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Abstract: Chemically modified nucleic acids find widespread use as tools in research, as diagnostic reagents and 
even as pharmaceutical compounds. On the background of antisense research and development, the synthesis 
and evaluation of modified oligonucleotides was intensively pursued in the early to mid nineties in corporate 
research of former Ciba. Most of these efforts concentrated on the development of sugar and/or backbone-
modified derivatives for pharmaceutical applications. Additionally, oligonucleotide metal conjugates were in-
vestigated with the goal to develop artificial ribonucleases. Since the turn of the millennium also the potential of 
non-nucleosidic and non-hydrogen bonding building blocks has increasingly been recognized. Such derivatives 
possess unique properties that may have an impact in the fields of materials and genetic research. In this brief 
account, we take a personal look back on some past as well as some recent results.
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Introduction

Modified oligonucleotides enjoy wide-
spread interest as molecular probes for 
diagnostic applications, as versatile tools 
in basic and applied research,[1,2] and as 
magic bullets for therapeutic intervention 
in biological processes.[3] In addition, they 
are increasingly used as units for the gener-
ation of distinct molecular architectures.[4] 
The well-defined structural features of nu-
cleic acids and related types of oligomers 
render them valuable building blocks for 
the generation of nanometer-sized struc-
tures.[5] In addition, the combination of the 
natural nucleotides with novel, synthetic 
building blocks leads to a further increase 
in the number of possible constructs and 
applications.[6] In the following, we will 
highlight a few examples of our recent 
findings.

Oligonucleotides Interfering with 
Gene Expression

The discovery that short oligonucleo
tides can specifically inhibit cellular gene 
expression[7] triggered a decade of inten-
sive research aimed at the design and syn-
thesis of many different types of oligonu-
cleotides (for reviews see e.g. refs. [8–10]). 
An oligonucleotide can bind to a comple-
mentary cellular messenger RNA. Binding 
is highly specific and follows the Watson-
Crick base-pairing scheme. By binding to 
its target, the oligonucleotide prevents the 
translation of the messenger RNA into the 
encoded protein by the ribosomes. Due to 
the existence of cellular nucleases, how-
ever, oligodeoxynucleotides are rapidly 
degraded in a biological environment and, 
therefore, of limited use. Chemical modi-
fication leads to resistance towards nucleo-
lytic degradation and, hence, increased bi-
ological activity of antisense compounds. 
Besides inferring stability against nucle-

ases, the chemical modification should 
possess a number of other features, such 
as good hybridization properties, good 
synthetic accessibility, cellular uptake and 
induction of RNase H.[11] A few selected 
examples of modifications resulting from 
the Central Research Laboratories of for-
mer Ciba are shown in Fig. 1.

The objective of developing oligonu-
cleotides into a new class of pharmaceu-
tical compounds has resulted in the intro-
duction of VitraveneTM as the first antisense 
compound on the market in 1999 (Fig. 1). 
This 21mer phosphorothioate oligonucle-
otide was developed by ISIS Pharmaceuti-
cals for the local treatment of cytomegalo-
virus induced retinitis.[15,16] 

Artificial Nucleases

The properties of oligonucleotides can 
be altered by covalently attaching lipophilic 
or polar moieties, different types of peptides, 
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Fig. 1. Selected types 
of chemically modified 
oligonucleotides. Top, 
left: modifications of 
the ribose;[12,13] right: 
example of an amide-
modified backbone;[14] 
bottom: VitraveneTM 
for the local treatment 
of cytomegalovirus 
induced retinitis.
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enzymes, dyes or intercalators.[17,18] In par-
ticular, reactive groups have been linked to 
oligonucleotides to cleave nucleic acids in 
a sequence-specific way. Such conjugates 
have been described as artificial nucle-
ases and find applications as rare cutters 
of large genomic DNAs[19] or as tools 
for structural mapping of nucleic acids. 
In addition, they also have a potential as 
drugs aimed at destroying DNA and RNA 
targets.[20] Cleavage of DNA targets may 
involve oxidative damage and breakage 
of the DNA backbone. RNA cleavage, on 
the other hand, usually follows a hydro-
lytic pathway since RNA is intrinsically 
more susceptible towards phosphodiester 
hydrolysis than DNA. This is due to the 
presence of the 2’-hydroxyl group in RNA, 
which acts as an internal nucleophile in 
the transesterification reaction. The syn-
thesis of artificial ribonucleases was also 
investigated in the Central Research Labo-
ratories and resulted in the development 

of lanthanide-oligonucleotide conjugates 
that were shown to cleave large mRNAs 
in a highly specific way.[21] Furthermore, a 
special approach involving the hydrolysis 
of bulged RNA residues led to artificial ri-
bonucleases acting with multiple turnover 
(illustrated in Scheme 1).[22] 

