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Summary 1

Summary

DNA plays an eminent role in the design of wellidefl nanostructures. The
combination of the natural oligonucleotides witbyal, synthetic building blocks lead to
a large increase in the number of possible coristand applications. Furthermore,
natural DNA is well known to adopt an interstrarndcging structure. Within the set of
building blocks that have been used in our groupeflanthrene, phenanthroline and
pyrene), the pyrene was an excellent candidat@raning the stacking interactions and
self-organization of non-nucleosidic building blscikh DNA. Due to its spectroscopic
properties such as longer wavelength absorptiorspadific fluorescence emission when
two pyrenes involve in stacking interactions, wevelstigated properties of DNA

containing stretches of non-nucleosidic pyrene tresewithin single and double strands.
In addition fluorescence and circular dichroismcspescopy gave insight on structural
details and the interstrand helical organizatiorthiwi an entirely artificial section

composed of fourteen consecutive achiral pyrenes.

DNA oligopyrene DNA
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Figure 1: Schematic representation of an oligopyrene-statbeelded within a DNA duplex.

Hybrids containing one to seven pyrene buildingkéoper strand have been investigated

in order to examine the influence of the replacanwnbase pairs on hybrid stability
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firstly and secondly to the transition between gamdwich-type aggregation and the
twisted pyrene conformation leading to a helicaldure. The focus was then on using
the construct in alternative systems consisting pbly (dA)-(dT) framework and a short
DNA scaffold. In addition, in order to go in moretdils, one hybrid containing fourteen
achiral pyrene building blocks and only one@base pair has been studied. It was
shown that the oligopyrene strands was higly seesib the chiral environment of either
G or C or GC base pair. The findings and the unique featuieetl to only a &C base
pair described in this work are very attractive tfoe design of novel intelligent materials
and might provide the basis for applications in @rea of molecular electronics,

diagnostics as well as in nanotechnology.
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Chapter 1. Introduction

Deoxyribonucleic acid (DNA)is a long polymer in a form of a twisted doubleastl (double
helix) that is the major component of chromosomes earries genetic information. DNA,
which is found in all living organisms but not ilmrse viruses, is self-replicating and is

responsible for passing along hereditary charatiesifrom one generation to the next.

1.1 Introduction

The nucleic acid chemistry enjoyed growing interssice Friedrich Mieschey a Swiss
Biologist who carried out the first systematic clieath studies of cell nuclei. He isolated in
1869 a phosphorus containing substance which Hedcatuclein”, from the nuclei of pus
cells (leukocytes). But the first direct evidence that DNA is the tmFaof the genetic
information came in 1944 through a discovery mageOswald T. AveryColin MacLeod
and Maclyn McCarty. In the late 1940€£rwin Chargaffand his colleagues found that the
four nucleotide bases in DNA occur in differenigatin the DNAs of different organisms and
that amount of certain bases are closely refatedthe early 1950Rosalind Franklinand
Maurice Wilkinsprovided X-ray images that were crucial for det@ing the structure of
DNA. By combining these informations with chemigabperties of DNA and in agreement
with Chargaffs rules,James D. Watsoand Francis Crick postulated a three dimensional
model in 1953 which is often said to mark the baftmodern molecular biolodylt consists

of two helical DNA chains coiled around the sames @& form a right-handed double helix.
The hydrophilic backbones of alternating deoxyréand negatively charged phosphate
groups are on the outside of the double helix,niga¢he surrounding water. The purine and
pyrimidine bases of both strands are stacked insidedouble helix, with their hydrophobic
and nearly planar ring structures very close togredimd perpendicular to the long axis of the

helix.
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Figure 1.1 DNA double helix

In 1962, the Nobel Prize in Physiology or Mededias been awarded Watson Crick, and
Wilkinsfor their accomplishments. The Chemical methodsyathesizing nucleic acids have
been developed primarily bil. Gobind Khorand in the 1970s followed in the 1980s by
automated DNA synthesighich was developed b@aruthers’ andKoster® and based on
phosphoramidite chemistry. This method has beemawsgal and nowadays a huge variety of

modified types of nucleic acids can be synthesiaexh automated way.

1.2 Structure of DNA

DNA is a polymer of single units called nucleotidésach nucleotide is made up of a
heterocyclic base, a pentose sugar, and a phos@saiee. There are four major nucleosides:
adenine (A), thymine (T), guanine (G), and cytos{(@ (Figure 1.2). DNA has equal
numbers of adenine and thymine residues (A=T) arahige and cytosine residues=@Q.
Deoxyribonucleosides are linked with each othdotm a chain whose phosphates bridge the

3’ and 5’ positions of neighbouring ribose unitsmdfly two DNA single strands can form a
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duplex in which the bases of one strand pair Wwithldases of the other strand through specific

hydrogen bonds.

H
N  N-H----0 O----H-N
e SN Tl A
0N AN-HON T N—~/G N-H---N C
O | SRS
HO = o 0 HO O N—H----0 0
OH “ HO H &

HO OH HO OH
Adenosine Thymidine Guanosine Cytidine

Figure 1.2 Watson-Crick base pairs, A-T and G-C.
The spatial relationship between these strandgeseamajor and minor groove formed by

the sugar-phosphate backbone between the two stréihd grooves differ in depth and width
(Figure 1.3).

Minor groove

34 A

Figure 1.3Major and Minor groove of B- DNA.
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Double-helical DNA can assume three major confoionat B-DNA, A-DNA, and Z-
DNA. B-DNA and A-DNA form the right-handed doublelix whereas Z-DNA adopts a left-
handed double helix. Under dehydrating conditidnsyitro, B-DNA changes to A-DNA,
which forms a wider and flatter right-handed hétian B-DNA. Furthermore polynucleotides
with alternating purines and pyrimidines, such afy l(G-C)-poly d(G-C), assume the Z

conformation at high salt concentrations (Figue.1.

A-DNA

Figure 1.4 Structure of A, Z and B-DNA?

B-DNA has 10 bases per turn whereas the A-typexheds 11 bases per turn. The major
groove of B-DNA is wide and the minor groove isnoar, in A-DNA the major groove is
narrow and deep and the minor groove is broad halibsv. Z-DNA has 12 base pairs, a deep
minor groove and a shallow major groove. A differeibetween the A- and the B-duplex is
also found in the sugar puckering mode (Figure.1The A-DNA underlines a C3’-endo
conformation whereas the B-DNA underlines a C2'ermbnformation. The structural

features of ideal A-, B-, and Z-DNA are summarizedable 1.1.
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Figure 1.5The sugar puckering modes.

Table 1.1Comparison of helical parametéts.

Entry A-DNA B-DNA Z-DNA
Helicity Right-handed Right-handed Left-handed
C(2)-endo in
Sugar puckering C(3)-endo C(2)-endo pyrimidine and C(3)-
endo in purine
Number of bases per turn 11 10 12

Distance Between

neighbouring base-pairs (A) 2.9 3.3-34 3.7
Dislocation of base-pairs
from the axis (A) 45 -0.2t0-1.8 -2t0-3
Tilt of bases (°) 20 -6 v

1.3 Forces Stabilizing Nucleic Acid Structures

The major forces stabilizing DNA structure are wbtkinds: those in the plane of the bases
(horizontal) due to hydrogen bonding and those gmulars to the bases planes (base

stacking).

1.3.1 Hydrogen Bonds

In general, a hydrogen bond is formed if a hydrogesm H connects two atoms of higher
electronegativity. These bonds can occur betweeleaules (intermolecularly), or within
different parts of a single molecule (intramoleciyla Compared with covalent bonds and
ionic bonds, hydrogen bonds are weaker; on ther dthad they are stronger than van der
Waals forces. They play a key role in the stahbiicraof nucleic acid structure. The Watson-
Crick hydrogen bonds are responsible for the A-T & C pairing in the dupleX.
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Furthermore nucleic acid hydrogen bonds have bkentdpic of numerous experimental,

theoretical studies and several review arti¢fes.

1.3.2 n-7 Stacking Interactions

Aromatic interactions play a major role in biologlicsystems such as: the double helical
structure of DNA, stabilization of proteins and pees, molecular recognition, the packing of
aromatic molecules in crystals and many otA&f8. But the understanding and prediction of
these interactions are difficult, because unlikdrbgen bond which are characterized by an
electrostatic point-to-point interaction, aromatiteractions are made up of a combination of
forces including van der Waals, electrostatic, agdrophobic interactions. The following

part is an overview of these different contribugidh

Van der Waals interactions. They are the sum of the dispersion and repulsiangies and
vary with ¢ (r is the distance between the nuclear positidisepatoms).

Electrostatic interactions between partial atomic barges. Electronegative atoms like
nitrogen and oxygen polarize the electron densityhetereoatomic molecules such as
nucleobases and so these atoms and neighbourints & associated with partial atomic

charges. These interactions vary withim agreement with Coulomb’s laff

V~qqg/ rj

As a consequence, they are relatively long rangiferts (g and g are the magnitude of the
charges and;iis their separation).

Electrostatic interactions between the charge distbutions associated with the out-of-
plane m-electron density. The nuclei of aromatic molecules have a charatiercharge
distribution, with a positively charged-framework which is sandwiched between two
regions of negatively chargedelectron density. These interactions vary withand are
determined by the geometty.
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Electrostatic interactions between the charge distbutions associated with the out of
plane - electron density and the partial atomic chayes. This term varies roughly with*r

and is therefore quite sensitive to geométry.

Interaction of aromatic residues and solventThese effects are commonly called solvation
effects, desolvations, solvophobic forces, solvatiaven forces or hydrophobic effects. The
contribution of this interaction to the-n stacking remains a controversial delfate.
Diederich et al.found a strong linear relationship between the ®athalpy and the solvent
polarity?® They deduced that water is the best solvent folabonding. HoweveGellman’s
experiments contrast with these findings. They ssggno significant solvent-induced

interactions?®

1.4 Chemical Modifications of Nucleotides

Chemically modified nucleotide building blocks habeen of great importance for the
understanding of the mechanisms and stereocherag@dcts of numerous biochemical
reactions and processes are involvetf iEhanges can occur on the phosphate linker, sugar

backbone or the nucleobases (Figure 1.6).

(0] Base <——— nucleobase

<~ sugar backbone

P

phosphate linker

Figurel.6 Sites of possible modifications of nucleotides.

Each of these modifications results in differenfeets and provides a new aspect in
understanding of nucleic acid chemistry and thppliaations. Modified phosphate linkages
can improve the cell penetration or nuclease @si&. They can also modify the charge of
the phosphate linkage in order to increase theilisyabf the DNA or RNA. The sugar

modifications are of interest for the developmendiagnostic probes and tools in molecular
biology as well as in antisense and antigene tlyetaff **Modified bases are used in order to

extend the genetic code, to study the physical gotgs of natural bases, to analyze the
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interactions between DNA and proteins or for imgmgvhe binding properties for diagnostic
applications. They occur mainly through altered rogen-bonding patterris. *° Benner et
al.*** have described the first example of base pairs withdified hydrogen-bonding
patterns. A lot of other groups have worked on thysc. For instanc&latsuda et atlesigned

new base pair combinations consisting of four Hesoas shown in Figure 1%7.

amino-oxo (N°) oxo-amino (")

Figure 1.7 Proposed new base pairs consisting of four H-Bonds

Furthermore, the lack of hydrogen bonding is corspéad by hydrophobic bases which
stabilize the DNA duplex throughx stacking of aromatic rings:*° Studies of replication by
DNA-polymerases showed that the modified basedearplicated despite the lack of

hydrogen bond complementarf8s?

1.4.1 Non-Nucleosidic Base Surrogates

Besides the specificity of DNA base pairs recogniiiving the chemical basis for genetics, a
large new area is gaining interest consisting e uke of nucleic acids as a scaffold for the
construction of molecular architecturds’ The advantages of using nucleic acids as objects
for the designed construction of assemblies areatiility of self-organization; their physical

and chemical stability; they are amenable to aelavgriety of chemical, physical and
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biological manipulations; nonnatural building blsakan be readily incorporated; they can be
arranged for the construction of stabilized onethtee-dimensional structur&sFurthermore
the repetitive and well defined structural featumdsnucleic acids and related types of
oligomers render them building blocks suitable tbhe generation of nanometer-sized
molecular structure¥. Within this context of developing non-nucleosid@itlA-like building
blocks, our group has investigated non-nucleosahd non-hydrogen bonding building
blocks.

1.4.2 Interstrand Stacked Building Blocks

One part of our research is focused on the incatmor of non-nucleosidic building blocks.
Two types of aromatic derivative building blocksthwilexible linker have been introduced
into DNA such as phenanthrene and phenanthrolingvadiwes?” “® According to
spectroscopic data, the polyaromatic building bfoeke involved in stacking interactions
(Figure 1.8).

5' 3
AT
G C
C G
P
P
T A
C G
T A
3 5'

o_ 0
N7
:_O/P\O

P: X=CHorN

Figure 1.8 Scheme of a modified DNA duplex showing two nomieasidic building blocks

(green) in an interstrand arrangem@nt.
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In addition, a third aromatic derivative with antendedr-system, pyrene was used for the
same purpose. Pyrene is highly fluorescent andasvk to give rise to excimer fluorescence
if two molecules are stacked. This property wasluseinvestigate the relative geometry of
stretches of pyrene building blocks in the contekxta DNA duplex. The spectrophysical
consequence of excimer formation is the appearaicfluorescence emission with a
significant red shift (up to 100 nm). In fact thims observed for the duplex in which two

pyrenes are interstrand stacked (Figure £99).

relative fluorescence

?Iigo

- 500

I ey

oligo wavelength [nm]

Figure 1.9 A: DNA model containing two interstrand stackedgmnes; B: Fluorescence emission

spectra of a single strand (blue) and duplex (ced}aining pyrenes in opposite positidfs.

1.4.3 Extended Stretches of Non-nucleosidic Building Bldes

Replacement of two or more base pairs by non-nsim@ophenanthrene building blocks with
three carbon linkers was well tolerated having a&moo influence on hybrid stability
compared to an unmodified duplex. The middle pahnich represents a considerable fraction
of this duplex, is stabilized merely by interstrasthcking interactions, as shown by
LangeneggeandHémer.61

Molecular modeling suggests that the interstragksd arrangement of the phenanthrene
moieties leads to a significant lengthening of Ei¢A (Figure 1.10). This was also supported

by gel electrophoresis dafa.
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Figure 1.10Amber-minimized models of a 21-mer DNA duplex fjefnd a 21-mer DNA mimic
in which seven base pairs have been replaced \wighgnthrenes. The phenanthrene residues of the

two strands are shown in blue and green (adopted ).

