hybrid to recruit 
RNase H is vital by this approach. Hence, RNase H recruitment properties of 
1',2'-fused azetidine-T (AONs 59–62) and 2',4'-fused aza-ENA-T (AONs 
63–66) modified AONs were evaluated using Escherichia coli RNase H and 
compared with that of the native AON 58, another 1',2'-fused system, 
oxetane-T modified AONs, and with the members of the "second genera-
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tion" of AONs, 2'-O-Me-T (AON 67) and 2'-O-MOE-T (AON 68) modified 
AONs (Table 1). 

3.2.1 RNase H cleavage pattern induced by modified AONs 
All modified AON:RNA duplexes were found to be substrates for the E. coli 
RNase H with varying cleavage potential and patterns. 

The azetidine-T modified AONs 59–62 in duplexes with RNA demon-
strated similar cleavage patterns as those of the isosequential oxetane-T 
modified analogues171, 172, 220. The AON 59 containing azetidine-T modifica-
tion in duplex with complementary RNA showed similar RNase H mediated 
cleavage pattern to that of the native AON 58:RNA hybrid except the ab-
sence of the cleavage at A5 and A6 positions (Figure 12).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 12. Autoradiograms of 20% denaturing PAGE, showing the cleavage pattern 
of 5'-32P-labeled target RNA by E. coli RNase H in (A) native AON 58:RNA, and 
azetidine-T modified AONs 59–62:RNA, and (B) native AON 58:RNA and aza-
ENA-T modified AONs 63–66:RNA hybrid duplexes, after 7, 15, 35 and 60 min of 
incubation. 

In the azetidine-T modified AONs 60–61:RNA duplexes five nucleotides 
towards the 3'-end from the site opposite to modification were found to be 
resistant to the RNase H promoted cleavage. However, in the azetidine-T 
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modified AON 62:RNA hybrid the six nucleotides were not cleaved (Figure 
12). 

In contrast, RNase H mediated cleavage patterns of RNA in the aza-ENA-
T modified AONs 63–66:RNA hybrid duplexes were found to be different 
from those of the isosequential azetidine-T modified AONs 59–62 and 
oxetane-T modified analogues. The aza-ENA-T modified AON 63:RNA 
hybrid duplex did not show cleavage at A7 position of the complementary 
RNA in contrast to the isosequential azetidine-T and oxetane-T172 modified 
hybrid duplexes (Figure 12). The main cleavage site of the aza-ENA-T 
modified AON 65:RNA duplex was found at A13 position of the comple-
mentary RNA unlike to the isosequential azetidine-T modified AON 
61:RNA, which showed additional strong cleavage at A7 and G12 positions. 
Seven nucleotides towards the 3'-end from the site opposite to the modifica-
tion were found to be insensitive towards RNase H promoted cleavage of 
RNA in the aza-ENA-T modified AON 66:RNA duplex. Only aza-ENA-T 
modified AON 64 in duplex with complementary RNA showed similar 
cleavage pattern to those of the isosequential azetidine-T modified AON 60, 
however with less intensive cleavage of RNA at A5 and A10 positions (Fig-
ure 12). 

The modulation of RNase H activity in the azetidine and aza-ENA modi-
fied AON:RNA duplexes could be explained by the difference in the flexi-
bility of North-East- and pure North-type conformations of pentafuranose 
moiety in the modified nucleotides. This in turn could impart different local 
structural alterations to the neighboring nucleotide units in the double helix 
thereby preventing accessibility required for the RNase H cleavage of RNA 
strand. 

Cleavage patterns of the complementary RNA in 2'-alkoxy modified 
AON:RNA hybrid duplexes (with 2'-O-Me-T and 2'-O-MOE-T modified 
AONs 67 and 68) found to be similar to those of the isosequential 1',2'-fused 
azetidine-T modified AON 62 and 2',4'-fused aza-ENA-T modified AON 66, 
respectively, however with modulation of the intensity of cleavage at A9 
position (for more details see attached Publication V). 

3.2.2 Michaelis-Menten kinetics of RNase H cleavage in 
modified AON:RNA duplexes 
In order to understand the impact of chemical modification on the binding 
affinity and catalytic activity of the RNase H the Michaelis-Menten kinetic 
studies have been performed. Isosequential modified AONs (62, 66–68 in 
Table 1) were subjected to digestion by E. coli RNase H and kinetic parame-
ters were subsequently compared with those of the native AON 58 and early 
reported oxetane-T modified AON 69.173 
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Figure 13. Relative Vmax (Vmax = kcatE0, where E0 is initial enzyme concentration), 
1/Km and kcat/Km values for the RNase H promoted RNA hydrolysis in AON:RNA 
hybride duplexes formed by the native (AON 58), 2'-O-Me-T (AON 67), 2'-O-
MOE-T (AON 68), azetidine-T (AON 62), aza-ENA-T (AON 66) and oxetane-T 
(AON 69) modified AONs. 

