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Abstract: Chemically modified nucleic acids find widespread use as tools in research, as diagnostic reagents and 
as pharmaceutical compounds. While the major efforts in the past concentrated on the generation of sugar-based 
nucleotide analogues, the potential of non-nucleosidic and non-hydrogen bonding building blocks is largely un-
touched to date. Such derivatives may have an impact in the fields of materials and genetic research. In this paper, 
some recent findings of our work in this area are highlighted.
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the base pairing scheme. The third area, 
which is currently emerging as a focus of 
interest, consists in the use of nucleic acids 
as frameworks for the construction of mo-
lecular architectures [9–12]. There is today 
a considerable and growing interest in the 
use of nucleic acids for the assembly of mo-
lecular structures on the nanometre scale. 
Among the properties which render nucleic 
acids the object of primary interest for this 
purpose are the following: i) the ability of 
self-organisation; ii) their chemical and 
physical stability; iii) they are amenable to 
a large variety of chemical, physical and bi-
ological manipulations; iv) modified build-
ing blocks can be readily incorporated; and 
v) they can be predictably assembled in a 
modular way for the construction of one- 
to three-dimensional structures. As in the 
two previously mentioned areas, the pre-
dictability of the base pairing is again the 
most important aspect. A few simple rules 
allow the precise planning of the annealing 
of complementary strands. In combination 
with the repetitive, well-defined and well-
predictable structural features of nucleic 
acids, this renders them valuable building 
blocks for the generation of nanometer-
sized molecular structures [13]. In addition, 
the structural variety of ‘nucleic acids’ can 
be substantially increased by alteration of 
the building blocks as impressively demon-
strated by the work of Eschenmoser [14]. 
New types of monomeric units will very 
likely lead to novel structures and, hence, 
novel functions of the oligomers composed 
of them. While the major efforts in the past 
concentrated on the generation of sugar-
based nucleotide analogues, the potential of 
non-nucleosidic and non-hydrogen bond-
ing building blocks is largely untouched to 

date. Here, we will give a short overview 
on our research aimed at the design and 
synthesis of DNA mimics containing such 
types of base surrogates.

Non-Nucleosidic Building 
Blocks with Interstrand Stacking 
Properties

Over the last few years, we have started 
to explore the synthesis and properties of 
nucleic acids containing various novel types 
of non-nucleosidic, non-hydrogen bonding 
monomers. As a first example, the phenan-
threne and phenanthroline building blocks 
P, shown in Fig. 1, were synthesized and in-
corporated into oligonucleotides [15][16]. 

Hybrids containing pairs of such build-
ing blocks in opposing positions form a 
coherent, continuous duplex rather than 
segmented stretches of duplex DNA inter-
rupted by the polyaromatic residue. This 
is remarkable, since the linkers have no 
similarity to the sugar moiety of ‘normal’ 
nucleosides. Apparently, the lack of pre-
organisation introduced by the flexible 
linkers does not prevent the formation of 
a B-DNA like duplex. The model shown 
in Fig. 1, which was derived on the basis 
of different experimental results, suggests 
a duplex with the polyaromatic moieties 
arranged in an interstrand stacking mode. 
A related polyaromatic building block is 
the pyrene derivative Pyr shown in Fig. 
2A. Like the analogous phenanthroline and 
phenanthrene, this building block gives rise 
to stable hybrids. It is, thus, possible to ar-
range aromatic moieties in a well-defined 
arrangement into close (stacking) contact. 
In a way, the surrounding nucleic acids can 
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Introduction