1.5 Nanoarchitectures

1.5.1 DNA Foldamers

Foldamers have been defined Gglimanas “polymers with a strong tendency to adopt a
specific compact conformation” or more restrictivbly Moore as “oligomers that fold into a
conformationally ordered state in solution, theustures of which are stabilized by a
collection of noncovalent interactions between mjmeent monomer unit$2 Artificial
folded structures, which are covered by the sanimitien were studied extensively long
before the term foldamer was coined and includehgtit (non-natural) proteins, helical
polymers, and nucleic acids, among others.

DNA which carries the genetic information relies basic self-assembly processes: the

assembly of multiple subunits into well-defined ml@at supramolecular devices. The
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secondary structure of DNA results from hydrogendiog between side chains. Moreover
nucleic acids can be controlled to build new 3D ewalar architectures with supramolecular
properties. As a result and not surprisingly, DNAd&mers offer a great source of inspiration
to the chemist® They can potentially lead to the development afots nanometer-sized
structures.

Pioneering research extending over a period of rtiwe 15 years b). C. Seemaff®” has
laid a foundation for the construction of strucgiusing DNA as scaffolds, which may finally
serve as frameworks for the construction of narudedaic devices. In fact macrocycles, DNA
qguadrilateral, Holliday junctions, and other stures were designed. Figure 1.11 shows a

stable branched DNA junction made by DNA molecules.
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Figure 1.11A: A four-armed stable branched junction made fidMA molecules; B: use of the

branched junction to form periodic crystés.

There has been a huge interest in recent yearguwelap concepts and to design systems
based on DNA molecules. Nowadays further developsnbave been reported in this field

allowing the formation of distinct motifs from sh@ynthetic oligonucleotides. These motifs
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are then used as building blocks which can selabde by hybridization to form larger, two
and three-dimensional elemefftsvioreover, in order to mimic biological heliceschuas the
double-stranded of DNA, the design and synthesipalymers or oligomers has attracted
great attention.

1.5.2 Helically Folding Oligomers

Since the discovery of DNA double helix, the getieraof helical structures that are not
based on the hydrogen-bond-mediated pairing schefméhe nucleobases or related
derivatives has been a highly competitive aspethénfield of molecular self-organisatiofi.

2 Chemists have been looking for new molecules withability to form helical structures
through non covalent interactions such mastacking, metal coordination, electrostatic
interactions, and hydrogen borfds.

For instance, in artificial analogs of DNA, the hyden-bond-mediated pairing scheme is
replaced by metal coordination. This has been destiby Shionoya et alThey prepared a
heptanucleotide including oligomer of hydroxyl-mone. Upon addition of copper (Il) ions, a
double-stranded DNA type structure is formed (Fegiirl12).
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Figure 1.12 Double-stranded DNA and a CPK model of the aréfipentanuclear metalla-DNA
synthesized by Shionoya et’al.

Thus a large variety of synthetic foldamers or aiigrs exists that are able to fold into well-
defined conformations in solution. There are twassks of foldamers: single-stranded
foldamers that only fold and multiple-stranded #ofters that both associate and fold. The
structure of the subunite-Conjugated systems for instance) combined witluaedation of
non-covalent interactions lead to a specific fajdithe major challenge is the need to control
the conformation of chain molecules in solutionc&# advances in this field have provided
oligomers with a high degree of conformational orde

For exampleMoore and al.have shown that m-phenylene ethynylene oligomerpalar

solvents exhibit a unique helical conformation whiavolvesz-stacked aromatic residues
(figure 1.13) "
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Figure 1.13A space-filling model showing the proposed confatiomal equilibrium for a
phenylene ethynylene oligomer. (Adopted fréin

Furthermore helices can also intertwine and formmbt-helical structures which allow much

more extensive intermolecular stacking interactigfigure 1.14)"°

5 | #
2 ..:- B = = F —
<

Figure 1.14The intertwining equilibrium of helices.

A very interesting class of double helix formindd@mers is based on aromatic oligoamides
as introduced by Lehn and H{kcThey are formed from alternating 2,6-diaminopyrit and
2,6-pyridinedicarboxylic acids. Helical conformai® are induced by intramolecular
hydrogen bonds. Within the double helix the twaastis are held together primarily by
aromatic interactions between pyridine rings lodate top of each other, whereas H-bonds

occur intramolecularly within each strand beingpmessible for the curvature of the helix
(figure 1.15)%
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Figure 1.15 a: Single helix b: Double helix dimer. Interstrahgdrogen bonds (black dotted
lines); carbon, grey; hydrogen, white; nitrogemighloxygen, red. (adopted frofi.

Another interesting and unique feature consistscofiformational transition of helical
oligomers called helix inversion. They may be unodied and be the result of intrinsic
dynamics of oligomers. They can also be triggergdekternal stimuli such as change in
temperature, solvent or by irradiation by ligft DNA is known as a biological polymer to
undergo inversion of helicity driven by salt concation and temperature. Some static helical
polymers and chloral oligomers also exhibit a titgms in their helicities, but their processes
are not reversible. Several synthetic, dynamiccheélpolymers exhibit a reversible P-M
(helix-helix transition) transition by changing tlesternal conditions, such as temperature,
solvent or light irradiation’’”"°

Helical polyacetylenes bearing amino acids as thedpnts also showed inversion of the
helicity by changing the temperature or solventjnigaresulting from the “on and off”
fashion of the intramolecular hydrogen bonding lestw the pendant amide groups in
nonpolar and polar solverft¥®® Few examples of helical aromatic oligoamides begrin
asymmetric centers have been also reported. Ipriggence of a chiral center, the right- and

left-handed helices become diastereoisomers, aid gloportions may differ (Figure 1.16).
84, 85
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Figure 1.16schematic representations of the equilibria betvergéantomeric left- and right-
handed helices (top), and between diastereoisonedri@nd right-handed helices (bottofn).

It is also important to note that most reports dbscahe folding of oligomers with rather rigid
structures in organic solvenf§.®’

The next important and attractive challenge, whiels implications for biological helices,
superstructures and functions, will be not onlynimic biological helices, but also to develop
supramolecular helical assemblies with a controflelix-sense, and this may also provide a

clue for the construction of advanced chiral materf®
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1.6 Aim of the Work

Our group aims at the design and synthesis of skcgrstructural DNA-mimics containing

non-nucleosidic, non-hydrogen bonding building BElacWe have developed various non-
nucleosidic building blocks, which can be incorgeda into DNA. Phenanthrene or

phenanthroline derivatives with flexible linkerstas non-hydrogen bonding nucleobase
surrogates (Figure 1.17). Complementary oligonuies containing such modifications in

opposite position form stable hybrids. Moreover DNAntaining extended stretches of
phenanthrene building blocks has been describedegudted.

CN CN
QCQ H 7 N\ N
O (0] N N e} O N N N “ ODMT
N N ODMT
\T/ \(\/)/n o o \M/n \T/ \M/n o o \(v)/”
YNY pn YNY Q"
Figure 1.17Polyaromatic building blocks"Pphenanthrene; QPhenanthroline.

Within the set of building blocks that have beerdigphenanthrene, phenanthroline and
pyrene) the pyrene molecule is an ideal candidatepfobing the stacking interactions of
polyaromatic building blocks in DNA due to its spescopic properties: long wavelength

absorption, fluorescence properties(Figure 1.18).

C ¢ )
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(0] O N N ODMT
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O % M
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Figure 1.18S" Pyrene building blocks.
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Consequently my work consisted in investigating Di@ntaining multiple phenanthroline
and pyrene building blocks. The idea was to exarttieenfluence of two or more base pairs
replacement on hybrid stability firstly in case lmdbmogeneous and secondly in case of
heterogeneous hybrids. We started out with the guhtinoline and pyrene building blocks
having three carbon linkers.

(5 AGC TCG GTCXXC GAG AGT GCA
(3) TCG AGC CAGXXG CTC TCA CGT

X=Q,S

Hybrids were to be studied by thermal denaturaggperiments. Furthermore fluorescence
properties of oligomers containing pyrene derivagighould give insight on structural details.
The behavior as well as the spectroscopic progedfeDNA containing non nucleosidic
phenanthroline and pyrene building blocks will liscdssed.

A self-organizing system which is composed of tigapyrene strands with achiral pyrene
building blocks will be described.
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Ol O

5s_o|igonucleotideTospzo_x\ o o /_/TO\P,O_—oIigonucleotide

[e] o

N

9] /P\ . .
L¥o o r\ollgonucleotlde

@
o
&
[S)
>
c
[=X
)
o]
=
o
®?
o o
NI
/-U\
o o
ZT
o
l
ZT

=1sl,

Figure 1.19Schematic representation of an oligopyrene-stadkeglded within a DNA duplex.
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Moreover further area of our interest was the itigation of this helical arrangement of the
pyrenes in different systems, embedded eithergaly (dA)-(dT) or in a short DNA scaffold
consisting of five bases per strand and one basstized.
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Chapter 2: Spectroscopic Properties of Pyrene-contang
DNA Mimics

Published in
F. Samain, V. L. Malinovskii, S. M. Langenegger,H&ner,Bioorg. Med. Chenm2008
16, 27-33.

2.1 Abstract

DNA mimics containing non-nucleosidic pyrene bulgli blocks are described. The
modified oligomers form stable hybrids, althoughlight reduction in hybrid stability is
observed. The nature of the interaction betweerpyinene residues in single and double
stranded oligomers is analyzed spectroscopicaliral and interstrand stacking
interactions of pyrenes is monitored by UV-absodearas well as fluorescence
spectroscopy. Excimer formation is observed in mitiyle stands and double stranded
hybrids. In general, intrastrand excimers show r#fsoence emission at shorter
wavelengths (approx. 5-10nm) than excimers formgdnberstrand interactions. The
existence of two different forms of excimers (intkes. interstrand) is also revealed in

temperature dependent UV absorbance spectra.

2.2 Introduction

Modified oligonucleotides enjoy widespread interstdiagnostic and research tddlsn
addition, the generation of defined molecular dedtures using nucleic acid like building
blocks is a research topic of high intef&fThe repetitive and well-defined structural
features of nucleic acids and related types ofoatigrs renders them valuable building
blocks for the generation of nanometer-sized siresf The combination of the natural
nucleotides with novel, synthetic building blocksadls to a large increase in the number of

possible constructs and applicatidhs: Recently, we reported the synthesis and properties
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of non-nucleosidic, phenanthrene-based buildingcksdoand their incorporation into
DNA.*?*3 These building blocks can serve as base surrogéitesing hybridisation of
complementary strands without significant destsaiion of the duplex. Replacement of
two or more base pairs by non-nucleosidic phenan#building blocks was well tolerated
having almost no influence on hybrid stability cargd to an unmodified duplékBased
on spectroscopic data, a model of interstrand sthgolyaromatic building blocks was
derived. Interstrand stacking of such non-nucleogmblyaromatic building blocks was
subsequenty shown by excimer formatfoof pyrenes placed in opposite positidhs.
Interstrand stacking arrangement of a similar tgbenon-nucleosidic pyrene building
blocks was shown by NMR investigatiofs-urthermore, natural DNA is also known to
adopt an interstrand stacking structure, idmeotif, which is formed by association of
stretches of two or more cytidines involving bastericalation® Due to their spectroscopic
properties, the use of pyrene building blocks teresting with regard to the fluorescence
features of the resulting oligomers and the hyhitids form*®=°> Some notable examples
of extra-helical arrangement of pyrenes along thekbones of DNA**> and RNA® have
been described recently. The absorption spectrupyi@Ene overlaps only partially with
oligonucleotide absorption and the fluorescencstrigngly dependent on local changes.
Within the set of building blocks that we have beessing (phenanthrene,
phenanthrolin€ >’ and pyrene) the pyrene molecule is, thus, an hadidate for probing
the stacking interactions of polyaromatic buildibigcks in DNA. Here, we report the
synthesis and spectroscopic investigation of DNAnite containing multiple pyrene

building blocks.

2.3 Results and Discussion

Along with geometrical constraints of the sugar ggi@te backbone, stacking interactions
and hydrogen bonding are the most important fagesponsible for the self organization
of single stranded nucleic acids into double helatauctures®*® The type of modified
DNA described here is based on the use of exteratethatic systems with non-
nucleosidic linkers. In this system, the stackimgperties can be considered as the main
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factor for stabilization of secondary structuresieDdo their hydrophobic nature, stacking
interactions opyrene-pyrenand/orbase-pyrenare expected to play an important role not
only in duplex but also in single strands in pataedium. Aggregation of pyrenes in
aqueous solutions have been a topic of intensixestigation in the past and was reviewed
by Winnik'> The findings serve as an excellent basis for pmétation of pyrenes
embedded in an oligonucleotide based system.

The required pyrene building block with a threebcar linker (Scheme 2.1) has been
synthesized according to a published proceffurEhen the phosphoramidite pyrene
derivative was used for the synthesis of oligonotofies. Assembly of oligomers
involved in automated oligonucleotide synthesig tihude oligomers were purified by

reverse phase HPLC and their identity was verifigenass spectrometry.

(I 2N
O
/L “Po_en

Scheme 2.Phosphoramidite pyrene building block

a8
O

2.3.1 Thermal denaturation experiments

Before investigation of the spectroscopic propsrté pyrene containing oligomers, the
stability of hybrids was tested by thermal dendtana The data are summarized in Table
2.1. Oligonucleotided and2 serve as controls and oligom&8 contain between one and

three pyrene building blocks per single strand.
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Table 2.1Influence of non-nucleosidic pyrene building blockshybrid stability

Oligo duplex Tm (°C) ATm ATm per

modification
(5 AGC TCG GTC ATC GAG AGT GCA
2 (3)TCG AGC CAG TAG CTC TCA CGT 69.5 - )

(5) AGC TCG GTCA  SC GAG AGT GCA
(3) TCG AGC CAGT SGCTCTCAceT 089 06 -0.6
(5) AGC TCG GTC  SSC GAG AGT GCA
(3) TCG AGC CAG  SSG CTC TCAceT 662 -3.3 -1.7
(5 AGC TCG GT S SSC GAG AGT GCA

63.8 5.7 1.9

(3) TCGAGCCA S SSGCTCTCACGT

Q HH 7
{_O_?jo\/\/’\‘ N\/\/}fo_ﬁ’_o_
O o

(e] (0]
S

Conditions: 1.QuM each strand, 10 mM Tris-HCI buffer (pH 7.4) ar@@ImM NacCl; 0.5 °C/min;
absorbance measured at 26Q nm

Tm values show a picture that is in agreement witvipus findings with phenanthrene-
modified oligomers** i.e. a slight decrease in hybrid stability if olethree pairs of
pyrenes are placed in opposite positions in thedimidf the duplex. Values fdkT, per
modification ranging between 0.6 and 1.9°C wereepled. It can be concluded that the
destabilization resulting from removal of naturakb pairs is largely compensated by aryl-
aryl stacking interactions between the pyrene vesd, values were also determined at
two further wavelengths (245 and 354nm, Table 2®e T,s obtained at these
wavelengths correlated very well with the ones&éin2n, indicating a cooperative melting

process.
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Table 2.2Melting temperature determination at different elamgth (245, 260, 354nm).