It has been found that the catalytic constant (kcat), which represents the 
maximum number of substrate molecules converted to products per active 
site per unit time,232 is greater for the modified AON:RNA duplexes [from 
1.4 to 1.6-fold for azetidine-T (AON 62), 2'-O-Me-T (AON 67) and 2'-O-
MOE-T (AON 68), and ~2.6-fold for aza-ENA-T (AON 66)] with respect to 
the native AON 58:RNA hybrid (Figure 13). However, introduction of 
modified moiety to the AON decreased the enzyme binding affinity (1/Km) 
of AON:RNA duplexes [from 1.3 to 1.7-fold less for 2'-O-Me-T (AON 67) 
and oxetane-T (AON 69), from 3.8 to 4.2-fold less for azetidine-T (AON 62) 
and 2'-O-MOE-T (AON 68), and ~8.3-fold less for aza-ENA-T (AON 66)] 
(Figure 13). Therefore efficiency of the enzyme (kcat/Km), which reflects 
both binding affinity and catalytic ability, was found to be lower for all 
chemically modified AON:RNA hybrid duplexes than that of the native sub-
strate [~1.1-fold less for 2'-O-Me-T (AON 67), ~1.4-fold less for oxetane-T 
(AON 69), ~2.6-fold less for 2'-O-MOE-T (AON 68), ~2.7-fold less for 
azetidine-T (AON 62) and ~3.2-fold less for aza-ENA-T (AON 66)] (Figure 
13). 

3.3 Resistance of chemically modified AONs to 
nucleolytic degradation 
As was mentioned previously, ONs with natural PO backbone is rapidly 
degraded by the intracellular nucleases. Consequently, many chemically 
modified AONs are designed to overcome this problem in order to be util-
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ized for the therapeutic applications. Therefore the stability of azetidine-T 
and aza-ENA-T modified AONs was tested in the presence of snake venom 
phosphodiesterase (SVPDE) and human serum. The SVPDE is a 3'-
exonuclease, whereas human serum contains several enzymes that are 
mainly 3'-exonucleases.  

Both modifications showed improved 3'-exonuclease stability compared 
to the unmodified AON 58 (Figure 14). Also, aza-ENA-T modified AONs 
63–66 and azetidine-T modified AON 59 were found to be more resistant 
towards 3'-exonucleases than 2'-alkoxy modified AONs 67 and 68 (2'-O-Me-
T and 2'-O-MOE-T modified AONs) (Figures 8 and 9 in Publication V). It is 
known that the substrates containing positively charged spices are more re-
sistant to the degradation by the exonucleases.233 Therefore endocyclic 
amino function in the azetidine-T and aza-ENA-T modified AONs could 
enhance their nuclease stability. 

Figure 14. Autoradiograms of 20% denaturing PAGE, showing the degradation of 
5'-32P-labeled native AON 58, azetidine-T modified AONs 59–62 and aza-ENA-T 
modified AONs 63–66 in human serum. Lanes 1 to 6 represent the time (0, 15 min, 
30 min, 1 h, 2 h and 9 h, respectively) of incubation with serum. 

Also, AONs containing North-East constrained azetidine-T modification 
were cleaved immediately at the PO linkage at 3'-site of modification, simi-
lar to the previously reported AONs with North-East constrained oxetane-T 
analogue. Whereas all North-type aza-ENA-T modified AONs were cleaved 
by 3'-exonucleases at the PO linkage at one nucleotide after the modification 
site towards 3'-end (Figure 14). It should be noted that the aza-ENA-T modi-
fied 5'-residual ONs showed higher stability compared to those of the 
azetidine-T modified 5'-residual ONs. This properties of the aza-ENA-T, 
when only single modification at second position from 3'-end of AON would 
provide significant stability towards 3'-exonucleases, could be used for fur-
ther design of aza-ENA-T modified AONs. 
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4. Pyrene-functionalized Azetidine-T and Aza-
ENA-T modified ODNs 

Interest in the detection of specific nucleic acid sequences in homogeneous 
solution has been increased due to major development in human genetics. It 
has become of importance for clinical diagnostics and for various biochemi-
cal applications associated with gene expression. Thus, studies on the recog-
nition of RNA sequences by complementary strands demonstrated that the 
structure of the target RNAs drastically affects the performance of particular 
antisense agents.234 The identification of accessible hybridization sites within 
mRNA is needed for the understanding of AON activity. Another example is 
single nucleotide polymorphisms (SNPs), when a single Watson-Crick base 
pair in DNA is replaced by any one of the other three pairs. This is the most 
common form of variation in the human genome and can be diagnostic of 
particular genetic predispositions toward disease.235 

Specific recognition of a particular base sequence in the target ON can be 
achieved by fluorescence hybridization methods,236 utilizing the base pairing 
property of DNA. Fluorescent probes such as Molecular beacons,237 TaqMan 
probes,238, 239 Scorpion primers,240 polyamide-fluorophore conjugates241 or 
cyanine dyes conjugated to the ONs242, 243 or PNAs244, 245 have been em-
ployed in the fluorescence homogeneous assay for specific detection of nu-
cleic acids, however with limited success. 