DNA Analogues Containing Non-
nucleosidic Building Blocks

During our efforts aimed at the de-
velopment of DNA mimics containing 
polyaromatic building blocks with non-
nucleosidic linkers, we found that com-
pounds such as phenanthrene, phenanthro-
line or pyrene give rise to stable hybrids, in 
which the modified building blocks inter-
act via interstrand stacking.[23,24] In a way, 
these building blocks serve as surrogates of 
the natural base pairs. Replacement of the 
natural base pairs by this kind of building 

blocks is well tolerated having little influ-
ence on hybrid stability compared to an un-
modified duplex.[25] Of all modifications, 
pyrene is most interesting due to its unique 
spectroscopic properties. Hybridisation-
induced excimer formation by pyrenes 
is highly efficient.[26–30] Due to the large 
bathochromic shift of the excimer fluores-
cence (100 nm) compared to the emission 
of the monomer, such systems are of inter-
est for applications in materials research 
as well as in gene-based diagnostics. Since 
the absorption spectrum of pyrene over-
laps only partly with the absorption of the 
natural bases the structural features of the 
pyrenes are observable in certain spectral 
regions. Within the set of building blocks 
that we have studied (phenanthrene,[23,25] 
phenanthroline[31,32] and pyrene[32,33]) the 
pyrene molecule is an ideal candidate 
for the assembly of molecular p-stacks 
of polyaromatic compounds in a DNA 
framework. Temperature-dependent UV 
and fluorescence experiments provided 
information on the stacking properties 
of pyrene building blocks, allowing us 
to draw conclusions on the hybridization 
process of the DNA mimics.[34] Based on 
these data, a model of interstrand stacked 
polyaromatic building blocks was derived 
(Fig. 2). As expected, interstrand stacking 
leads to excimer formation of pyrenes that 
are placed in opposite positions.[35,36] 

A detailed investigation of pyrene-
modified hybrids using CD spectroscopy 
revealed that extended stretches of pyrenes 
self-assemble and form helical segments 
(Fig. 3).[37] The helical structure of the 
oligopyrene regions was shown to be an 
intrinsic property of the pyrenes and was 
largely independent from the sequence of 
the flanking DNA.[38]

Also triple-stranded nucleic acids can 
serve as architectural motifs to control 
interactions of non-nucleosidic residues. 
Thus, we have found that excimer forma-
tion can be achieved by proper placement 
of pyrenes in mono- and di-molecular triple 
helices.[39] Most notably, the formation of a 
hitherto unobserved pyrene-phenanthrene 
exciplex was demonstrated in a triple heli-
cal construct.[40] In a particular application, 
excimer formation was also shown to be 
useful for the highly specific detection of 
homopurine target sequences (illustrated 
in Fig. 4).[41] 

Conclusions

Broad-based efforts in the synthesis and 
evaluation of chemically modified nucleic 
acids have led to significant achievements 
in oligonucleotide-mediated interference 
with gene expression as well as in the de-
velopment of artificial ribonucleases. Ad-
ditionally, novel types of non-nucleosidic, 
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Scheme 1. Illustration of 
an artificial ribonuclease 
composed of an 
oligonucleotide and an 
attached macrocyclic 
lanthanide-complex. 
After binding to its 
complementary RNA 
target, strand scission 
is effected by trans-
esterification of the 
RNA phosphodiester 
backbone. Cleavage in 
the middle of the target 
was shown to work with 
multiple turnover.
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Fig. 2. Model of a DNA duplex containing interstrand stacked pyrene building blocks (green). 
Different types of non-nucleosidic building blocks used for DNA modification are shown on the 
left.
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non-hydrogen bonding building blocks are 
increasingly becoming an important aspect 
in nucleic acids research. Such building 
blocks, which are readily incorporated into 
oligonucleotides, can be regarded as surro-
gates for the natural base pairs. They allow 
the formation of stable hybrids, which is 
supported by interstrand stacking interac-
tions between the aromatic moieties. Due 
to their special spectroscopic properties, 
pyrene derivatives appear most interesting 
for applications in the areas of diagnostics 
as well as materials research.
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Fig. 3. Model of a helical oligopyrene section embedded into a DNA double helix; pyrene building 
blocks are shown in grey, linking units in red and blue.
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Fig. 4. Illustration 
of a triplex forming 
molecular beacon. 
Binding of the probe 
to its target sequence 
is easily detected by 
excimer formation 
of the two terminally 
attached pyrenes.