245nm 260nm 354nm
Tm °C ATm °C Tm °C ATm °C Tm °C ATm °C
1*2 69.6 - 69.5 - - -
3*4 68.6 -1 68.9 -0.6 68.4 -
5*6 67.4 -2.2 66.2 -3.3 67.1 -
7*8 64.1 -5.5 63.8 -5.7 64.7 -

Conditons 1.uM each strand, 10 mM Tris-HCI buffer (pH 7.4) afi® InM NaCl; 0.5 °C/min

2.3.2 Pyrene Containing Single Strands

We next performed a set of temperature-depended/I$vand fluorescence experiments
with single stranded oligonucleotides to invesggéte intramolecular interactions of
pyrenes. Representative data are shown in Figuearl 2.2, respectively. Interactions
between pyrene-base(s) can be seen clearly frortethperature-dependent experiments
(Figure 2.1).
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Figure 2.1 Temperature-dependent UV-absorbance of oligd3n@) showing an isosbestic
point at 360nmlf); for conditions see Table 2.1.

Increasing temperatures are associated with aeaserin absorbance as well as with a
blue-shift in maximum absorbance in the range 30@h, which corresponds to pyrene
absorbance. These findings are in agreement weduction intestacking with increasing
temperature, since stacking of chromophores isrgip@accompanied with i) a decrease in
the absorbance intensity (hypochromic effecth ibroadening of signals and iii) very often
with a red shift>** While the broadening is not so clearly detectalttte, other two
characteristics are obviously present: a red-#fiftOnm is observed fo8 when going
from 90 to 10°C and it is concomitant with a desg=m absorbance intensity. The gradual
change in temperature leads to an isosbestic pbiB60nm. As expected, temperature
dependent fluorescence data (Figure 2.2a) showsmitieomer fluorescence (around

400nm), which is typical for pyrene monomer fluaesce.
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Figure 2.2 Temperature-dependent fluorescence spectra diesitigands3 (a), 5 (b) and7
(c); for conditions, see Table 2.1
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The absence of distinct bands at longer wavelengtkals that there is no dominant
intrastrand exciplex formation in single straBddue to the asymmetry of the bands
towards longer wavelength, exciplex can, howevet,be ruled out® The intensity of
absorbance spectra of the single strdnd essentially the same but fluorescence is of
lower intensity (approx. 50% compared3psee Figure 2.3). This is well in agreement
with findings that guanine (neighboring base toepgr in oligomer4, only), but not

adenine or cytosine are efficient quenchers of pg/fiorescencé&
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Figure 2.3 Temperature-dependent fluorescence spectra desstrgn.

Upon addition of further pyrenes, the possibility abserving the pyrene-pyrene
interaction within single strand arises. Fluoreseedata ob are shown in Figure 2.2 b).
As expected, a strong excimer band with a maximons&on at 505nm appears while
monomer fluorescence (around 400nm) is greatlyaeduThis indicates strong stacking
interactions between the adjacent pyrenes in thglesistrand. For oligomer, which
contains three consecutive pyrenes, this trendven encreased. The fluorescence
spectrum (Figure 2.2 c) shows essentially onlyregciemission at 506nm. A noteworthy
difference in the two oligomeis and7 exists: while a temperature dependent change of
the emission maximum i6 (from 505nm at 10°C to 498nm at 90°C) is obsentkd,

maximum remains more or less unchanged over the sammperature range for oligomer
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7. This finding is best described in terms of “statjor dimeric in ground state) and
“dynamic” (monomeric in ground state) excinm@rsvhereas the latter shows a blue-
shifted emission in relation to the static excimier.oligomer5 having two pyrenes,
thermal energy leads to a larger separation ofpghvenes; hence they form a dynamic
excimer on irradiation. In oligomét separation of all pyrenes is less likely and, leenc
over the investigated temperature range the séxidimer is dominating> As already
observed with3, both oligomers$ and7 show an isosbestic point (362nm and 361nm,

respectively) in the temperature-dependent absogbspectrum (Figure 2.4).

a)

0.1

0.09 - —10
—20

0.08 -
30

0.07 A 40
—50

Absorbance (a.u.)
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b)

Absorbance (a.u.)

350 360 370 380 390 400
-0.01 -

Wavelength (nm)

Figure 2.4 Temperature dependent UV-VIS of a) single straifidosbestic point at 362nm);
b) single strand (isosbestic point at 361nm).
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2.3.3 Investigation of Pyrene Containing Hybrids

As described above, the pyrene unit(s) participatiesngly in intrastrand stacking
interactions. The question arises whether the qamrastrand) interactions persist upon
hybridization or if different (interstrand) pyreneteractions are dominant. While this
guestion was partly answered previously for hyl8fd by observatation of excimer
formation by interstrand stacking of two pyren®sthe behavior of single strands
containing multiple pyrenes may be different. Taidst this question, temperature
dependent absorbance and fluorescence experimatitstive different hybrids were
performed. Temperature dependent fluorescence piepef pyrene of nucleic acids
containing multiple, extrahelical pyrene residueas hbeen used to study pyrene
aggregatiort®? The absorbance spectrum of hyb8idt (Figure 2.5) shows that the two
pyrene units from the single strands are involvedstacking interactions. First, the
expected blue-shift is observed with increasingperature (see Figure 2.5 b, showing
the range of 320 to 400nfY) The maximum absorbance decreases from 357nm @t 10°
to 352nm at 90°C. More importantly, two isosbegttints are present, indicating two
different types of interaction between the pyrefds first isosbestic point (366nm) is
formed by curves taken below the melting tempeeat{§8.9°C, Table 2.1) can be
attributed to decreasing association between thenpg with increasing temperature. The
second isosbestic point is observed at shorter leagth (362nm) and is formed by the
curves taken above thk, and therefore has its origin in changes occumiitgin the
single strands. The observed value of the blugezhifosbestic point correlates well with

the one observed with single strahdlone (360nm, see above).
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Absorbance

210 260 310 360 410 460

Wavelength (nm)

b)

Absorbance

Wavelength (nm)

Figure 2.5 Temperature dependent absorbance spectra of hgdtida: full spectrum, b:
enlargement of the range 340-400 nm; for conditemes Table 2.1).

The temperature dependent fluorescence spectrgboid8*4 (Figure 2.6) confirm this
interpretation. A strong excimer band at 500nmgsiag from interstrand stacking
interactions between the two pyrenes is gradualiyaced by pyrene monomer emission
at higher temperature. At temperatures above the (6819°C), only monomer

fluorescence is observed.
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Figure 2.6 Temperature dependent fluorescence spectra ofch@h4; for conditions see
Table 2.1.

As expected, the hybrids with fous*@) and six {*8) pyrenes show rather different
temperature dependence in their fluorescence sp€€tgure 2.7) giving rise only to
excimer emission also at temperatures abovd th8elow theT, the emission intensity
is decreasing with increasing temperature, indicgh weakening of (or a geometrical
change in) the association of the pyrenes.
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Figure 2.7 Emission spectra of hybridg 6 (a) andr*8 (b); for conditions see Table 2.1.

We noticed the intensity increased slightly arothmelT,, before decreasing again (Figure
2.8).

350 1

300
] ——5
250 1 -7
5*6

—*—T7*8

200
150 -

50i

Fluorescence Intensity

0 10 20 30 40 50 60 70 80 90 100

Temperature

Figure 2.8 Dependence of max. excimer fluorescence intemdigingle and double strands
on temperature; for conditions see Table 2.1.

In addition, the maximum emission in the hybrids.(ibelow theT,) is at higher
wavelength than the one in the single strands &beve theT,). The changes in the
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maximum emission over the temperature range iryegstl are from 514 to 500nm in
hybrid 5*6 and 512 to 505nm in hybri@*8. The temperature dependent absorbance
spectra of hybrid§*6 and7*8 (Figure 2.9 and 2.10) are very similar to the ohbybrid

3*4. Thus, both hybrids also show two isosbestic goiapresenting the single and the

double stranded states.
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Figure 2.9 Temperature dependent UV-VIS of dupEs6 a) whole spectra; b) 340-400 nm
pyrene absorbance extended; c, d) isosbestic patii®89 and 365nm respectively; for conditions

see Table 2.1.
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Figure 2.10Temperature dependent UV-VIS of dupl&s8 a) whole spectra; b) 340-400nm
pyrene absorbance extended; c, d) isosbestic patii¥80 and 364nm respectively; for conditions
see Table 2.1.
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Finally, all hybrids showed circular dichroism spadypical for B-DNA (Figure 2.11).

104

— Unmodified Oligonucleotide 1*2
—— Hybrid 3*4
84 —— Hybrid 5*6
Hybrid 7*8

—
)

Wavelength (nm)

Figure 2.11CD spectra of hybrids containing non-nucleosidicepe residues; for conditions
see Table 2.1.

2.4 Conclusion

DNA mimics containing non-nucleosidic, polyaromatigene building blocks have been
investigated spectroscopically. Absorbance and ®arisspectra provide insight into the
interactions among pyrenes or between pyrene aighlmaing nucleic acid bases.
Investigation of single strands showed timatastrand excimer formation takes place if
two or three pyrenes are placed in adjacent positim hybrids, interstrand eximers are
formed. In general, intrastrand excimers show fgoence emission at shorter
wavelengths (498 to 505nm) than the excimers forlmenhterstrand interactions (505 to
514nm). The existence of two different forms of im@rs (intra- vs. interstrand) is also
revealed by temperature dependent UV absorbanotrapA gradual shift of maximum
absorbance is accompanied by appearance of twbeistis points, one of which (at

longer wavelength) can be attributed to interstrstagking in the hybrid and the second
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from intrastrand stacking in the single strandsugitas in natural single stranded nucleic
acids, DNA mimics containing the type of modifiedilding block described herein are
organized by stacking interactions. Upon duplexriation, however, the DNA mimics
behave differently, in that the intrastrand intéiaats cede to the more favorable
interstrand stacking. The hybridization procesthefDNA mimics is, thus, not aided - at
least not to the same extent as natural DNA - byptieorganization of the single strands.
In addition to giving insight into the intrastrandd interstrand interactions the described
pyrene building blocks allow the design and cortdiom of DNA mimics with
interesting spectroscopic properties for applicei@as diagnostic tools and as novel

materials.

2.5 Experimental Section

The required pyrene building block with a threeboar linker has been synthesized
according to a published procedd?&Nucleoside phosphoramidites frdfnransgenomic
(Glasgow, UK) were used for oligonucleotide synibe®ligonucleotidesl-8 were
preparedvia automated oligonucleotide synthesis by a standgrtthetic procedure
(‘trityl-off mode) on a 394-DNA/RNA synthesizeApplied BiosystemsCleavage from
the solid support and final deprotection was domgetreatment with 30% NEDH
solution at 55°C overnight. All oligonucleotides ieepurified by reverse phase HPLC
(LiChrospher 10RP-18,5um, Merck),Bio-Tek Instruments Autosampler 366luentA

= (ENH)OAc (0.1 M, pH 7.4); eluer8 = MeCN; elution at 40°C; gradient 5 — 20% B

over 30 min.

Molecular mass determinations of oligonucleotidesvere performed with a Sciex
QSTAR pulsar (hybrid quadrupole time-of-flight masspectrometer, Applied
Biosystems ESI-MS (negative mode, GBN/H,O/TEA) data of compound&-8 are
presented in Table 2.3.
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Table 2.3Mass spectrometry data (molecular formula, calerage mass, and obtained).

Oligo. Molecular formula Cale. Found
aver.mass

1 (5" AGC TCG GTC ATC GAG AGT GCA CaoH25Ng30129P20 6471.3 6472
5 (3) TCG AGC CAG TAG CTC TCA CGT CooHosdN760128P00 6382.2 6383
3 (5 AGC TCG GTCA SCGAGAGTGCA  CyigHo6MNg30120P50 6633.5 6632
4 (3) TCGAGC CAGT SGCTC TCACGT CarHz6N 750126720 6535.4 6534
5 (5) AGC TCG GTC ~ SSC GAG AGT GCA  CaiH7éNsiO129P20 6786.7 6785
6 (3) TCGAGC CAG  SSGCTCTCACGT  ChaiHp7dN740125P00 6697.7 6696
7 (5) AGC TCG GT S SSC GAG AGT GCA  C,,dH,edN 7601580 6964.0 6963
8 (3) TCGAGCCA S SSGCTCTCACGT  C,,HooN70O1oPa0 6834.9 6834

Thermal denaturation experiments (1.0 uM oligonucleotide concentration (each
strand), 10 mM TrisICl buffer (pH 7.4), and 100 mM NaCl) were carrmat onVarian
Cary-100 BioUV/VIS spectrophotometer equipped with ®arian Caryblock
temperature controller and data were collected Wahan WinUV software at 245, 260
and 354nm (cooling-heating-cooling cycles in thengerature range of 20-90°C,
temperature gradient of 0.5°C/min). Data were arelywith Kaleidagraplf software
from ©Synergy SoftwareTemperature melting (Tm) values were determingdthe

maximum of the first derivative of the smoothedr(@dow size 3) melting curve.

Temperature dependent UV-VIS spectrawere collected over the range of 210-500nm
at 10-90°C with a 10°C interval ovlarian Cary-100 BidJV/VIS spectrophotometer
equipped with &/arian Caryblock temperature controller. All experiments weagried
out at a 1.0 pMligonucleotide concentration (each strand) in R@ buffer (10 mM)
and NaCl (100 mM) at pH=7.4. The cell compartmeasWushed with Nto avoid water

condensation at low temperature.