One of the most attractive dyes for the development of fluorescent ON 
probes is pyrene. High sensitivity to the environment246 makes pyrene fluo-
rescence a powerful tool for the investigation of nucleic acid structures and 
interactions. Pyrene-modified ONs have already been exploited as fluores-
cent probes of DNA and RNA utilizing the pyrene monomer247-251 or exci-
mer252-257 fluorescence emission. The main factors that determine the sensi-
tivity of fluorescent probes are their brightness, target specificity and the 
stability of the probe:target duplexes. The pyrene reporter group have also 
been attached to the modified nucleotide units with conformationally preor-
ganized structure.258-260 The position of the pyrene moiety in such 
probe:target duplexes can be partially controlled by the rigid sugar moiety in 
the modified monomers, thereby giving possibility to modulate the fluores-
cence properties. 

Based on conformationally restricted azetidine-T and aza-ENA-T modifi-
cations we developed novel 2'-N-pyrene-functionalized nucleosides [2'-N-
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(pyren-1-yl)carbonyl-azetidine thymidine, Aze-pyr (X), and 2'-N-(pyren-1-
yl)carbonyl-aza-ENA thymidine, Aza-ENA-pyr (Y)] (Figure 15). Single 
monomers X or Y were placed one at a time at three different positions in 
the central part of the non-self-complementary 15-mer ODN with the same 
nucleobase context at the 3'-end of the modification site (ODNs 70–75) as 
well as with different nucleobase neighbors at both sides (ODNs 70, 73 and 
76–83) (Figure 15). 

Figure 15. Structures of azetidine-T, 2'-N-(pyren-1-yl)carbonyl-azetidine thymidine 
[Aze-pyr (X)], aza-ENA-Tand 2'-N-(pyren-1-yl)carbonyl-aza-ENA thymidine [Aza-
ENA-pyr (Y)] monomers. Modified oligodeoxynucleotide sequences (ODNs 70–83) 
are also shown. 

4.1 Synthesis of pyrene-modified nucleotides and ODNs 
Bisbenzylprotected aza-ENA-T nucleoside 87 (Scheme 4) was prepared ac-
cording to the literature method.182 Compounds 15 and 87 were pyrene-
functionalized by the coupling with pyrenecarboxylic acid to give 84 and 88 
as mixtures of rotamers (87% and 90% yield, respectively). Debenzylation 
of 84 and 88 was performed using ammonium formate and 20% Pd(OH)2/C 
in methanol and gave deprotected nucleosides 85 (78% yield) and 89 (82% 
yield). Dimethoxytritylation and phosphitylation of 85 and 89 under standard 
conditions afforded desired phosphoroamidites 86 and 90 in 85% and 73% 
yields in two steps, respectively. ODNs 70–83 containing X or Y monomers 
(Figure 15) were synthesized according to the conventional DNA synthesis 
with extended coupling time for the modified phosphoramidites 86 and 90. 
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Scheme 4 

Reagents and conditions: (i) pyrenecarboxylic acid, PyBOP, DIPEA, DMF, r.t.; (ii) 
ammonium formate, 20% Pd(OH)2/C, methanol, reflux; (iii) (a) DMTrCl, pyridine, 
r.t., (b) NC(CH2)2OP(Cl)N(iPr)2, DIPEA, THF, 0 oC, 30 min, then r.t. 

4.2 Binding affinity of pyrene-labeled ODNs to target 
DNA and RNA 
The melting temperatures of Aze-pyr (X) modified ODNs 70–72 and Aza-
ENA-pyr (Y) modified ODNs 73–75 with complementary DNA and RNA 
Table 2. Thermal denaturation studies of the native and modified AONs in duplexes 
with complementary DNA and RNA complements �. 

� Tm values measured as a maximum of the first derivative of melting curve (A260 vs 
temperature) recorded in medium salt buffer ([Na+] = 110 mM, [Cl�] = 100 mM, pH 
7.0 (NaH2PO4/Na2HPO4)), using 1.0 �M concentrations of the two complementary 
strands. Complementary DNA: 5'-dGAAGAAAAAATGAAG; complementary 
RNA: 5'-rGAAGAAAAAAUGAAG. 
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found to be lower as compared to the native ODN 58:DNA and ODN 
58:RNA duplexes (Table 2). Also, binding affinity of X and Y modified 
ODNs to their target DNA and RNA was decreased with respect to the cor-
responding isosequential azetidine-T and aza-ENA-T modified ODNs (Table 
1 in Publication VI). It is likely that the incorporation of pyrene moiety to 
these modifications leads to some alteration of hydrogen bonding in the 
modified duplexes. 

