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DNA plays an eminent role in the construction of well-
defined nanostructures and nanodevices.'! The unique fea-
ture of self-organization, combined with the ease of auto-
mated oligonucleotide synthesis,” has driven the rapid
progress in DNA nanotechnology.” On the other hand,
possible medical and materials applications may be limited by
the chemical and physical properties of

the natural DNA building blocks. Not

surprisingly, the quest for modified build- DNA

‘+—>

Moreover, the observed double-helical structure is formed
under physiologically compatible conditions.

The constructs are composed of achiral, non-nucleosidic
pyrene building blocks (S), which are embedded in a DNA
(Figure 1). The incorporation of non-nucleosidic building
blocks into oligonucleotides, which was pioneered by the

oligopyrene DNA

ing blocks that have the required proper-
ties is continuing with high intensity.l¥
Ever since the discovery of the DNA

double helix, the generation of helical
structures that are not based on the
hydrogen-bond-mediated pairing scheme
of the nucleobases or related derivatives
has been a highly competitive aspect in
the field of molecular self-organization.”!
Novel types of artificial helical structures
may find applications in the area of
molecular electronics,”*” they may lead
to the generation of nanomechanical
devices,’*™ diagnostic applications,” or
to systems with biomimetic functions.?!
The recognition motifs utilized so far to
create double-stranded assemblies can be
grouped into ligand-to-metal coordina-
tion, hydrogen-bonding, aromatic stack-
ing, and electrostatic interactions.”) While a range of reports
describe the formation of foldamers with aromatic building
blocks in organic media, the number of accounts on such
systems in aqueous conditions is limited.”’ The development
of methods that lead to functional artificial double-helical
structures is, thus, still a major challenge.”! Herein we present
a highly ordered structure which is formed by simple pyrene
building blocks. The system represents the first example of an
interstrand helical organization within an entirely artificial
section embedded in a double-stranded DNA molecule.
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Figure 1. Schematic representation of oligopyrene stacks embedded in a DNA duplex.

research groups of Letsinger and Lewis,””) has gained much
attention lately.”**!") Qur own efforts have involved the
assembly of DNA-like structures with polyaromatic deriva-
tives, such as phenanthrene, phenanthroline, and pyrene.'!l A
model of interstrand-stacked polyaromatic residues was
derived from spectroscopic data.'” We have subsequently
expanded the studies to extended stacks of pyrene building
blocks. The corresponding oligomeric compounds 1-10 are
shown in Table 1. The pyrene residues are contained in the
middle of a DNA duplex. The number of pyrene units ranges
from 2 (duplex 3-4) to 14 (duplex 9-10). Duplex 1-2 serves as
the reference.

The influence of pyrene incorporation on the stability of
the hybrids was analyzed by thermal denaturation studies.
Table 1 shows the experimental T,, (melting temperature)
values as well as the theoretical values for the corresponding
hybrids without any contribution from the pyrene residues.
The latter value, which was calculated according to the
method described by Markham and Zuker,” allows an
estimation of the contribution of the pyrene groups to the
overall stability (AT,,). While 2 and 4 pyrene residues add
little to the hybrid stability, 6 and 14 pyrene residues have a
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Table 1: Influence of multiple pyrene residues on the thermal stability of
hybrids.

Duplex?! T.[°C T.[°Q AT,

exp.!  calcd [°C]

1 5 AGCTCGGTCATCGAGAGTGCA 70.5 70.5 _

2 3’ TCGAGCCAGTAGCTCTCACGT ’ ’

3 5 AGCTCGGTCASCGAGAGTGCA

4 3’ TCGAGCCAGTSGCTCTCACGT 701 69.5 +06

5 5 AGCTCGGTCSSCGAGAGTGCA

6 3’ TCGAGCCAGSSGCTCTCACGT 68.0 68.1 +0.1

7 5 AGCTCGGTSSSCGAGAGTGCA

8 3’ TCGAGCCASSSGCTCTCACGT 65.1 471 +18.0

9 5 AGCTCSSSSSSSGAGAGTGCA

10 3" TCGAGSSSSSSSCTCTCACGT 563 336 +229

[a] 1.0 um each strand, 10 mm phosphate buffer, pH 7.0. [b] Experimen-
tal error: £0.5°C. [c] Calculated T, values." [d] Difference between the
experimental and calculated T, values.