Temperature dependent fluorescence datavere collected for 1.0 pMligonucleotide
(1.0 uM of each strand in case of double strands) saiatia TrisHCI buffer (10 mM)
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and NaCl (100 mM) at pH=7.4 on a Varian Cary Ediflsorescence spectrophotometer

equipped with a Varian Cary-block temperature ailgr (excitation at 354nm;

excitation and emission slit width of 5nm). Varid&clipse software was used to

investigate the fluorescence of the different pgreantaining oligonucleotides at a

wavelength range of 375-700nm in the temperaturga@f 10-90°C.

CD spectrawere recorded on 3ASCO J-715%pectrophotometer using quartz cuvettes

with an optic path of 1 cm.
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the region of 300-400nm is described here.
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Chapter 3: Helical Arrangement of Interstrand Stacked

Pyrenes in a DNA Framework

Published in
V. L. Malinovskii, F. Samain, R. Haneingew. Chem. Int. E@007, 46, 4464-4467.

3.1 Abstract

DNA mimics containing extended stretches of nonkeasgidic pyrene building blocks

are described. The modified oligomers form stalyflerids. The nature of the interaction
between the pyrene residues in single and doubbnde#d oligomers is analyzed
spectroscopically. Furthermore helical self-orgatian between oligopyrene strands
with 14 consecutive achiral pyrene building bloeksbedded in a DNA strand leads to

an artificial double helix.

3.2 Introduction

DNA takes an eminent role in the construction ofllndefined nanostructures and —
devices: The unique feature of self-organization, combiméth the ease of automated
oligonucleotide synthesisas driven the rapid progress in DNA nanotechnaofd@gy the
other hand, possible applications in the medicdl materials sciences may be limited by
the chemical and physical properties of the natub®A building blocks. Not
surprisingly, the quest for modified building blecknmatching the special needs is
continued with high intensityEver since the discovery of the DNA double helbe t
generation of helical structures that are not basethe hydrogen bond mediated pairing
scheme of the nucleobases or related derivativedéen a highly competitive aspect in
the field ofmolecular self-organizatiahWhile reports on the construction and study of
single stranded folded or helictuctures are relatively numerodsscriptions of double

helices are, in comparison, less abundahe recognition motifs utilized so far for
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creating double stranded assemblies can be grompedigand-to-metal coordination,
hydrogen bonding, aromatic stacking and electrizstateractions. While a range of
reports describe the formation of foldamers witbnaatic building blocks in organic
media,the number of accounts on such systems in aquemditions is limited. The
development of complex and functional artificialutdée helical structures is, thus, still a
major challengé.Replacement of two, four, and six base pairs bymacleosidic pyrene
building blocks has been reported. Absorbance, gamsspectra, and circular dichroism
spectra have provided insight into the interactiam®ng pyrenes or between pyrene and
neighbouring nucleic acid basésiere is described the first example of an intarsir
helical organization within an entirely artificiaection embedded in a double-stranded
DNA molecule. Moreover, the observed double-helistducture is formed under

physiologically compatible conditions.

3.3 Results and discussion

The construct is composed of achiral, non-nucleoggrene building blocksS), which
are embedded in a DNA as illustrated in Figure Btie incorporation of non-nucleosidic
building blocks into oligonucleotides was pioneereg Letsinger and Lewjswho
described the incorporation of stilbene as well athker aromatic residues into

oligodeoxynucleotide¥ *
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Figure 3.1 Schematic representation of oligopyrene stackseeltdd in a DNA duplex

Over the past several years, our own efforts irewhthe assembly of DNA-like
structures with polyaromatic derivatives, such denanthrene, phenanthroline and
pyrene with alkyl chains and phosphodiester grdiniséng the individual units? Based
on spectroscopic data, a model of interstrand-sthcRolyaromatic residues was
derived'® We have subsequently expanded the studies to edesthcks of pyrene
building blocks.

The corresponding oligomeric compountid0 are shown in Table 3.1. The pyrene
residues are contained in the middle of a DNA duplehe number of pyrenes ranges
from two (duplex3*4) to fourteen (duplex@*10). Duplex 1*2 serves as the reference.
The influence of pyrene incorporation on the stgbibf the hybrids was tested by
thermal denaturation. Table 3.1 shows the expetiahd@p, (melting temperature) values
as well as the theoretical values for the corredpanhybrids without the contribution of

the pyrene residues.
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Table 3.1Influence of multiple pyrene residues on the tharstability of hybrids

Oligo Tm (°C) Tm

[a] o [dl

# dupIeX eXp.[b] Calc.[C] ATm, C
1 (5) AGC TCG GTC ATC GAG AGT GCA o
2 (3) TCG AGC CAG TAG CTC TCA CGT 70.5 ' )

(5) AGC TCG GTCA  SC GAG AGT GCA

(3) TCGAGC CAGT SGCTCTcAceT /01 695 +0.6

(5) AGC TCG GTC  SSC GAG AGT GCA

(3) TCG AGC CAG  SSG CTC TCAceT 680 681 +0.1

(5) AGC TCG GT S SSC GAG AGT GCA

65.1 47.1 +18.0
(3) TCGAGCCA S SSGCTCTCACGT

9 (5) AGC TC S SSS SSSGAG AGT GCA
10 (3)TCGAG S SSS SSS CTCTCACGT

o} o}

n H H I

— oO—P—0—
gio\/\/r\l S g NN P—0

56.5 33.6 +22.9

Fo-

n —

S

[a] 1.0uM each strand, 10 mM phosphate buffer, pH 7.0)gpderimental value; average of
three independent experiments; exp. error 0.5°CTiic value calculated for the corresponding
hybrid formed by the two strands without contribuatiof the unnatural building blocks according
to the method described bylarkham and Zukét; [d] difference between experimental and
calculated Tm value; this number corresponds toctiv@ribution of the pyrene residues to the
overall duplex stability.

The latter value, which was calculated accordingh® method described Byarkham
and Zuker '* allows an estimation of the contribution by therames to the overall
stability (ATn,). While two and four pyrene residues add littlethte hybrid stability, six
and fourteen pyrenes have a rather large positifecteon theT,, of the respective
hybrids. This indicates that interstrand interattiobetween the pyrenes lead to a
significant stabilization of the duplex. Moreovertrastrand folding of single strang&

pyrene stacking can facilitate duplex formation feglucing the entropy change in a
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manner similar to single strand preorganization nitural oligonucleotide. The

occurrence of inter- and intrastrand pyrene stackimteractions is supported by
temperature dependent UV-VIS spectroscopy showhegpresence of two isosbestic
points upon duplex melting. Furthermore, signakliening and hypochromicity, both of
which serve as evidence for face-to-face aggregdiemere observed upon duplex

formatiort’ (Figure 3.2).
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Figure 3.2 Temperature dependent UV-VIS of a) dup®10 (210-500 nm, 10-90 °C); b)
isosbestic point at 374 nm (320-420 nm, 10-40 &L)sosbestic point at 369 nm (320-420 nm,
60-90 °C).

Then, the oligomers were analyzed for their fluceexe properties. The single strands
containing more than one pyrerie-10) and the hybrids formed between therhibited
mainly excimer emission over a temperature rangenf0-90°C showing - well in
agreement with our expectations - that pyrenestomgly aggregated in single as well

as double strands (Figure 3.3).
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Figure 3.3 Fluorescence spectra of single

d) 5*6, ) 7*8, f) 9*10 (right column).
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strands; &) 7; ¢) 9 (left column) and duplexes

Some exceptional behavior, however, was observethanemission spectra of hybrid

9*10. While hybrids5*6 and 7*8 show a red shift in the excimer emission upon iaybr

formation, hybrid9* 10 behaves in an opposite way. As can be seen ind-Bjd, duplex

formation leads to a significant blue shift (5115@4 nm), when going from 9010°C.
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Figure 3.4 Trends of fluorescence maximum shifts upon meltéhduplexes*6, 7*8, 9*10
and single strands 7, 9.

Aggregation of pyrenes and the resulting changethenfluorescence properties were
studied in detail and summarized Wjnnik'’ The inverse behavior of hybrit 10 is an
indication thatsandwich-typepyrene aggregation is restricted within the dupM#ith
increasing temperature and flexibility and furthersn upon strand dissociation, the
possibility of adopting the preferreshndwich-typeaggregation is opened. Blue shifted
fluorescence as a result of only partially overiagpexcimer geometries has e.g. been
observed in crystalline pyrene derivatives, pyrdrames, bis-pyrenyl systems and
polymers with twisted or strained pyrene conformasi’”*® An intriguing interpretation
of this inverse behavior is the occurrence of achklarrangement of the pyrenes in
hybrid 9* 10, triggered by the unmodified DNA parts. The twgtiof the pyrenes upon
adoption of a helical conformation would explaire thlue-shifted emission. Moreover
broadening of excitation spectra comparegyiene-1,8-dicarboxylic acid bis-[(3-hydroxy-
propyl)amide](PU) upon increasing number of pyrene per singbnstis clearly observed
(5, 7 and 9, respectively). In addition, duplex formation iscampanied with a further
increase of this broadening (Figures 3.5 and 36 broadening is accompanied with a
decrease of the Intensity Peak/Intensity Valleyoravhich also serves as a qualitative

indication on the extent of pyrene aggregation.
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Figure 3.5 Normalized excitation spectra a) single stragds/, 9, 10 and pyrene-1,8-
dicarboxylic acid bis-[(3-hydroxy-propyl)amide] (PUsed as reference of monomeric pyrene),
and b) hybrid$8*4, 5*6, 7*8, 9*10.

a) 1.2 -

Intensity (a.u)

0 —— 77— ;
300 325 350 375 400 425

Wavelength (nm)



Helical Arrangement of Interstrand Stacked Pyreimes DNA Framework 57

b) 12-

o
o

Intensity (a.u)
o
(2]

300 325 350 375 400 425
Wavelenght (nm)

Figure 3.6 Normalized excitation spectra a) single strabdg 9, 10 and PU, and b) hybrids
3*4, 5*6, 7*8, 9*10 in the pyrene area

Indeed, confirmation of a helical arrangement af thterstrand stacked pyrenes was

obtained by circular dichroism (CD) spectroscopigifFe 3.7).
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Figure 3.7 a) CD spectra of natural duplégx2 and modified dupleX@*10 at 25 °C; b)
temperature dependent CD spectra of du@iek0 (10-90°C; 1.0 uM solution in phosphate
buffer, pH = 7.0).
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The CD spectra of the pyrene modified hyl®fd 0 and the unmodified DNA duplek 2

at room temperature are shown in Figure 3.7a. Etliglethe spectrum 09*10 in the
200-315 nm range is very different from the oneeobsd for B-DNA (*2). The
spectrum is dominated by strong dichroism of theepg bands indicating a well ordered
structure in the oligopyrene part of the duplexttiker evidence for this comes from the
very intense bisignate signal for the pyrene bamctered at 348 nm with a positive
Cotton effect ath\= 365 nm fe = +113 M*cm™) followed by a minimum at= 332 nm
(Ae = -62 M*cm™). Since there is no interference with the nucleeban this area of the
spectrum, the shape of this signal provides vatiaidight into the stacking arrangement
of the pyrenes. Thus, a positive amplitude (A =5)1abtained from exciton coupled CD
reveals a positive chirality: ?° These data suggest that the pyrenes are arrangad i
right-handed helical orientation within the oligopge stack. Upon increasing the
temperature from 10 to 90°C, the CD couplet in plyeene 350nm region gradually
disappears and the remaining part of the spectdopta the features of a normal B-DNA
(Figure 3.7b). It is remarkable that bisignate algnof pyrene are not present in CD
spectra of single stran@sand10 revealing a random aggregation of pyrene unitgui
3.8). The band at 350 nm corresponding to the maxinof pyrene absorbance is not
split. Therefore it represents ICD (induced CD)gfene induced by chiral environment

of the oligonucleotides.
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Figure 3.8CD spectra of single straif®d1.0 uM, pH 7, 10 °C).
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(Bapw) ao

Figure 3.9CD spectra of duplexel$ 2, 3*4, 5*6 and7*8.

Furthermore, also the CD spectra of duplel&4, 5*6 and 79 were very similar to

normal B-DNA, showing no signs of helicity in thegopyrene part (Figure 3.9). Duplex

9*10 represents a system composed of 28 natural niddsoand 14 pyrene units.

Therefore, the question of the cooperativity of ldMpmelting is an important issue. To

determine if the duplex-to-single strand transitiollows a two-state model, the melting

process was additionally monitored at different ®lamgths® For this purpose,

temperature-dependent absorbance was recorded an3fpyrene absorbance only) and

245nm (pyrene and oligonucleotides absorbance). paaoson of these data, together

with the already described values obtained at 26(shmowed an excellent agreement

(Table 3.2), suggesting a high degree of coopetatietween the different parts.



Helical Arrangement of Interstrand Stacked Pyreines DNA Framework

60

Table 3.2Melting temperatures determined at 245, 260, 364 n

Hybrids Tm °C Tm °C Tm °C
245 nnf¥ 260 ¥ 354 nnf”!

1*2 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] Oligonucleotide and pyrene absorbance; [b] pgrabsorbance.
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Figure 3.10Hyperchromicity of hybrids at 354 nm.
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Figure 3.11Hyperchromicity of hybrids at 245 nm.
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The arrangement of pyrene molecules covalentlyelinto the sugar backbone in RfA
or to base residues in DNAwas published recently. In these studies, DNA KARvere
used as structural scaffolds for the helical areamgnt of pyrenes. In contrast to these
intrastrand helical stacks along a DNA or RNA bamid, >> 2% the present system
describes the self-organization of two non-nuclkicsioligopyrene strands in an
interstrand helical stack. Since the experimenteevearried out in aqueous conditions,
stacking of the pyrenes will be largely driven bgltophobic interactions. However, due
to the presence of an amide-type linker, hydrogendbformation may also play a
significant role for the stability as well as firetorganization of the helical structéfed
crystal structure obtained from the building blgokene-1,8-dicarboxylic acid bis-[(3-
hydroxy-propyl)-amide]shows the existence of hydrogen bonds betweenathiele
groups of adjacent pyrenes. Furthermore, the pyuaits are stacked in a twisted, face-

to-face orientation in the crystal (see Annext¥/).