4.3 Absorption spectra 
It is known that pyrene fluorescence in the ODNs can be quenched by the 
neighboring nucleobases via electron transfer from excited pyrene to nucleo-
base.261, 262 These interactions could be seen in UV absorption spectra, when 
-stacking involving pyrene and nucleobases produces shift of the absorption 
to a longer wavelength.250, 263 Analysis of the absorption spectra of two iso-
sequential X modified ODN 70 and Y modified ODN 73 in duplexes with 
their targets (Figure 16) showed that incorporation of either North-East-type 
X or North-type Y modification into ODN with identical sequence motif 
leads to different changes in the environment around pyrene moiety.  

Figure 16. Absorption spectra of (A) Aze-pyr (X) modified ODN 70 and (B) Aza-
ENA-pyr (Y) modified ODN 73 hybridized to the complementary DNA, comple-
mentary RNA and single base mismatched (G, U, C) RNAs. 

Thus, incorporation of the corresponding modifications into ODNs resulted 
in the red shift of absorption maxima for the X modified ODN 70 (6 nm) and 
Y modified ODN 73 (4 nm) with respect to the Aze-pyr modified nucleoside 
85 and Aza-ENA-pyr modified nucleoside 89, which showed characteristic 
for the pyrene chromophore absorption maxima of 341 nm. Upon hybridiza-
tion with complementary DNA and RNA the X modified ODN 70 displayed 
a shift of the pyrene absorption band to the shorter wavelength with absorp-
tion maxima of 343 nm for ODN 70:DNA and 342 nm for ODN 70:RNA 
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(Figure 16). However, very small changes were detected for the Y modified 
ODN 73 during hybridization to the complementary DNA and RNA (absorp-
tion maxima for ODN 73:complementary target found to be 344 nm). Also, 
the response of Aze-pyr and Aza-ENA-pyr modified probes to the base 
mismatch in the RNA opposite to the modification site in ODN strand was 
exceptionally different. In the X modified ODN 70:RNA (G mismatch) du-
plex pyrene maximum showed a red shift from 347 to 351 nm, whereas in 
the Y modified ODN 73:RNA (G mismatch) duplex pyrene absorption band 
shifted to the shorter wavelength from 345 to 342 nm (Figure 16). Another 
X modified ODN 70:RNA duplex with C mismatch in the RNA strand also 
demonstrated a red shift (2 nm) in pyrene maximum. Whereas X modified 
ODN 70:RNA (U mismatch) displayed small shift to the shorter wavelength, 
while other Aza-ENA-pyr modified ODN 73:RNA with U or C mismatch in 
RNA strand showed same wavelength of pyrene absorption maxima as com-
pared to the duplexes with complementary DNA and RNA (Figure 16). 

4.4 CD studies of pyrene-modified ODNs 
The difference in location of pyrene moiety in the X and Y modified 
ODN:target duplexes was also detected by CD experiments.  

 
 
 
 
 
 
 
 
 
 
 

 
 
 
Figure 17. Expanded CD spectra of duplexes formed by Aze-pyr modified ODN 70 
and Aza-ENA-pyr modified ODN 73 with complementary RNA (A), and with RNA 
(G mismatch) possessing single base mismatch G opposite to the modification site. 

At the region between 300 and 380 nm corresponding to the pyrene chromo-
phore the Aze-pyr (X) modified ODN 70 hybridized to the complementary 
DNA or RNA did not show any alteration in the CD spectra. However, du-
plexes formed by the Aza-ENA-pyr (Y) modified ODN 73 and complemen-
tary DNA or RNA displayed positive induced CD (ICD) in the same region. 
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Moreover, negative ICD from 300 to 380 nm was observed for the X modi-
fied ODN 70:RNA with G mismatch in the RNA strand, while no ICD was 
detected for the isosequential Y modified ODN 73:RNA (G mismatch) du-
plex (Figure 17). It is known that negative ICD correlates only with interca-
lation mode of pyrene moiety, whereas the positive ICD can be associated 
with both, an external binding or groove-localized chromophore, and interca-
lation mode.264 

4.5 Fluorescence properties of pyrene-modified probes 

4.5.1 Impact of the conformationally constrained nucleotide unit 
on fluorescence properties of ODN probe 
A single stranded (ss) X modified ODN 70 showed unstructured band at �max 
� 412 nm (Figure 18). Upon hybridization of ODN 70 to complementary 
DNA and RNA two vibronic bands appeared at �max � 376 nm (band I) and 
�max � 396 nm (band III). Fluorescence intensity (measured at �em � 376 nm) 
increased by 18.5-fold in ODN 70:RNA hybrid duplex and by 6.4-fold in 
ODN 70:DNA duplex. 