rather large positive effect on the 7, value of the respective
hybrids. This finding indicates that interstrand interactions
between the pyrene units lead to a significant stabilization of
the duplex. Moreover, intrastrand folding of single strands
through pyrene stacking can facilitate duplex formation by
reducing the entropy change in a manner similar to single-
strand preorganization in natural oligonucleotides.™ The
occurrence of inter- and intrastrand pyrene stacking inter-
actions is supported by temperature-dependent UV/Vis
spectroscopic studies, which show the presence of two
isosbestic points upon melting of the duplex.'”! Furthermore,
signal broadening and hypochromicity, both of which serve as
evidence for face-to-face aggregates,'”! were observed upon
duplex formation"”! (see the Supporting Information).

Next, the fluorescence properties of the oligomers were
analyzed. The single strands containing more than one pyrene
moiety (5-10) and the hybrids formed among them exhibited
mainly excimer emission over the temperature range 10—
90°C, and showed—in good agreement with our expect-
ations—that pyrene units are strongly aggregated in single as
well as double strands (see the Supporting Information).
Some exceptional behavior, however, was observed in the
emission spectra of hybrid 9-10. While hybrids 5-6 and 7-8!"*
show a red shift in the excimer emission upon hybrid
formation (see the Supporting Information), hybrid 9-10
behaves in the opposite way. As can be seen in Figure 2,
duplex formation leads to a significant blue shift (511 to
504 nm) when going from 90—10°C. The aggregation of the
pyrene units and the resulting changes in the fluorescence
properties have been studied in detail and reviewed by
Winnik."”! The inverse behavior of hybrid 9-10 is an indication
that a sandwich-type aggregation of pyrene units is restricted
within the duplex. The probability of adopting the preferred
sandwich-type aggregation increases with rising temperature
and flexibility, and furthermore upon strand dissociation.
Blue-shifted fluorescence as a result of only partially over-
lapping excimer geometries has, for example, been observed
in crystalline pyrene derivatives, pyrenophanes, bispyrenyl
systems, and polymers with twisted or strained pyrene
conformations."”?! An intriguing interpretation of this
behavior is the occurrence of a helical arrangement of the
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Figure 2. Trends of the excimer fluorescence maxima upon melting of
hybrids 56, 7-8, and 9-10 and single strands 5, 7, and 9.

pyrene moieties in hybrid 9-10, triggered by the unmodified
DNA parts. The twisting of the pyrene units upon adoption of
a helical conformation would explain the blue-shifted emis-
sion. Indeed, confirmation of a helical arrangement of the
interstrand-stacked pyrenes was obtained by circular dichro-
ism (CD) spectroscopy.

The CD spectra of the pyrene-modified hybrid 9-10 and
the unmodified DNA duplex 1-2 at room temperature are
shown in Figure 3a. Clearly, the spectrum of 9-10 in the 200-
315 nm range is very different from that of B-DNA (1-2). The
spectrum is dominated by strong dichroism of the pyrene
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Figure 3. a) CD spectra of natural duplex 1-2 and modified duplex 9-10
at 25°C; b) temperature-dependent CD spectra of duplex 9-10 (10—
90°C; 1.0 uM solution in phosphate buffer, pH 7.0).