3.4 Conclusion

In summary, a self-organizing system composed aof dligopyrene strands leading to
the formation of annterstrand helical staclembedded in a double stranded DNA has
been reported. Helical organization, as shown Witbrescence and CD spectroscopy,
takes place in a hybrid containing fourteen conseew@chiral pyrene building blocks but
not within the respective single strands nor inriddcontaining only six or less pyrene
residues. Interstrand stacking of the pyrenes withie duplex is supported by high
duplex stability as well as by UV-VIS and fluoresce spectroscopy. The findings are
important for the design of artificial molecularutide stranded helices for applications in

nanotechnology.
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3.5 Experimental Part

The required pyrene building block was synthesiaecbrding to a published procedure
(S. M. Langenegger, R. HaneChem.Commun.2004 2792-2793.) Nucleoside
phosphoramidites fronTransgenomic(Glasgow, UK) were used for oligonucleotide
synthesis. Oligonucleotidels10 were preparedia automated oligonucleotide synthesis
by a standard synthetic procedure (‘trityl-off n&don a 394-DNA/RNA synthesizer
(Applied BiosystemsCleavage from the solid support and final degebdon was done
by treatment with 30% NMDH solution at 55°C overnight. All oligonucleotidesre
purified by reverse phase HPLC (LiChrospher 1RB-18, 5um, Merck), Bio-Tek
Instruments Autosampler 560eluentA = (EgNH)OAc (0.1 M, pH 7.4); eluenB =
MeCN; elution at 40°C; gradient 5 — 20% B over 3@.m

Mass spectrometry of oligonucleotidesvas performed with a Sciex QSTAR pulsar
(hybrid quadrupole time-of-flight mass spectrometdpplied Biosystems ESI-MS
(negative mode, C¥€N/H,O/TEA) data of compoundk-10are presented in Table 3.3.

Table 3.3Mass spectrometry data (molecular formula, calerage mass, and obtained).

Oligo. Molecular formula Cale. Found
aver.mass

1 (5" AGC TCG GTC ATC GAG AGT GCA CoogHo5Ngz0129Ps0 6471.3 6472
> (3) TCG AGC CAG TAG CTC TCA CGT CaodH25dN760126P20 6382.2 6383
3 (5) AGCTCG GTCA SC GAG AGTGCA  Cy1dH26MN530125P20 6633.5 6632
4 (3) TCGAGC CAGT SGCTC TCACGT CarHz6N 75012620 6535.4 6534
5 (5) AGC TCG GTC  SSC GAG AGT GCA CozH27NgO0123P50 6786.7 6785
6 (3) TCGAGC CAG  SSGCTCTCACGT  ChyHordN780108P50 6697.7 6696
7 (5) AGC TCG GT S SSC GAG AGT GCA CoagH28dN760123P50 6964.0 6963
8 (3) TCGAGCCA S SSGCTCTCACGT  ChuHoodN760128P50 6834.9 6834
9 (5) AGC TC S SSS SSSGAG AGT GCA Ca0sH33N720125P50 7577.9 7576.1

10 (3)TCGAG S SSSSSSCTCTCACGT  CaotHz3Ne20126P20 7479.8 7487.1
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All the spectroscopic measurementaere performed in potassium phosphate buffer (10
mM, 100 mM NacCl, pH 7.0) for 1.0 uM oligonucleotidencentration (1.0 uM of each

strand in case of duplexhe= 9000 was used for pyrene units.

Thermal denaturation experimentswere carried out oNarian Cary-100 BidJV/VIS
spectrophotometer equipped withvVarian Caryblock temperature controller and data
were collected with Varian WinUV software at 24%02and 354 nm (cooling-heating-
cooling cycles in the temperature range of 20-9@é8\perature gradient of 0.5°C/min).
Temperature melting (Tm) values were determinetth@snaximum of the first derivative

of the smoothed melting curve.

Temperature dependent UV-VIS spectrawere collected with an optic path of 1 cm
over the range of 210-500 nm at 10-90 °C with &Q.@nterval onVarian Cary-100 Bio-
UVIVIS spectrophotometer equipped withvarian Caryblock temperature controller.

The cell compartment was flushed with. N

Temperature dependent fluorescencelata were collected on \arian Cary Eclipse
fluorescence spectrophotometer equipped withVarian Caryblock temperature
controller (excitation at 354 nm; excitation andigsion slit width of 5 nm) using 1 per 1
cm quartz cuvetted/arian Eclipsesoftware was used to investigate the fluorescefice
the different pyrene-containing oligonucleotides avavelength range of 375-700 nm in

the temperature range of 10-90 °C.

CD spectrawere recorded on 3ASCO J-715%pectrophotometer using quartz cuvettes

with an optic path of 1 cm.
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Chapter 4. DNA Containing Extended Stretches of Pygne
Building Blocks

4.1 Abstract

We have shown ilChapter 3a highly ordered structure within a hybrid contagn14
consecutive achiral pyrene residues. In additiogitong insight into the intrastrand and
interstrand interactions, DNA mimics containingl®, 12 pyrene building blocks placed
in opposite positions in the middle of the DNA dephave been investigated. Thermal
denaturation experiments and spectroscopic invagtiy of pyrene-containing double
strands attempt to clarify the origin of the inteasd helical organization within an

entirely artificial section embedded in a doublexstied DNA molecule.

4.2 Introduction

The unique feature of DNA (and modified DNA) folfsarganization is one of the main
characteristics that are practically used in dguslents of new therapeutic agents or
construction of diagnostic toolsMore recently, because of predictability of self
organization, simplicity of synthesis, and a widage of possible modification, DNA
was proposed as a very promising building blocktierneeds of nanotechnologiNA
building blocks may serve both as real componehtasamochemistry devise or as a
template for nanostructurésdowever it is recognized that natural DNA buildibigpcks
have predefined physical properties which can litmét possible applications. Expending
of genetic alphabet is believed to be one of regluiools in DNA based developments in
medicinal and materials chemisfry.

Since the discovery of the double helix of DNA,dedl and helical structures have

attracted increasing attention as synthetic tafgaféords in this direction can be simply
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divided in development of single strand and dowttanded folded/helical structures. In
meantime a formation of single strand folded systésmmore developéd and for some
of them helical secondary structure was establiShBduble helices formed from
synthetic single strands are relatively rare whempared to synthetic single strarids.

We have described i€hapter 3a high ordered structure based on non-nucleosidic
pyrene building blocks embedded in a DNA framewdrke construct which has been
described, represents the first example of int@nstiformed helical organization within
fully artificial part (fourteen pyrene units) of mified DNA.? In addition to giving
insight into the intrastrand and interstrand intdoans, DNA mimics containing 8, 10, 12
pyrene building blocks placed in opposite positiomghe middle of the DNA duplex
have been investigated. In the following, the deson of results will be divided into
two parts, that is, the thermal denaturation expenits and spectroscopic investigation of

pyrene-containing double strands.

4.3 Results and discussion

4.3.1 Thermal denaturation experiments

Before investigation of the spectroscopic propsrté pyrene containing oligomers, the
stability of hybrids was tested by thermal denatara The data are summarized in Table
4.1. Oligonucleotideg and2 serve as controls and oligom&-4.0 contain between four
and seven pyrene building blocks per single strdpgdvalues are in agreement with
previous findings with one, two, three and severepg building blocks per single strand.
Table 4.1 shows the experiment®) values as well as the calculated values for the
corresponding hybrids without any contribution frahre pyrene residues. The latter
value, which was calculated according to the metthescribed byMarkham and Zuker
10 allows an estimation of the contribution of theeme groups to the overall stability (
Tm). Pyrene residues (8, 10 and 12 units) have @& lpogitive effect on th&,, value of
the respective hybrids. This finding confirms tlatierstrand interactions between the
pyrene units lead to a significant stabilizationtle¢ duplex from four to seven pyrene

residues per single strand
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Table 4.1Influence of non-nucleosidic pyrene building blean hybrid stability

Oligo
#

Tm (°C) ATm

ATm,oCct
exp®  calc :

duplex®

(5" AGC TCG GTC ATC GAG AGT GCA

71.3 71.3 -
2 (3) TCG AGC CAG TAG CTC TCA CGT '

(5)AGC TCG G SS SSC GAG AGT GCA

(3) TCGAGCC SS SSGCTCTCACGT 635 460  +175

(5Y AGC TCG  SSS SSC GAG AGT GCA
(3) TCG AGC  SSS SSG CTCTCAceT 008 433 +16.7

(5) AGC TCG SSS SSSGAG AGT GCA

60.4 36.9 +23.5
8 (3) TCGAGC SSS SSSCTC TCACGT

9 (5) AGCTC S SSS SSSGAG AGT GCA

54.1 32.9 +21.2
10 (3)TCGAG S SSS SSS CTCTCACGT

: age :

I H H
O-P-0O N N 0—P—0—
{_ (‘)7 ~ N 5 & \/\/k (‘)7

S

[a] 1.0uM each strand, 10 mM phosphate buffer, pH 7.0)epgderimental value; average of
three independent experiments; exp. error +/-0.5f€}; Tm value calculated for the
corresponding hybrid formed by the two strands aithcontribution of the unnatural building
blocks according to the method described Ndgrkham and Zukéf: [d] difference between
experimental and calculated Tm value; this numioeresponds to the contribution of the pyrene
residues to the overall duplex stability.

To address the question of the cooperativity ofle@upnelting, temperature-dependent
experiments were recorded at 354 nm (pyrene absoebanly) and 245 nm (pyrene and
nucleobase absorbance). Comparison of these aa@ther with the described values
obtained at 260 nm, showed excellent agreemeni€®aB), suggesting a high degree of
cooperativity among the different sections of tibrid.**
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Table 4.2Melting temperatures determined at 245, 260, &4dr3n.

Hybrids Tm °C Tm °C Tm °C
245 nnf¥ 260 nni® 354 nnt”!

1*2 71.1 71.3 -
3*4 63.5 63.5 63.8
5*6 60.2 60.8 60.8
7*8 59.5 60.4 59.3
9*10 53.5 54.1 -

[a] Oligonucleotide and pyrene absorbance; [b] pgrabsorbance.

In addition all hybrids investigated in the studywed a single, cooperative transition at
the three wavelengths as can be seen in Figure 4.1.
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Figure 4.1 Thermal melting curves of hybrids at a) 245 nm2®&) nm; ¢) 350 nm.

The occurrence of inter- and intrastrand pyrenekstg interactions as well as the
changes in conformation which lead to the helicghaization in hybrids containing 12
and 14 pyrene units are supported by spectrosstyies.

4.3.2 Spectroscopic Studies

The temperature-dependent UV-VIS spectra of hyBtid, 56, 7*8, and9*10 are in
agreement with previous findings. Two isosbestiingsoare present, indicating two
different types of interaction between the pyrer{&sgure 4.2). One (at longer
wavelength) is attributed to interstrand stackingthe hybrid and the second from
intrastrand stacking in the single strands. Funtfmee, signal broadening and
hypochromicity, both of which serve as evidence ftare-to-face aggregate, were
observed upon duplex formation. While this questlmas been partially answered
previously inChapter 2 we investigated temperature dependent fluoregcemattempt
to clarify whether the behavior & 10 within double strand, described @hapter 3
occurs linearly when the number of incorporatecepgs rises up to seven.
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d)
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Figure 4.2 Temperature dependent UV-VIS of a) dupkhd (210-500 nm, 10-90 °C); b)
duplex 3*4: isosbestic points at 369 and 364 nm; c¢) duge& (210-500 nm, 10-90 °C); d)
duplex5*6: isosbestic points at 370 and 364 nm.

The temperature dependent fluorescence spectrgbafie show, in good agreement with

our expectations, that pyrene units are strongyegated in double strand (Figure 4.3).
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Figure 4.3Fluorescence spectra of duplexe8*a), b) 5*6, c) 7*8.

Below theT,, the emission intensity is decreasing with indregasemperature, indicating

a geometrical change in the association of the n@geln addition, the intensity is
increasing upon melting and then is decreasingnagaovel,,. As can be seen in Figure
4.4, duplex formation of the hybrig4 leads to a significant red shift (504 nm to 512
nm) when going from 96:10°C. However, the hybrif*6 shows a slight red shift (506
nm to 508 nm) and a stabilization of the maximunorupybridization 96-40°C (T
63.5°C). When going from 4815°C, the duplex formation leads to a blue shi@t8Hm

to 501 nm). The hybrid@*8 shows a significant blue shift upon hybridizat{®®9 nm to
497 nm). The behavior (helical arrangement of sittand stacked pyrenes) of hybrid
9*10 has been described @hapter 3showing that a sandwich—-type aggregation of

pyrene units is restricted within the dupféxdere is shown the transition between the
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sandwich —type aggregation and twisted type stradeading to the helical arrangement.
The twisting of the pyrene units upon adoptionhsf helical conformation explains the
blue shift in the excimer emission that was alrealdgerved for other pyrene containing

systems?

Analysis of fluorescence maximum

520

515 A

510 - ‘_‘—\‘\‘\
ey
—#—5%
78
505 -

500 -

A/ nm

495

0 10 20 30 40 50 60 70 80 90 100
Temperature T

Figure 4.4 Trends of the excimer fluorescence maxima upontimgelof hybrids. For
conditions see Table 1.

So, compared to the hybrff 10, the hybrid7*8 adopts already a helical conformation
upon duplex formation which would explain the bkrefted emission (510 nm to 497
nm; 60—10°C) below melting temperature. Confirmation ofiebes in conformation of
pyrene units when strands contain more than fouerngy moieties is supported by
circular dichroism (CD) spectroscopy.

The CD spectrum of the hybri@t10 in the 200-315 nm range is completely different
from the natural hybridl*2. The spectrum indicates a well-ordered structurehe
oligopyrene region of the duplex. Furthermore, ayeatense bisignate signal for the
pyrene band is centered at 348 nm showing the ew@déor the helical arrangemént.
The CD spectra of the pyrene-modified hybradd, 5*6, 7*8, 910 and the unmodified
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DNA duplex are shown in Figure 4.5. Clearly, thedpum of hybrids*8 at 25°C is in
agreement with previous study of hyb&t10. In the 200-315 nm range, the spectrum is
dominated by strong dichroism of the pyrene bandsich indicates a well-ordered
structure in the oligopyrene region of the duploreover further evidence for a helical
arrangement comes from the very intense bisigngtaisfor the pyrene band centered at
347 nm. The CD spectrum of hybB44 is very similar to that of normal B-DNA with no
signs of helicity in the oligopyrene region. Howevthe CD spectrum of hybri@*6
shows a slight negative band in the pyrene are@ (8% and in the 200-250 nm range a

new band at 235 nm.