Figure 18. Fluorescence emission spectra of single stranded (ss) Aze-pyr modified 
ODN 70 and Aza-ENA-pyr modified ODN 73, and the corresponding duplexes with 
complementary DNA and RNA. 

Isosequential ODN 73 containing Y modification demonstrated different 
fluorescence properties. Single stranded ODN 73 showed structure involving 
two bands at �max � 385 nm and �max � 399 nm (Figure 18). The Y modified 
ODN 73:RNA hybrid duplex showed similar, but less structured shape with-
out significant changes in the fluorescence intensity. In contrast, 3.9-fold 
increase in fluorescence intensity (measured at �em � 385 nm) and formation 
of two vibronic bands at �max � 382 nm (band I) and �max � 399 nm (band III) 
was observed upon duplex formation with complementary DNA. 
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Other X modified ODNs 71 and 72, which have dT at the 3'-end of the 
modification site (Figure 15) exhibited similar fluorescence properties as 
compared to the X modified ODNs 70. However, Y modified ODNs 74 and 
75 containing dT at the 3'-end of the modification site (Figure 15) upon hy-
bridization to the complementary DNA and RNA did not show significant 
difference in fluorescence intensity. 

The fluorescence intensity ratio of pyrene band III/band I is known to be 
sensitive to the polarity of the medium.246, 265, 266 In hydrophobic environment 
the ratio of band III/band I is increases, and it is decreases with enhance of 
the polarity around pyrene unit. The incorporation of pyrene-modified 
monomers X or Y into isosequential ODNs resulted in the different fluores-
cence intensity ratio of band III/band I for the corresponding single stranded 
probes (Table 3 in Publication VI). Hybridization of the X modified ODNs 
to the complementary DNA and RNA resulted in the decrease of fluores-
cence intensity ratio (band III/band I) with respect to the corresponding sin-
gle stranded X modified probes. Whereas the fluorescence intensity ratio 
(band III/band I) for the Y modified duplexes with complementary DNA and 
RNA showed small increase as compared to the corresponding single 
stranded Y modified probes. Only Y modified ODN 73 with dT at the 3'-end 
of the modification site hybridized to the complementary DNA showed 
small decrease in the ratio of band III/band I with respect to the single 
stranded ODN 4. 

4.5.2 Fluorescence quantum yield of the probes 
Fluorescence quantum yield (�F) as a measure of the efficiency of fluores-
cence probe has been determined by comparison to the standard pyrenebu-
tanoic acid (PBA) in methanol. 

The X modified ODNs 70–72 containing dT at the 3'-end of the modifica-
tion site (Figure 15) hybridized to the complementary RNA demonstrated 
high �F of 0.80–0.85, showing higher quantum yields compared to the state-
of-the-art pyrene-labeled probes. However, upon hybridization with com-
plementary DNA these probes showed lower �F of 0.36–0.40. The X modi-
fied ODNs containing dC (ODN 76) or dA (ODN 77) at the 3'-end of the 
modification site (Figure 15) in duplexes with complementary DNA and 
RNA also displayed high �F up to 0.59 or 0.89, respectively, but without 
discrimination between DNA and RNA targets. The X modified ODNs con-
taining dG only at the 3'-end (ODN 78), or at both, 3'- and 5'-ends of the 
modification site (ODN 79) showed relatively poorer �F of 0.13–0.21 upon 
hybridization to their complementary targets. 

Fluorescence of Y modified ODNs 74–75 with dT at the 3'-end of the 
modification site (Figure 15) hybridized to the complementary DNA and 
RNA (�F = 0.19–0.22) was not changed much as compared to the corre-
sponding single stranded probes (�F = 0.16–0.17). Only Y modified ODN 
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73 in duplex with complementary DNA showed an enhancement of �F = 
0.47, which probably related to the site-dependency of incorporation of Y 
modification to the ODN strand. The Y modified ODNs 80–83 with different 
nucleobase adjacent to the modification site (Figure 15) upon hybridization 
with complementary DNA and RNA displayed �F in the range of 0.09–0.25. 

4.5.3 Impact of neighboring nucleobase on fluorescence 
properties of the probe 
The Aze-pyr (X) and Aza-ENA-pyr (Y) modified ODNs hybridized to the 
complementary DNA and RNA showed various emission enhancements 
depending on the nucleobase adjacent to the modification site in the ODN 
(Figure 19).  

Figure 19. Relative fluorescence intensities of Aze-pyr modified ODNs 70, 76–79 
and Aza-ENA-pyr modified ODN 73, 80–83 in duplexes with complementary RNA 
and DNA. All values are normalized with respect to the corresponding single 
stranded (ss) probes. Neighboring nucleobases to the modification (X or Y) are 
shown in blue. 