The fast growth and development currently 
observed in the field of nucleic acids chem-
istry can be attributed to three major devel-
opments. The first area comprises the use of 
short nucleic acids as highly specific agents 
which allow the direct and highly selective 
interference with the flow of genetic infor-
mation. Both antisense [1–4] and antigene 
[5][6] oligonucleotides, as well as short 
interfering RNAs (siRNAs) [7] are widely 
used for this purpose. The success of these 
approaches is founded, to a significant ex-
tent, on the high reliability and predictabil-
ity of the base-pairing scheme according 
to Watson and Crick [8]. The second area, 
which can largely be described as the field 
of genetic diagnostics, includes the use of 
oligonucleotides and analogous derivatives 
as genetic probes. Tools such as oligonu-
cleotide microarrays or molecular beacons 
play an important role in life science re-
search. Again, the success of this field is 
largely founded on the high specificity of 
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be regarded as a framework to bring the 
compounds into close proximity. While this 
is not unique – modified nucleotides [13] 
and other types of monomers [17] are be-
ing used as templates for this and related 
purposes – the present approach allows the 
placement of any number of non-nucleosid-
ic building blocks in fixed positions within 
the core of the DNA in a rather simple way. 
Alternatives include the use of non-hydro-
gen bonding ‘nucleobases’ in conjunction 
with a regular nucleoside backbone [18–
20]. The synthesis of such building blocks 
is, however, rather lengthy and demanding 
in general. Simplicity may well prove to 
be an advantage in later practical applica-
tions. Such practical applications include 
the generation of specific signals, which are 
induced by the proximity of two or more 
components. Pyrene for example is well 
known to form an excimer upon irradiation 
of two monomers, which are in close con-
tact [21]. The spectrophysical consequence 
of excimer formation is the appearance of 
fluorescence emission with a significant 
(up to 100 nm) bathochromic shift com-
pared to fluorescence of the monomer. This 
is indeed observed for the duplex in which 
the two pyrenes are interstrand stacked 
(Fig. 2B) [22]. 

Structural Stabilization of Abasic 
Sites in DNA

The use of phenanthrene and phenan-
throline modified oligonucleotides was fur-
ther extended to the structural stabilization 
of DNA containing an abasic site. Abasic 
sites represent a common type of lesion in 
DNA. If not repaired, they can lead to mu-
tations during replication or to cell death. 
Due to its biological importance, there is 
a strong interest in methods of recognizing 
abasic sites in DNA both, for diagnostic and 
also for potential pharmaceutical applica-
tions. Intercalating ligands [23][24] have 
been evaluated as inhibitors of enzymatic 
repair processes to increase the efficacy of 
cytotoxic agents [25]. Due to the remark-
able stacking properties, we addressed the 
question whether the non-nucleosidic build-
ing block could be used to ‘fill’ the cavity, 
which is generated upon loss of a base in 
DNA. Indeed, we observed an increase of 
several degrees in Tm upon placement of a 
phenanthrene (+5.7 °C), a pyrene (+6.9 °C) 
or a phenanthroline (+8.9 °C) opposite to an 
abasic site (Fig. 3) [26][27]. 

Significant work aimed at the recogni-
tion or stabilisation of abasic sites in du-
plex DNA using complementary oligonu-
cleotides carrying modified nucleosides has 
also been reported by Kool and coworkers 
[28][29]. They showed that placement of 
extended aromatic residues opposite to 
the abasic site can substitute for the miss-

Fig. 1. Illustration of a modified DNA duplex showing two non-nucleosidic, polyaromatic building 
blocks (green) in an interstrand stacking arrangement

Fig. 2. (A) Molecular model showing a DNA duplex with two interstrand stacked pyrenes (view 
perpendicular to the helical axis); the non-nucleosidic building blocks are highlighted in red and 
green. (B) Fluorescence emission spectra of a single strand (blue) and duplex (red) containing non-
nucleosidic pyrenes in opposite positions. The emission band at approx. 500 nm is due to formation 
of an excimer by the two interstrand stacked pyrenes.