10 4

—1*2
——3%4
0 T : )
200 250 300 400 450 |—7*8
—9*10

CD (mdeg)

-10 -
Wavelength (nm)

Figure 4.5 CD spectra of natural duplek*2 and hybrids3*4, 56, 7*8, and 9*10.
Conditions: 1.QuM each strand, 10 mM phosphate buffer, pH 7.0.

In addition, the CD spectrum T° dependenbt® provides further informations (Figure
4.6). The changes occur at wavelengths where #utrehics transitions of achiral pyrene
moieties arise. CD observed in the absorption lwdrathiral pyrene is the result of their

electronic transition with the one of the DNA franoek *°
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Figure 4.6 Temperature-dependent CD spectra of hybtid (5—-60°C; 1.0uM solution in
phosphate buffer, pH 7.0).

The question arises whether pyrene are still fadade aggregated or if the rise of
incorporated pyrene building blocks force alreduym to twist. To attempt to clarify this
question, CD spectra 0o8*4 and 5*6 have been recorded depending of NacCl
concentrations (Figure 4.7).The data of hyl@fd suggest that pyrenes do not organize
upon rise of NaCl concentration. In addition ddtaybrid 5*6 indicate no changes when

NaCl concentration rises from 0.1 M NaCl up to 460\l
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Figure 4.7 CD spectra of hybrids NaCl concentrations dependén°C: a)3*4; b) 5*6

The CD spectra of the pyrene-modified single stsaedeal a random aggregation of the
pyrene units. Nonetheless, by raising the conceordo 2.0uM, bisignate signals of
pyrene are present in the CD spectra of singlendttaThese data suggest that adjacent
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bases and pyrene units containing single stranelstabilized in a helical orientation.
The single strand8 and 7 show a bisignate signal for the pyrene band cedter
respectively at 352 nm and 350 nm, with a negatotéon effect al= 371 nm andi=
365 nm. The negative cotton effect is then follovegch maximum ak= 341 nmi= 338
nm (Figure 4.8). They indicate a left-handed héla@entation within the oligopyrene

stack. However, the single strabdhows a positive Cotton effectiat 363 nm.

\ | ‘
oL A i \ _ W R —— = — Single strand 3
200 250 | 3 350 450 | — Single strand 5
| —— Single strand 7
-2 A Single strand 9

CD (mdeg)

-10 -
Wavelength (nm)

Figure 4.8CD spectra of single strands 3, 5, 7, and 9 Cmmdit 2.0uM each strand, 10 mM
phosphate buffer, pH 7.0.

Single strands containing oligopyrene part areegfléxible. Stacking interactions occur
between adjacent bases and pyrene residues. Téeofrisoncentration up to gM
allowed us to detect signal for pyrene bands, rbbe at 1uM. In addition the artificial
part contains amides connected by phosphodiestaisbdEven if amide has restricted
rotational freedom, the combination of amide andgpihodiester bonds plays a key role

in helical arrangement within single strafid.
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4.4 Conclusion

In summary, we have described the properties of DNifics containing extended
stretches of pyrene building blocks. This systempased of two oligopyrene strands (4
to 7 pyrene units per strand) shows that the Heditangement takes already place in the
hybrid containing 12 consecutive achiral pyreneldg blocks and not in hybrids
containing less pyrene building blocks. However thdrid 5*6 shows changes in
fluorescence emission and CD spectra compared dsetlof hybrids containing less
pyrene residues. But new bands observed in CD rgpastwell as trend of the excimer
fluorescence maxima upon hybridization exclude wdifined arrangement of
oligopyrene. Therefore we assume that organizatitthin double strand is not linear
with a number of units involved. However the Cegjpa of single strands reveal that
oligomers containing 2 to 7 pyrene units alreadyoive in an intrastrand helical stack.
Adjacent bases and pyrenes are involved in inaradtstacking interactions which form a
stable single stranded helix without any base mpgirpartners. These finding are
important for the design of alternative DNA scadfaontaining an artificial section of

consecutive achiral pyrene residues.

4.5 Experimental Section

The required pyrene building block was synthesizsttording to a published
proceduré’. Nucleoside phosphoramidites frafmansgenomi¢Glasgow, UK) were used
for oligonucleotide synthesis. Oligonucleotidds10 were preparedvia automated
oligonucleotide synthesis by a standard syntheticgdure (‘trityl-off mode) on a 394-
DNA/RNA synthesizer Applied BiosystemsCleavage from the solid support and final
deprotection was done by treatment with 30%,8H solution at 55°C overnight. All
oligonucleotides were purified by reverse phase EIRLIChrospher 100RP-18,5um,
Merck), Bio-Tek Instruments Autosampler 368luentA = (EENH)OAc (0.1 M, pH 7.4);
eluentB = MeCN; elution at 40°C; gradient 5 — 20% B ovensin.
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Mass spectrometry of oligonucleotidesvas performed with a Sciex QSTAR pulsar
(hybrid quadrupole time-of-flight mass spectromet@pplied Biosystems ESI-MS
(negative mode, C#N/H,O/TEA) data of compounds-10are presented in Table 3.

Table 4.3Mass spectrometry data (molecular formula, calerage mass, and obtained).

Oligo. Molecular formula Calc. Found
aver.mass

1 (5 AGC TCG GTC ATC GAG AGT GCA CaodH25N5:0124P50 6471.3 6472
5 (3) TCG AGC CAG TAG CTC TCA CGT CoodHseN760125P50 6382.2 6383
3 (5)AGCTCG G SS SSCGAGAGTGCA  CouHooN76015P50 7126.2 7128.0
4 (3) TCGAGCC SS SSGCTCTCACGT  CasgHaoiNe7O126P20 6988.1 6989.0
5 (5)AGCTCG ~ SSS SSCGAGAGTGCA  CydHay N76015P20 7263.5 7264.0
6 (3) TCGAGC ~ SSS SSGCTCTCACGT  C,7iHa; NesO126P20 7165.4 7166.0
7 (5)AGCTCG ~ SSS SSSGAGAGTGCA  ChoHa0iN76015P50 7440.7 7441.0
8 (3) TCGAGC ~ SSS SSSCTCTCACGT  C,edHardNezO126P20 7302.6 7303.0
9 (5)AGCTC S SSSSSSGAGAGTGCA  CaodHasN75015P50 7577.9 7576.1
10 (3)TCGAG S SSSSSSCTCTCACGT  CaodH334N620126P20 7479.8 7487.1

All the spectroscopic measurementsere performed in potassium phosphate buffer (10
mM, 100 mM NacCl, pH 7.0) for 1.0 uM oligonucleotidencentration (1.0 uM of each

strand in case of duplexhe= 9000 was used for pyrene units.

Thermal denaturation experimentswere carried out oNarian Cary-100 BidJV/VIS
spectrophotometer equipped withvarian Caryblock temperature controller and data
were collected with Varian WinUV software at 24%02and 354 nm (cooling-heating-
cooling cycles in the temperature range of 20-9@éB\perature gradient of 0.5°C/min).
Temperature melting (Tm) values were determinetth@snaximum of the first derivative

of the smoothed melting curve.

Temperature dependent UV-VIS spectrawere collected with an optic path of 1 cm
over the range of 210-500 nm at 10-90 °C with &Q.@nterval onVarian Cary-100 Bio-
UVIVIS spectrophotometer equipped withvarian Caryblock temperature controller.

The cell compartment was flushed with. N
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Temperature dependent fluorescencelata were collected on \arian Cary Eclipse
fluorescence spectrophotometer equipped withVarian Caryblock temperature
controller (excitation at 354 nm; excitation andigsion slit width of 5 nm) using 1 per 1
cm quartz cuvetted/arian Eclipsesoftware was used to investigate the fluoresceince
the different pyrene-containing oligonucleotidesavavelength range of 375-700 nm in

the temperature range of 10-90 °C.

CD spectrawere recorded on 3ASCO J-715pectrophotometer using quartz cuvettes

with an optic path of 1 cm.

4.6 References

N.C. SeemariNature2003 421, 427-431.

2. a) Heath, J. R., Ratner, M. Rhysics Today2003, 43-49; b) Gothelf, K. V.,
LaBean, T. HOrg. Biomol. Chen2005 3, 4023-4037; c) Maruccio, G., Cingolani,
R., Rinaldi, R.J. Mater. Chem2004 542-554; d) Wengel, Drg.Biomol.Chem.
2004 2, 277-280; e) Niemeyer, C. M., Adler, Mngew. Chem. Int. E@002 41,
3779-3783.

3. e.g.a) Hopkins, D. S., Pekker, D., GoldbartMP, Bezryadin, A.Sciene, 2005
1762-1765; b) Bashir, RSuperlattices and Microstructure¥ol. 29, No. 1,2001,
1-16; c) Keren, K., Berman, R. S., Buchstab, BzaBj U., Braun, EScience2003
1380-1382; d) Pike, A., Horrocks, B., Connolly, Bipulton, A. Aust. J. Chem
2002 55, 191-194.

4. a) Eschenmoser, A. Chimia 2005, 59, 836-850dsgella, A. T. Chimia 2005, 785-
793; ¢) Samori, B., Zuccheri, GAngew. Chem. Int. EQR005 1166-1181; c)
Herdewijn, PBiochim. Biophys.Acta, Gene Struct. EX{899 1489, 167-179.

5. a) Piguet, C., Bernardinelli, G., Hopfgartner,@hem. Revl1997, 97, 2005-2062;
b) Hill, D. J., Mio, M. J., Prince, R. B., Hugh€B, S., Moore, J. SChem. Rev



DNA Containing Extended Stretches of Pyrene Bugl@ilocks 83

10.

11.

12.

13.
14.

2001, 101, 3893-4011; c¢) Rowan, A. E., Nolte, R. J. Ahgew. Chem. Int. Ed
1998 37, 63-68; d) Gellman, S. Acc. Chem. Re4998 31, 173-180.

a) Huc, 1Eur. J. Org. Chen2004 17-29; b) Hu, Z.-Q., Hu, H.-Y., Chen, Ch.<F.
Org. Chem2006 1131-1138.

a) Rowan A. E., Nolte R. J. MAngew chem. Int. EA998 37, 63; b) Hill D. J.,

Mio M. J., Prince R. B., Hughes T. S., Moore J.Chem ReV2001, 101, 3893; ¢)
Albrecht M.,Angew. Chen2005 117, 6606Angew. Chem. Int. EQO05 44,

6448; d) Prince R. B., Saven J. G., Wolynes PMsagre J. S.J. Am. Chem. Soc.
1999 121, 3114.

a) Huc I.Eur. J. Org. Chen2004 17; b) Berl V., Huc I., Khoury R., Krische M.,
Lehn J.-M.,Nature200Q 407, 720.

V. L. Malinovskii, F. Samain, R. Hangkngew. Chem. Int. EQOQ7, 46, 4464-
4467.

N. R. Markham, M. ZukeNucleic Acids Researclveb server issu2005 W577-
W581.

a) R. Lumry, R. BiltoneBiopolymersl966 4, 917-944; b) J. SantalLucia, Jr. in
Spectrophotometry and spectrofluorimetry, a pradtapproach(Ed: M. G. Gore),
OXFORD, New York200Q pp. 329-356.

a) I. Tinoco, JrJ. Amer. Chem. Sot96Q 4785-4790; b) C. R. Cantor, P. R.
Schimmel Biophysical Chemistrypart 1l; W. H. FREEMAN AND COMPANY,
New York,198Q pp. 349-408.

F. M. Winnik,Chem. Rev1993 93, 587-614.

pyrenophanesa) H. A. Staab, N. Riegler, F. Diederich, C. igee, D. Schweitzer,
Chem.Ber1984 117, 246-259; b) H. A. Staab, R. G. H. Kirrstettaebigs Ann.
Chem.1979 886-898;bis-pyrenyl systems) K. A. Zachariasse, W. Kuhnle, A.
Weller, Chem. Phys. Lett1978 59, 375-380; d) T. Kanaya, K. Goshiki, M.
Yamamoto, Y. NishijimaJ. Am. Chem. So&982 104, 3580-3587; e) M. J. Snare,
P. J. Thistlethwaite, K. P. Ghiggind, Am. Chem. Sqd 983 105, 3328-3332; f) P.
Wahl, C. Krieger, D. Schweitzer, H. A. Stadbhem. Ber1984 117, 260-276;

other examples with strained pyrene movemghtO. Shoji, D. Nakajima, M.



DNA Containing Extended Stretches of Pyrene Bugl@ilocks 84

Annaka, M. Yoshikuni, T. Nakahir&olymer2002 43, 1711-1714; h) I. Suzuki,
M. Ui, A. YamauchiJ. Am. Chem. So2006 128 4498-4499.

15. N. Berova, K. Nakanishi, @ircular dichroism: principles and application&ds:
N. Berova, K. Nakanishi, R. W. Woody), WILEY-VCHeN York,200Q pp. 337-
382.

16. E.T. Kool,Chem..Rev1997 97, 1473-1487.

17. S. M. Langenegger, R. Han€éhem.CommurR004 2792-2793.



Helical Arrangement in Alternative Systems 85

Chapter 5: Helical Arrangement in Alternative Systens

5.1 Abstract

Interstrand and intrastrand stacked pyrenes in & BAmework have been described in
previous chapters. In addition, an artificial sesticomposed of seven achiral pyrene
moieties which self-arranges in a helical structlomg DNA has been shown @hapter

3. We set out to expand these studies to alternajiseems such as a poly (dA)-(dT) and
a short DNA scaffold consisting of five bases gearsd and one base per strand.