For the X modified probes (ODNs 70–72, 76–79 in Figure 15) fluorescence 
intensities were increased from 5.7-fold for ODN 76:RNA duplex with dC-
rG pair at the 3'-end of the modification site to 26.1-fold for ODN 83:DNA 
duplex containing dG-rC pair at both sides, with respect to the corresponding 
single stranded probes (see Table 3 in Publication VI for more details). The 
increase in fluorescent intensity for the Y modified probes (ODNs 73–75, 
80–83 in Figure 15) upon hybridization with complementary DNA and RNA 
was not high as compared to the single stranded ODNs (increase up to 3.9-
fold for ODN 73:DNA duplex with dT-rA pair at the 3'-end of the modifica-
tion site). The Y modified ODN 81 with dA at the 3'-end of the modification 
site hybridized to DNA and RNA showed small drop in fluorescence inten-
sity (Figure 19). 
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4.5.4 RNA single-base mismatch studies 
The X modified ODN 70 upon hybridization to the RNA possessing a single 
base mismatch (G, U, and C) opposite to the modification site in ODN strand 
showed decrease in fluorescence intensity for all mismatches (Figure 20). 
The intensity of emissions were decreased by ~4.6-fold (U mismatch), ~20-
fold (C mismatch) and ~37-fold (G mismatch) (measured at �em � 376 nm) 
with respect to the duplex with fully matched complementary RNA. 

On the other hand, the Y modified ODN 73 hybridized to the RNA in-
volving single G, U, or C mismatch showed increase in fluorescence inten-
sity by ~1.7-fold (U mismatch), ~2.1-fold (C mismatch) and ~2.7-fold (G 
mismatch) as compared to the duplex with complementary RNA (Figure 
20). 

Figure 20. Relative fluorescence intensities of Aze-pyr modified ODN 70 and Aza-
ENA-pyr modified ODN 73 hybridized to the complementary RNA (A) and RNAs 
possessing single base mismatch (G, U, C) opposite to the modification site. All 
values are normalized with respect to single stranded ODN 70 (for Aze-pyr modified 
duplexes) and ODN 73 (for Aza-ENA-pyr modified duplexes). 

The fluorescence intensity ratio of band III/band I was increased from 0.9 
(fully matched X modified ODN 70:RNA duplex) to 2.0–5.7 in the mis-
matched ODN 70:RNAs duplexes, and was decreased from 1.3 (fully 
matched ODN 73:RNA duplex) to 0.9–1.2 in the mismatched ODN 
73:RNAs duplexes (Table 3 in Publication VI). 

Above results suggest that the chemical structure of the different confor-
mationally constrained nucleotide units imparts significant impact on the 
location and interactions of pyrene moiety in the modified nucleic acid du-
plexes thereby modulating their fluorescence properties. 

Thus, we can conclude that pyrene moiety is located presumably outside 
the helix of the matched nucleic acid duplexes for both types of modifica-
tion. This is in agreement with our observations, such as enhanced fluores-
cence emission, small intensity ratio of band III/band I, absence of ICD band 
or presence of positive ICD band at the pyrene region, shift to the shorter 
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wavelength of pyrene absorption maximum with respect to the single 
stranded probes, and decrease in the thermal stability of the duplexes. 

However, pyrene moiety is intercalated in the X modified ODN 70 hy-
bridized with RNA possessing G mismatch opposite to the modification site 
in the ODN. Significant decrease in fluorescence intensity (~37-fold), a red 
shift in pyrene absorption maximum with respect to the single stranded 
probe, strong negative ICD at the pyrene region, and large fluorescence in-
tensity ratio of band III/band I supported our conclusions. Whereas pyrene 
moiety is positioned away from the helix in Y modified ODN 73:RNA du-
plex containing G-mismatch in the RNA strand. 

The X modified probes showed high �F together with specific hybridiza-
tion-induced increase in fluorescence intensities when hybridized to the 
complementary DNA and RNA. These properties together with mismatch 
discrimination ability could be employed for monitoring RNA hybridization 
and RNA folding in general. 

Fluorescence properties of Y modified ODNs with relatively lower �F, 
but with enhanced emission when hybridized to the DNA could be used for 
design of new base-discriminating fluorescent DNA probes. However, these 
modified probes would have limitation of the presence of dA at the 3'-end of 
modification site in the ODN sequence. 
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5. Conclusions and Outlook 

The use of nucleic acid-based agents has become an important tool in the 
sequence-specific inhibition of target genes by utilizing various gene-
silencing approaches. As a result, many chemically modified oligonucleo-
tides have been synthesized with the aim to improve cellular stability, target 
specificity, pharmacokinetics and delivery of therapeutic agents. One of the 
promising methods to achieve some favorable properties of modified ana-
logues is conformational restriction of the furanose rings of single stranded 
oligonucleotides. This can be done using conformationally constrained nu-
cleotide units. 