bands, which indicates a well-ordered structure in the
oligopyrene region of the duplex. Further evidence for a
helical arrangement comes from the very intense bisignate
signal for the pyrene band centered at 348 nm, with a positive
Cotton effect at A =365 nm (Ae=+113m"'cm™), followed
by a minimum at 2 =332 nm (Ae = —62M"'cm™). Since there
is no interference with the nucleobases in this area of the
spectrum, the shape of this signal provides valuable insight
into the stacking arrangement of the pyrene rings. Thus, a
positive amplitude (A =+ 175) obtained from exciton-cou-
pled CD reveals a positive chirality.???! These data suggest
that the pyrene units are arranged in a right-handed helical
orientation within the oligopyrene stack. The CD couplet in
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the pyrene region of the spectrum (350 nm) gradually
disappears as the temperature is increased from 10 to 90°C,
and the remaining part of the spectrum adopts the features of
anormal B-DNA (see Figure 3b). Bisignate signals of pyrene
are not present in the CD spectra of single strands 9 and 10,
which reveals a random aggregation of the pyrene units (see
the Supporting Information). Furthermore, the CD spectra of
hybrids 3-4, 5-6, and 7-9 were also very similar to that of
normal B-DNA, with no signs of helicity in the oligopyrene
region.

Duplex 9-10 represents a system composed of 28 natural
nucleotides and 14 pyrene units. To address the question of
the cooperativity of duplex melting, temperature-dependent
absorbance was recorded at 354 nm (pyrene absorbance only)
and 245 nm (pyrene and nucleobase absorbance). Compar-
ison of these data, together with the already described values
obtained at 260 nm, showed excellent agreement (Table 2),
thus suggesting a high degree of cooperativity among the
different sections of the hybrid.”!

Table 2: Melting temperatures determined at 245, 260, and 354 nm.

Hybrids T. [°C T [°C T. [°C
245 nmt 260 nmt! 354 nm®!

12 70.2 70.5 -

3.4 69.9 70.1 70.1

5.6 68.7 68.0 68.0

7-8 65.1 65.1 65.9

9.10 56.3 56.5 55.4

[a] Nucleobase and pyrene absorbance. [b] Pyrene absorbance.

The arrangement of pyrene molecules covalently linked to
the sugar backbone in RNAP* and to base residues in DNA®!
was published recently. In these studies, DNA or RNA were
used as structural scaffolds for the helical arrangement of
pyrenes. In contrast to these intrastrand helical stacks along a
DNA or RNA backbone,??! the present system describes
the self-organization of two non-nucleosidic oligopyrene
strands in an interstrand helical stack. An Amber-mimized
model® (Figure 4) shows an overall right-handed helical
arrangement of the twisted pyrene rings, which is in agree-
ment with the experimental observations. Since the experi-
ments were carried out in aqueous conditions, the stacking of
the pyrene moieties are largely driven by hydrophobic
interactions.”’l However, because of the presence of an
amide-type linker, hydrogen-bond formation may also play

Figure 4. Molecular model of hybrid 9-10. Oligopyrene regions are
shown in dark colors and the flanking DNA regions in light colors
(linkers between pyrenes and sugar-phosphate backbones are shown
in red and blue, nucleobases and pyrene moieties in gray). The two
oligopyrene strands are arranged in a right-handed helix.
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a significant role in the stability as well as for the organization
of the helical structure.”! A crystal structure obtained from
the pyrene-1,8-dicarboxylic acid bis[(3-hydroxy-propyl)a-
mide] building block shows the existence of hydrogen bonds
between the amide groups of adjacent pyrene units. Further-
more, the pyrene units are stacked in a twisted, face-to-face
orientation in the crystal (see the Supporting Information).”’!

In summary, we have reported a self-organizing system
composed of two oligopyrene strands that leads to the
formation of an interstrand helical stack embedded in a
double-stranded DNA. Helical organization, as shown by
fluorescence and CD spectroscopy, takes place in a hybrid
containing 14 consecutive achiral pyrene building blocks but
not within the respective single strands nor in hybrids
containing only 6 or less pyrene residues. Interstrand stacking
of the pyrene units within the duplex is supported by high
duplex stability as well as by UV/Vis and fluorescence
spectroscopy. The findings are important for the design of
artificial molecular double-stranded helices for applications
in nanotechnology.
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