5.2 Introduction

Double helix DNA can be considered as a naturaymel that has #&olded structure
because of stacking of natural bases within sepasimigle strands, and hashalical
arrangement due to interstrand hydrogen bondingstacking: The unique feature of
DNA for self-organization is one of the main chaeaistics that are practically used in
developments of new therapeutic agents or congruatf diagnostic toolé. More
recently, because of predictability of self orgaian, simplicity of synthesis, and a wide
range of possible modification, DNA was proposedhasery promising building block
for the needs of nanotechnologyDNA building blocks may serve both as real
components of nanochemistry, or as a template dapstructure$.Since the discovery
of DNA double helix, the generation of helical stures that are not based on the
hydrogen-bond-mediated pairing scheme of the nbelges or related derivatives has
been a highly competitive aspect in the field oflenalar self-organisation® Chemists
have been looking for new molecules with the apiid form helical structures through
non covalent interactions, and hydrogen bond%us a large variety of synthetic
foldamers or oligomers exist that are able to fioltb well-defined conformations in
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solution. There are two classes of foldamers: shstjlanded foldamers that only fold and
multiple-stranded foldamers that both associatefaiod® Previously inChapter 3a well-
organized helical arrangement of non-nucleosidiepy building blocks embedded in a
DNA framework has been describ€dThe constructs are composed of achiral pyrene
building blocks in a DNA scaffold. We set out topaxd these studies to alternative
systems such as a poly (dA)-(dT) framework andoat $INA scaffold. Poly (dA)-(dT) is

a DNA where one strand consists of only adeninethadother strand consists of only
thymine. Moreover this type of nucleotide is wedlsdribed in literature and can easily
serve as a new scaffold for probing interstrandchekonformation of oligopyrenés.
Furthermore two short DNA scaffolds have been desigwhich consist of five or one
consecutive bases followed by an oligopyrene astém®. The description of results will
be divided into two parts, that is, the thermalataration experiments and spectroscopic

investigation of pyrene-containing single and deuwdirands.

5' AAAAAAA SSSSSSAAAAAAA 5" AGCTC SSSSSSS
S'TTTTTTT SSSSSSITTTTTT 3' TCGAG SSSSSSS
5'C SSSSSSS
3'G SSSSSSS

5.3 Results and discussion

5.3.1 Thermal Denaturation Experiments

Before investigation of the spectroscopic propsrté pyrene containing oligomers, the
stability of hybrids was tested by thermal denatara The data are summarized in Table
5.1. Oligonucleotided*2 and9*10 serve as controls and oligomé&<4 contain seven
consecutive achiral pyrene building blocks per leingfrand. Furthermore the hybrid
15¢16 serves as reference to determine the contributioachiral pyrene in a poly

(dA)-(dT) scaffold. Table 5.1 shows the experimemtavalues as well as the calculated
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values for the corresponding hybrids without angtdbution from the pyrene residues.
The latter value, which was calculated accordinghto method described yarkham
and Zuker'?, allows an estimation of the contribution of theeme groups to the overall
stability (A Tp).

Table 5.1Influence of non-nucleosidic pyrene building bleda hybrid stability

Oligo Tm (°C) Tm

[al oc[dl

# duplex exp”! calcld ATM°C

5* AGC TCG GTC ATC GAG AGT GCA 20.7
5 3' TCG AGC CAG TAG CTC TCA CGT 70.7 : Bl
9 5°AGC TC S SSS SSS GAG AGT GCA
10 3 TCGAG SSSSSSS CTCTCACGT 5.8 32.6 +23.2
11 ‘

5' AAA AAA A SS SSS SSA AAA AAA
12 3 TTTTTTT SSSSSSSTTTTTIT 29.0 6.6 (+35.6)
13 5'AGCTC S SSSSSS 31.2
14 3 TCGAG SSSSSSS (245nm) 123 (+46.5)

15 ‘ AAA AAA
e e
16

O O
I H H I
O—-P-0 N N O—P—0—
{_ (\37 ~ N g \/\4{ (‘37

o
S

[a] 1.0 uM each strand, 10 mM phosphate buffer, pH 7.0);gxperimental value; average of
three independent experiments; exp. error +/-0.5f€}; Tm value calculated for the
corresponding hybrid formed by the two strands @ithcontribution of the unnatural building
blocks according to the method described Nbgrkham and Zukéf, [d] difference between
experimental and calculatdg, value; this number corresponds to the contributibthe pyrene
residues to the overall duplex stability.

Tm values of hybridd*2 and9*10 are in agreement with previous findinds, values
calculated for hybridl1*12 and 1314 show that these hybrids should not form if
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pyrenes were not present at conditions used (203@)\ever all hybrids investigated in
the study showed a single, cooperative transitibichvindicate that oligopyrenes within
the duplex have a rather large positive effecttenTt, value (Figure 5.1). This finding
indicates that interstrand interactions between giieene units lead to a significant

stabilization of the duplex.

1*2
9*10
11*12
13*14
15*16

Ay >DOO

30

Gl
FFFFKF
R

FFFFFKFF

Hyperchromicity %

Temperature T

Figure 5.1 Thermal melting curves of hybrids at 245 nm.

In addition, in an attempt to go into more detailwp achiral oligopyrene strands
containing each only one chiral base (G and C) wgrghesized. Their stability within
single and double strands have been tested and atmech in Table 5.2. Thermal
stability experiments were performed at 1M NaCl.n@tementary strands showed a
single and cooperative transition whereas the Galed Ty, values indicate that this
system should again not hybridize in the absencéhefpyrenes (Figure 5.2). When
melting experiments were carried out with oligopyesingle strands, experiment data

showed similar transition than duplexes.
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Figure 5.2 Thermal melting curves of 4)/*18; b) 17, c) 18.
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Table 5.2Melting experiments of hybri#i7* 18, oligopyrene single strarid, and18.

Tm (°C) Tm

Oligo Oligonucleotide! expl calcl ATm,oCH
17 ‘
5:C S SSS SSS a1 7 o _
18 3'G S SSS SSS
[e]
17 5C S SSS SSS 31.8 ° -
[e]
18 3G S SSS SSS 30.0 ° -

n

o o

I H H I
o0-P-0 N N 0—P—0—
Foro ~ M0 o

S

[a] 1.0 uM each strand, 10 mM phosphate buffer, 1M NaCl, 18); [b] experimental value at
245 nm; average of three independent experimerps;egror +/-0.5°C; [c] Tm value calculated
for the corresponding hybrid formed by the two mtim without contribution of the unnatural
building blocks according to the method describgdMarkham and Zukéf; [d] difference
between experimental and calculalleglvalue; this number corresponds to the contribubibtihe
pyrene residues to the overall duplex stabilitynfegative values.

Then, spectroscopic properties of single and dostioéand were analyzed. Interstrand and
intrastrand interactions are monitored by tempeeatiependent UV/VIS spectroscopic

studies.

5.3.2 Spectroscopic Studies

The temperature-dependent UV-VIS spectra of hyBritlo, 11*12, and13*14 are in

agreement with previous findings. Two isosbestiingsoare present, indicating two
different types of interaction between the pyrer&sgure 5.3). One (at longer
wavelength) is attributed to interstrand stackingthe hybrid and the second from

intrastrand stacking in the single strands.
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Figure 5.3 Temperature dependent UV-VIS of a) dup®40 (210-500 nm, 10-90 °C); b)
duplex9*10: isosbestic points at 371 and 368 nm; ¢) duflgxi4 (210-500 nm, 10-90 °C); d)
13*14: isoshestic points at 376 and 364 nm.

If one natural section of the oligonucleotide iketa off, the hybridl3* 14 exhibits also
the two isosbestic points which show that pyreneract within double strand as well as
within single strands. The finding indicates thantributions of the pyrene units lead to a

significant stabilization of the system. As candeen in Figure 5.4, duplex formation of
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hybrid 13*14 as well as hybrid1*12, lead to a significant red shift which is in good

agreement with the findings describeddhapter 3.

520 q

510 q

— ——910
— —=—13*14

— —11*12

Intensity (a.u.)

505 -

500 -

495

0 10 20 30 40 50 60 70 80 90 100
Temperature T

Figure 5.4 Trends of the excimer fluorescence maxima uponimgedf hybrids

The confirmation of helical arrangement of inteastt-stacked pyrenes was obtained by
CD spectroscopy of hybrids1*12 and 1314 (Figure 5.5). Clearly, the spectra of the
hybrids are in agreement with the previous studyhyfrid 9*10. In the 200-315 nm
range, the spectrum df3*14 is dominated by strong dichroism of the pyrenedsan
which indicates a well-ordered structure in thegatiyrene region of the duplex.
Moreover further evidence for a helical arrangemeomes from the very intense
bisignate signal for the pyrene band centered angd.
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Figure 5.5CD spectra temperature dependent of hybrid1&al2; b) 13*14.

However the CD spectrum df1*12 undergoes a change in the 200-280 range. The
pyrene bands interfere with nucleobases bandssratkea of the spectrum and the shape

arises from the sum of those bands.

In addition, the behavior of hybriti/*18 has been followed by temperature-dependent
UVIVIS experiments. Whereas pyrenes interact rarlgan normal conditions (10mM
phosphate buffer, 100 mM NaCl and 500 mM NacCl), slgstem undergoes a change

when NaCl concentration rises up to 1M NaCl andwsha transition. Curves taken
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below theT,, as well as those taken above (31,7 °C) form, sy, two isosbestic

point at 368 nm and 370 nm (Figure 5.6).
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Figure 5.6 Temperature dependent UV-VIS b7 18 a); b) isosbestic 368 nm (5-30°C); ¢)
isosbestic point (50-70°C).

Temperature-dependent UV/VIS (not shown) as welinad#ting experiments of single
strandsl?, 18 exhibit one transition (see Figure 5.2). Pyremesiavolved in intrastrand

interaction in agreement with previous studies anabably pyrenes from one strand
interact with those from another strand to forneistrand helical organization. Next,
temperature dependent fluorescence experimentsigafpgrene within complementary
strands and single strands were performed. Theyhagreement with previous findings
described inChapter 3and 4 and exhibit clearly a blue shift in their maximaon

hybridization (Figure 5.7).
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Figure 5.7 Fluorescence spectra of hybridlay 18; b) strandl7; strand18, conditions:1.0
uM each strand, 10 mM phosphate buffer, 1M NaCl,7pb4

Below theT,, the emission intensity of the hybrid*18 is decreasing with increasing

temperature, indicating a geometrical change in dksociation of the pyrenes. In
addition, the intensity is increasing upon meltargl then is decreasing again abdwe
The duplex formation of the hybrid/* 18 leads to a significant blue shift (511 nm to 500
nm) when going from 78:5°C. The strand%7 and18 show a significant blue shift when
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temperature decreases (511 nm to 497 nm) and (BL20M98 nm), respectively. In

Chapter 3is shown the transition between the sandwich—gggregation and twisted

type structure leading to the helical arrangem@&he twisting of the pyrene units upon
adoption of the helical conformation explains theetshift in the excimer emission.

The chirality of the nucleobase (G or C) seems ¢otlerefore transferred to the
oligopyrene chain resulting in the helical folditfgThis finding is supported by CD

spectra of the hybrid7*18 and strandl7 and18. The oligopyrene double strands folds
into a preferred right handed helical arrangemEigiuie 5.8).

254
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2. \\\260 Q 360 410 460
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Figure 5.8 CD spectra of hybrid 7% 18, conditions see Table 5.2.

Clearly, the spectra of hybrids* 18 are in agreement with the previous study of hybrid
9*10 in Chapter 3.In the 200-400 nm range, the spectrum is dominatedtrong
dichroism of the pyrene bands (see page 121, Aheabsorbance spectrum of pyrene),
which indicates a well-ordered structure in th@abiyrene region of the duplex. Further
evidence for a helical arrangement comes from #rg intense bisignate signal for the
pyrene band centered at 342 nm. In addition thes@&tra of the strantl7 as well the
strand 18 reveal that a single stranded oligopyrene foldsaihelical arrangement at

conditions used (Figure 5.9).
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Figure 5.9CD spectra of a) strari¥; b) strandL8.

The question arises whether the oligopyrenes witina strand self-arrange as single
strands or if two identical oligopyrenes intertwitee form a double helical structure
which allows much more extensive intermoleculackitey interactions?*’ The thermal

stability experiments of strands separately exhabttansition around 30°C and would

support this behavior. However when the two oligepg strands are combined, an
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inversion of helicity of the strandi8 or intertwining of the complementary oligopyrene

strands are observed, and the strands adopgtitehanded helical.

5.4 Conclusion

In summary, we have investigated the propertiecarisecutive achiral pyrenes in
alternative systems, embedded either in a poly -(dA&) framework or in a short DNA
scaffold consisting of five bases per strand. Insgstems, oligopyrene strands self-
organize and adopt an interstrand helical stackeeiadd in a double-stranded DNA in
agreement witlChapter 3 Moreover one hybrid containing 14 achiral pyréngding
blocks and only one 8C base pair has been synthesized. As shown byefluence and
CD spectroscopy, the chirality is transferred fréine nucleotide to the oligopyrene
chains which lead to the helical organization oé thystem. More important one
oligopyrene strand adopt a right-handed helicatradation whereas the complementary
strand adopt a left-handed helical orientation. Wtee two complementary oligopyrene
strands are mixed, they fold into a stable rightdeal helical conformation. Those
studies have shown that interstrand helical conétion of oligopyrenes takes place for
different types of DNA scaffold. Furthermore theique feature linked to a=%& base
pair which provides a dynamic helical oligomer ey attractive for the design of novel

intelligent materials in nanotechnology.

5.5 Experimental Part

The required pyrene building block was synthesizsttording to a published
proceduré®. Nucleoside phosphoramidites frafransgenomi¢Glasgow, UK) were used
for oligonucleotide synthesis. Oligonucleotidds18 were preparedvia automated
oligonucleotide synthesis by a standard syntheticgdure (‘trityl-off mode) on a 394-
DNA/RNA synthesizer Applied Biosystems Oligonucleotidesl5, 16 were obtained

from Microsynth (Switzerland) and were used without additionalifpzation. Cleavage
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from the solid support and final deprotection wasel by treatment with 30% NBH

solution at 55°C overnight. All oligonucleotides repurified by reverse phase HPLC
(LiChrospher 10RP-18,5um, Merck),Bio-Tek Instruments Autosampler 366luentA
= (ENH)OAc (0.1 M, pH 7.4); eluer8 = MeCN; elution at 40°C; gradient 5 — 20% B

over 30 min.

Mass spectrometry of oligonucleotidesvas performed with a Sciex QSTAR pulsar

(hybrid quadrupole time-of-flight mass spectrometdpplied Biosystems ESI-MS
(negative mode, C¥€N/H,O/TEA) data of compoundk-18are presented in Table 5.3

Table 5.3Mass spectrometry data (molecular formula, calerage mass and obtained).

Oligo.