Early reported conformationally restricted 1',2'-oxetane modification,173, 

174 when incorporated into AONs, showed enhanced nuclease stability and 
capability to recruit RNase H by applying gapmer technique, but resulted in 
lower/same target affinity as compared to the native ON. Possibility that the 
protonated endocyclic amino group could partially neutralize the negative 
charge of the internucleotidic phosphate and therefore increase thermal sta-
bility136, 267 of the AON:RNA duplex has encouraged us to synthesize 1',2'-
fused amino analogue of 1',2'-oxetane-bridged bicyclic nucleoside. Even 
though azetidine modified AONs showed weaker binding affinity to the 
complementary RNA than the native sequence, they displayed better results 
as compared to the oxetane analogues. 

Another amino modification, aza-ENA-T, has also been synthesized in 
our group.182 The comparative studies on the azetidine-T, aza-ENA-T modi-
fied AONs together with the members of "second generation" of AONs (2'-
O-Me-T and 2'-O-MOE-T modified oligonucleotides) has revealed that aza-
ENA-T modification could be a promising antisense agent. It significantly 
increased target affinity to the complementary RNA (�Tm = +2.5 to +4 °C 
per modification), showed RNase H recruitment capability and improved 
exonuclease stability. Above results have motivated us to perform synthesis 
and investigate the properties of purine-containing analogue, aza-ENA-A 
modification. 

Comparison of 1',2'-azetidine and 2',4'-aza-ENA modifications with other 
conformationally constrained nucleosides (1',2'-oxetane and 2',4'-fused ENA, 
LNA and 2'-amino-LNA) showed that depending upon the type of fused 
system they have characteristic internal dynamics of the glycosidic and 
backbone torsions, resulting in different conformational hyperspace accessi-
bility. A 1',2'-fused nucleosides showed more flexibility than that of the 2',4'-
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fused modifications. Also, 1',2'- and 2',4'- locked systems in the sugar moiety 
have shown different impact on the physicochemical properties, such as pKa, 
of the nucleobase, which in turn can modulate the strength of hydrogen 
bonding in the base pairing and as a result specific recognition. 

Another important aspect is that the endocyclic amino function of 
azetidine and aza-ENA modified nucleosides could be utilized as a conjuga-
tion site for the attachment of hydrophobic and hydrophilic moieties in order 
to enhance antisense activity of AON or develop probes for molecular diag-
nostics. Polymeric conjugates containing the biodegradable linkers could be 
used to improve the delivery issue, which is still a challenge in the nucleic 
acid-based therapeutics. 

In some way we already exploited this opportunities by the attachment of 
(pyren-1-yl)carbonyl- moiety to the azetidine-T (Aze-pyr X) and aza-ENA-T 
(Aza-ENA-pyr Y) modified nucleosides. Fluorescent probes based on X and 
Y pyrene-functionalized units have showed different properties. Location 
and interactions of pyrene chromophore in the probe:target duplexes found 
to be depended upon the type of conformationally constrained nucleotide 
incorporated into the single stranded ODN.  

Increase in the fluorescence intensity was observed for the X modified 
ODNs hybridized to the complementary DNA and RNA depending upon the 
nearest-neighbor at the 3'-end to the modification [dA (~12–20-fold) > dG 
(~9–20-fold) >dT (~2.5–20-fold) > dC (~6–13-fold)] with high fluorescence 
quantum yield (�F = 0.13–0.89) with respect to the single stranded probes. 
The Y modified ODNs showed moderate enhancement of the fluorescence 
intensity only with the complementary DNA (1.4–3.9-fold, �F = 0.16–0.47) 
and very small increase with complementary RNA (1.1–1.7-fold, �F = 0.17–
0.22). 

The X modified probe exhibited efficient discrimination of single-base-
mismatched RNA (~37-fold decrease in the fluorescence intensity upon du-
plex formation with RNA containing a G nucleobase mismatch opposite to 
the modification site). Whereas the Y modified probe showed a ~3-fold in-
crease in the fluorescence intensity at the same circumstances. 

Above properties makes the fluorescent probes containing (pyren-1-
yl)carbonyl-conjugated azetidine-T promising tools with potential applica-
tions in the detection of nucleic acids. 
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6. Summary in Swedish 

Konformationslåst Nukleosider, Nukleotider och Oligonuk-
leotider: Desing, Syntes och Egenskaper 

 
Nukleinsyror är biopolymerer som har en essentiell roll i överföring, uttryck 
och bevarande av genetisk information. I biologiska system existerar nukle-
insyrorna i två likartade kemiska  former: deoxyribonukleinsyra (DNA) och 
ribonukleinsyra (RNA). DNA innehåller den genetiska information som 
finns i arvsmassan och är nödvändig för funktion och fortplantning av levan-
de organismer. RNA har flera viktiga biologiska funktioner i processer med 
översättning av genetisk information från DNA till proteiner. 