Fig. 3. Amber-minimized structure of a DNA duplex containing a non-nucleosidic polyaromatic 
building block (highlighted in green) opposite to an abasic site
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ing nucleobase and maintain the aromatic 
stacking throughout the duplex. Deoxyri-
bofuranosides carrying pyrene and other 
polyaromatic hydrocarbons have been used 
for this purpose. Most of the reported sur-
rogates are deoxyribose-derived, a fact 
that originates from the goal of leaving the 
sugar-phosphate backbone as little changed 
as possible, compared to the natural DNA 
backbone [30]. In an elegant approach, 
Wagenknecht and coworkers [31] recently 
reported the detection of abasic sites using 
a non-nucleosidic phenanthridium building 
block.

Hairpin Mimics

A second part of our research is aimed at 
the generation and investigation of hairpin 
mimics. As in the area of peptide mimics, 
mimicries of secondary structural motifs of 
nucleic acids are synthesized and investi-
gated. Such analogues may find use as tools 
in research or even as RNA-targeting oli-
gonucleotide analogues (e.g. as loop-modi-
fied antisense [32] or shRNAs, short hairpin 
RNAs [33]). We found that phenanthrene 
can function as an excellent replacement of 
the hairpin loop. Self-complementary oli-

gonucleotides containing a phenanthrene in 
the middle of the sequence form hairpin-
like secondary structures, which are consid-
erably more stable than the natural counter-
part (Fig. 4) [34]. 

In addition to the ‘structural’ loop re-
placement (the phenanthrene), we also 
pursued the synthesis and investigation of 
‘functional’ hairpin mimics. Thus, a metal 
coordinating hairpin mimic was prepared, 
which contained a terpyridine derived unit 
as loop replacement. It was shown that the 
structural stability of the hairpin is depend-
ent on the presence of transition metals, as 
well as by the type of the coordinated metal 
(Fig. 5) [35]. 

The generation and investigation of 
hairpin mimics has also been pursued by 
other groups. Thus, the hairpin loop has 
been replaced with flexible oligoethylene 
glycol linkers [36–38] as well as with more 
rigid aromatic derivatives [39–41] and 
metal complexes [42][43]. Most prominent-
ly, Letsinger and Lewis have investigated 
trans-stilbene hairpin analogues, some of 
which possess a very high structural stabil-
ity [39][40]. 

Most recently, the functionality of the 
hairpin mimics was extended to a loop 
possessing chemical reactivity. A self-
complementary oligonucleotide contain-
ing a 1,3-diene derived linker also forms 
a stable secondary structure. Furthermore, 
such hairpin mimics undergo Diels-Alder 
reactions with substituted maleimides and 
can, thus, be functionalized with a variety 
of different substituents (illustrated in Fig. 
6) [44][45]. 

Conclusions

New types of non-nucleosidic, non-hy-
drogen bonding building blocks have been 
synthesised, which can easily be incorpo-
rated into oligonucleotides. Despite their 
structural simplicity, these building blocks 
function as nucleotide surrogates. They al-
low the formation of stable hybrids by in-
terstrand stacking interactions between the 
aromatic moieties and they can be used for 
the stabilization of abasic sites in DNA. The 
use of pyrene derivatives leads to strong ex-
cimer formation in both single as well as 
double strands. Furthermore, several types 
of non-nucleosidic building blocks have 
been used for the construction of hairpin 
mimics.
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Fig. 4. Amber-minimized structures of a DNA hairpin mimic containing a phenanthrene loop (dark 
blue). The view is shown perpendicular to (middle) and along (left) the helical axis. The base pair 
adjacent to the phenanthrene is shown in light blue.

Fig. 5. Model of a DNA hairpin mimic containing a terpyridine moiety (green; nitrogens are shown in 
blue) with a bound Cu2+-ion (red sphere).
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Fig. 6. Right: Molecular model of a 1,3-diene derived DNA hairpin mimic (view along the helical axis). The synthetic linker is displayed in a space filling 
representation and the butadiene moiety (highlighted in red) is shown in the s-cis conformation. Left: Bioconjugation of the 1,3-diene-based hairpin mimic 
via Diels-Alder reactions with N-substituted maleimides.
 Received: August 17, 2005