Nukleinsyrorna är uppbyggda av kedjor av enskilda nukleotider som in-
nehåller sockerarten pentos (ribos eller 2-deoxiribos), bas och fosfat. RNA är 
i form av en kedja av sammankopplade nukleotider. (single strand) medan 
DNA normalt har formen av en dubbelspiral (double helix) sammansatt av 
två kedjor. Dubbelspiralen stabiliseras med hjälp av vätebindningar mellan 
den komplementerande nukleobasen där nukleotider parvis binder till var-
andra, och med hjälp av stacking vilken stabiliserar växelverkan mellan de 
aromatiska delarna av nukleobasenheterna. I DNAs dubbelspiral binder ba-
sen adenin till tymin och basen guanin till cytosin genom basparning. Bas-
parning är en mycket viktig egenskap hos DNA då det gör det möjligt att vid 
celldelning återskapa de två olika kedjorna i dubbelspiralen med utgångs-
punkt från en av kedjorna. 

Basparning är mycket specifik vilket gör nukleinsyror användbara för 
diagnostik och terapeutiska tillämpningar där sjukdomar skulle kunna be-
handlas genom manipulation av DNA eller RNA för att påverka geners ut-
ryck till RNA eller protein. Antisense är en beteckning på polymerer som har 
egenskapen att genom basparning mycket specifikt binda till bestämda delar 
av DNA eller RNA. Några varianter är antisens teknologi baserat på AON 
(antisens oligonukleotider), siRNA (small interfering RNA), miRNA (mic-
roRNA), ribozymes (RNA med enzymatisk aktivitet), och DNAzymes 
(DNA med enzymatisk aktivitet) och antigen teknologi. Behandlingsmetoder 
som använder antisens oligonukleotider uppbyggda av naturliga nukleinsyror 
är inte effektiva då naturliga nukleinsyror snabbt bryts ner av cellernas nuk-
leinsyranedbrytande enzymer. Därför har kemiskt modifierade oligonukleo-
tider utvecklats. Syftet är att förbättra antisens oligonukleotider motstånds-
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kraft mot enzymatisk nedbrytning i cellen, farmakokinetiska egenskaper och 
egenskaper för upptag och distributionen. 

Denna doktorsavhandling är en studie av fysikokemiska och biokemiska 
bedömningar av korta oligonukleotider som är modifierade med bicykliska 
föreningar. De här modifikationerna tvingar socker delen av modifierade 
nukleotider i AON att fastna i specifika konformationer och bli mindre flex-
ibla än motsvarande naturliga nukleotider. Den här kemiska egenskapen gör 
i många fall modifierade nukleotider potentiellt användbara i en antisens 
teknologi eller för medicinska diagnoser/tester. 

I första delen av avhandlingen beskrivs kemisk syntes av de modifierade 
nukleosider och nukleotider som är byggstenar för antisens oligonukleotider. 
De byggstenar som syntetiserats är 1',2'-azetidin modiferade tymidin, uracil, 
cytidin och 5-Me-cytidin eller 2',4'-aza-ENA modifierad adenosinnukleoti-
der (se Bilden). Deras fysikokemiska egenskaper och den AONs antinsens 

egenskaper, RNase H rekryterings-
förmåga och motståndskraft mot 
cellulära nukleaser har studerats i 
detaljer i andra delen av avhand-
lingen och jämförts med tidigare 
beskrivna modifieringars. Beroen-
de på vilka atomer som kopplas 
ihop i nukleotiden (1',2'-koppling 
eller 2',4'-koppling) kan modifiera-
de nukleotider delas upp i distinkta 
grupper som karakteriseras med 
lika dynamiska och antisens egen-
skaperna hos den modifierade nuk-
leotider i samma gruppen. 

I sista delen av avhandlingen 
undersöks oligodeoxynukleotider 
(ODN) uppbyggda med azetidin 
eller aza-ENA modifierade nukleo-
tider som även derivatiserat med 
flourescerande pyrengrupper. Oli-
godeoxynukleotider som innehåller 

fluorescerande grupper kan användas för bland annat diagnos. Undersök-
ningen visade att affinitet, specificitet och fluorescensutbyte varieras bero-
ende på grundmodifieringstyp (azetidin eller aza-ENA). Skillnad fanns också 
i vilka dubbelspiral duplex ODN har varit hybridiserat till (ODN:DNA eller 
ODN:RNA) och i hur fluorescensen påverkades av utbyten av nukleotider i 
den komplementära sekvensen.  

Arbetet visar att kemisk modifiering av nukleotider kan användas som ett 
verktyg att tillverka molekyler som är mer optimalt anpassade för använd-
ning inom medicin och diagnostik.  

 

 
Bilden visar överst de två typisk socker 
konformationen hos naturliga 2'-
deoxiribonukleotider i jäviktsläge. 
Underst visas de två låsta konformatio-
nerna hos som 1',2'-azetidin (till väns-
ter) eller 2',4'-aza-ENA (till höger) 
modifierat nukleotider. 
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