10
11
12
13
14
17
18

(5) AGC TCG GTC ATC GAG AGT GCA

(3) TCG AGC CAG TAG CTC TCA CGT
(5) AGCTC S SSS SSSGAG AGT GCA
(3)TCGAG S SSSSSSCTC TCA CGT
(5) AAAAAAA  SS SSS SSA AAA AAA
(3)TTTTITT  SS SSS SSTTTT TTT
(5) AGCTCG  SSS SSS
(3) TCGAGC  SSS SSS
(5)G  SSS SSS

(3)C  SSS SSs

Molecular formula

CoosH25MN 53012820
CoodH25dN760125P20

CaosH332N720122P20
C303H334N620126P20
Cao8H330N840110P20
CaoeH344N420138P20
Ca16H22N32070P11
Ca1H22N34070P11
C177|_| 174N 17046P7
Ci7eH174N1d046P-

Calc.

aver.mass

6471.3
6382.2

7577.9
7479.8
7588.0
7461.0
4728.0
4768.1
3492.2
3532.2

Found

6472
6383

7576.1
7487.1
7589.0
7463.0
4728.0
4769.0
3492.0
3531.0

The spectroscopic measurementaere performed in potassium phosphate buffer (10
mM, 100 mM NacCl, pH 7.0) for 1.0 uM oligonucleotidencentration (1.0 uM of each

strand in case of duplexjs= 9000 was used for pyrene units.

The measurementsof hybrid 1718 were performed in potassium phosphate buffer (10

mM, 1 M NacCl, pH 7.0) for 1.0 uM oligonucleotiders®ntration (1.0 uM of each strand

in case of duplexk.s= 9000 was used for pyrene units.
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Thermal denaturation experimentswere carried out oNarian Cary-100 BidJV/VIS
spectrophotometer equipped withvarian Caryblock temperature controller and data
were collected with Varian WinUV software at 24%02and 354 nm (cooling-heating-
cooling cycles in the temperature range of 20-9@&@perature gradient of 0.5°C/min).
Temperature melting (Tm) values were determinetth@snaximum of the first derivative

of the smoothed melting curve.

Temperature dependent UV-VIS spectrawere collected with an optic path of 1 cm
over the range of 210-500 nm at 10-90 °C with &Q.@nterval onVarian Cary-100 Bio-
UV/VIS spectrophotometer equipped withvarian Caryblock temperature controller.
The cell compartment was flushed with. N

Temperature dependent fluorescencelata were collected on \arian Cary Eclipse
fluorescence spectrophotometer equipped withVarian Caryblock temperature
controller (excitation at 354 nm; excitation andigsion slit width of 5 nm) using 1 per 1
cm quartz cuvetted/arian Eclipsesoftware was used to investigate the fluorescence
the different pyrene-containing oligonucleotidesaavavelength range of 375-700 nm in

the temperature range of 10-90 °C.

CD spectrawere recorded on 3ASCO J-715%pectrophotometer using quartz cuvettes

with an optic path of 1 cm.
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Chapter 6: Conclusions and Outlook

This work presents a study of interstrand and sttasd stacking interactions of DNA
containing stretches of pyrene building blocks.egrwas an ideal candidate for probing
the stacking interactions due to its spectroscqpaperties such as long wavelength
absorption and fluorescence properties. Replaceofemto or more base pairs by non-
nucleosidic pyrene building blocks had a positiffect on the stability of hybrids. This
has been attributed to favorable stacking intesastiwithin duplex and single strands. In
addition replacement of six and seven base pairsebyectively twelve and fourteen
consecutive achiral pyrene moieties has given tsespecific interstrand helical
arrangement. The observed interstrand helical riglddmbedded in a double-stranded
DNA molecule has been shown by fluorescence ands@éxtroscopy. Based on this
specific property of an oligopyrene embedded inNADscaffold, the focus was then on
using it in alternative systems consisting of aydlA)-(dT) framework and a short DNA
scaffold. In all systems, oligopyrene strands eeffanized and adopted an interstrand
helical stack showing that the right-handed heli@abngement is largely driven by
hydrophobic interactions and likely by the preseatamide-type linkers independently
of the kind of DNA framework. Therefore, in order go in more details, one hybrid
containing fourteen achiral pyrene building bloekal only one &C base pair has been
studied. Supported by fluorescence and CD spedpyscit was shown that the
oligopyrene strands are highly sensitive to theathenvironment of either G or C or
G=C base pair. One oligopyrene strand adopted a-hightled helical orientation
whereas the complementary strand adopted a leftdthhelical orientation. However the
guestion still remains whether oligopyrene withineostrand self-arranges or if two
identical oligomers intertwine to form a doubleibal structure which allows much more
extensive intermolecular stacking interactions.

In conclusion the findings and the unique featumkdd to only a GC base pair which
provide a dynamic helical oligomer are very atikgcfor the design of novel intelligent
materials and might provide the basis for appla®i in the area of molecular
electronics, diagnostics as well as in nanoteclgylo
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Further studies derived from this work can go inaas directions. One possibility is to
use the preliminary investigation of stretches afiimucleosidic phenanthroline building
blocks described innex ] to form heterogeneous hybrids. Firstly the ide#oi study
the stability of those hybrids and secondly to nmmihe influence of phenanthroline on
pyrene and then to examine whether this specifitlsoation provides well-ordered
arrangement.

The findings described here may serve also to ekpdwe specific well-ordered
arrangement of pyrene moieties to the triple h&ire possibility is using poly (dA)-(dT)
wherein pyrene building blocks have been alreadgriporated and studied. Furthermore,
it exists a range of reports which describe nattmgle-helix (dA)-2(dT) formation
induced with MgCJ at neutral pH. Therefore, based on those refesgribe idea is to
study the triple-helix (dA)-2(dT) formation and thehavior of twenty one consecutive
achiral pyrene building blocks in a triple helixv@nment. It can be expected that they
provide an interstrand helical arrangement whichuldbdoe monitored by fluorescence
and CD spectroscopy.

G)TTTTTITT SS SSSSSTTTTTTT
(5") AAA AAA A SS SSS SSA AAA AAA
@)TTTTTTT SS SSSSSTTTTTTT

Schematic representation of @igopyrene-staclembedded within a poly-d(A)-2(dT) triplex
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Annexes

Annex I: Properties of DNA Containing Non-nucleosidc

Phenanthroline Building Blocks.

1. Abstract

Simple, non-nucleosidic phenanthroline-derivativémve been synthesized and
incorporated into DNA. The modified oligomers forstable hybrids. Thermal
denaturation experiments show that the double d¢raontaining the phenanthroline-
derivatives are more stable in comparison to thmadified DNA duplex if one or two
base pairs are replaced. However replacement e thr seven base pairs shows a slight
reduction in hybrid stability. Hybridization of cqgiementary strands is also supported
by circular dichroism spectroscopy.

2. Introduction

Modified nucleotides enjoy widespread interest mgmbstics and toofs? In addition ,
the generation of defined molecular architectusesginucleic acids as building blocks is
a research topic of high interé€tThe repetitive and well defined structural feasuoé
nucleic acids and related types of oligomers retioem valuable building block for the
generation of nanometer sized structirdhe combination of natural oligonucleotide
with novel synthetic building blocks lead to a lkarpcrease in the number of possible
constructs and applicatidfi** Recently , the synthesis and properties of nonewsdic,
phenanthrene-based building blocks and their immatjpn into DNA were reported:*
These building blocks can serve as base surrogaliesving hybridization of
complementary strands without significant destahilon of the duplex. Replacement of
two or more base pairs by non-nucleosidic phenanthrbuilding blocks was well
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tolerated having almost no influence on hybrid #tgbcompared to an unmodified
duplex*

The attempt of the work described in this reportoigurther replace two or more base
pairs by non-nucleosidic phenanthroline buildingdils and to study the stability of the
hybrids.

3. Results and discussion

The required phenanthroline building block withhaete-carbon linker (Scheme 1.1) has

been synthesized according to a published procédufe

N\
@]

N
|

m g

Scheme |.1IPhosphoramidite phenanthroline derivative buildifack.

Then the phosphoramidite phenanthroline derivativess used for the synthesis of
oligonucleotides. Assembly of oligomers involved mutomated oligonucleotide
synthesis, the crude oligomers were purified byere® phase HPLC and their identity
was verified by mass spectrometry.

The hybrids were tested by thermal denaturatioreexpents. Oligonucleotides and 2
serve as control and oligomers contain betweenamaeseven phenanthroline building

blocks per strand.
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Tablel.1 Influence of non-nucleosidic phenanthroline buitdiiocks on hybrid stabilityV.‘]

Oligo la] Tm(°C) ATm [d]

# duplex expP  calc ATm,°C
(5 AGC TCG GTC ATC GAG AGT GCA 1o

2 (3)TCG AGC CAG TAG CTC TCA CGT 71.0 ' )

3 (5)AGCTCGGTCA QC GAG AGT GCA
(3) TCGAGC CAGT QGCTCTCAcCGT /34 699 +3.5
(5) AGC TCG GTC Q& GAG AGT GCA
(3) TCG AGC CAG Q@@ CTCTCACeT /48 684 +6.4

(5) AGC TCG GT Q Q@ GAG AGT GCA

69.4 52.6 +16.8
(3) TCGAGC CA Q Q@ CTC TCA CGT

9 (5YAGCTC Q QQQQQQGAG AGT GCA
10 (3) TCGAG Q QQQQQQLTC TCACGT

63.8 32.7 +31.1

[a] 1.0uM each strand, 10 mM phosphate buffer, pH 7.0)epgderimental value; average of
three independent experiments; exp. error +/-0.5f€}; Tm value calculated for the
corresponding hybrid formed by the two strands @ithcontribution of the unnatural building
blocks according to the method described Ndgrkham and Zukét, [d] difference between
experimental and calculated Tm value; this numbaresponds to the contribution of the
phenanthroline residues to the overall duplex Btabi

Table 1.1 shows the experimentd), (melting temperature) values as well as the
theoretical values for the corresponding hybridsheat any contribution from the
phenanthroline residues. The latter value, whick walculated according Markham and
Zuker'®, allows an estimation of the influence of the mrehroline groups to the overall

stability (ATy). The phenanthroline residues have a large pesdffect on thd,, value
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of the respective hybrids. Moreover the hybridsvslachighly cooperative melting curve
(Figure 1.1).

° Duplex 1*2: Unmodified Oligonucleotide e
20 - - Hybrid 3*4 o
s Hybrid 5*6 d
Hybrid 9*10
15 +~
S
2
(3]
IS
e °
< o w0
i~ 10 — S e e _
[0) o D 9 o
o
>
I
5 - _

10 20 30 40 50 60 70 80 90

Temperature (T)

Figure 1.1 Representative thermal melting curve of hybridstaiming phenanthroline
building blocks.

In addition, the circular dichroism spectra (CD)tbé hybrids investigated are all in

agreement with a B-form duplex. The CD spectrayirinls are shown in Figure 1.2.
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— Duplex 1*2
—— Hybrid 3*4
— Hybrid 5*6
hybrid 7*8
— Hybrid 9*10

CD (mdeg)
o

Wavelength (nm)

Figure 1.2 CD spectra of hybrids containing non-nucleosidienanthroline residues

4, Conclusion

In conclusion, non-nucleosidic phenanthroline boddblocks are well tolerated in
duplex DNA. In agreement with the work reporteair groug®, replacement of one and
two base pairs with phenanthroline building blolgded to the increase in Tm. In addition
replacement of three or seven base pairs formdestiiplexes resulting in stronger
interstrand stacking interactions. However the gpscopic properties of phenanthroline
are limited. Within the set of building blocks thae have been usEd®the pyrene

molecule is an ideal candidate for probing the lstar interactions and thus to
investigate the self organization of single strahceicleic acids into double helical

structures?®
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5. Experimental Section

The required phenanthroline building block with laree-carbon linker has been
synthesized according to a published procedfumducleoside phosphoramidites from
Transgenomic¢Glasgow, UK) were used for oligonucleotide systieOligonucleotides
1-10 were preparedvia automated oligonucleotide synthesis by a standgrdhetic
procedure (‘trityl-off mode) on a 394-DNA/RNA symgsizer Applied Biosystems
Cleavage from the solid support and final depradectvas done by treatment with 30%
NH4OH solution at 55°C overnight. All oligonucleotidegre purified by reverse phase
HPLC (LiChrospher 10RP-18,5um, Merck), Bio-Tek Instruments Autosampler 360
eluentA = (ENH)OAC (0.1 M, pH 7.4); eluer® = MeCN; elution at 40°C; gradient 5 —
20% B over 30 min.

Molecular mass determinations of oligonucleotidesvere performed with a Sciex
QSTAR pulsar (hybrid quadrupole time-of-flight masspectrometer, Applied
Biosystems ESI-MS (negative mode, GEBN/H,O/TEA) data of compounds$-10 are

presented in Table 1.2.

Table 1.2 Mass spectrometry data (molecular formula, calerage mass, and obtained).

Oligo. Molecular formula av(e:r?:g.ass Found
1 (5) AGC TCG GTC ATC GAG AGT GCA CootHasNs:O12Pa0 6471.3 6472
5 (3) TCG AGC CAG TAG CTC TCA CGT CoodHaseN76012Pa0 6382.2 6383
3 (5) AGC TCG GTCA QC GAG AGT GCA CoreHoseNe:O1oPs0 6611.5 6612
4 (3) TCGAGCCAGT QG CTCTCACGT | CyaHosN7c0126P20 6513.4 6514
5 (5)AGCTCG GTC Q@ GAG AGT GCA CopHrrdNaO12Pr0 6742.7 6743
6 (3)TCG AGC CAG Q@ CTC TCACGT CopHa7dN77012P 20 6653.6 6654
- (BYAGCTCG GT Q Q@ GAG AGT GCA CoscHasNazO12dPr0 6897.9 6899
8 (3)TCGAGCCA Q Q@ CTC TCACGT CosHasdN76012P20 6768.8 6770
9 (5 AGC TC Q QQQ QQWAG AGT GCA CorHa1dNscO1oPs0 7423.6 7425
10 (3) TCGAG Q QQQ QQE@TCTCACGT | CpreHaodN760126P20 7325.5 7324.5
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Thermal denaturation experiments (1.0 pM oligonucleotide concentration (each
strand), 10 mM Phosphate buffer (pH 7.0), and 100 MaCl) were carried out on
Varian Cary-100 BidJV/VIS spectrophotometer equipped withVarian Caryblock
temperature controller and data were collected Wahan WinUV software at 245, 260
and 354nm (cooling-heating-cooling cycles in thengerature range of 10-90°C,
temperature gradient of 0.5°C/min). Data were arealywith Kaleidagraplf software
from ©Synergy SoftwareTemperature melting (Tm) values were determingdthe
maximum of the first derivative of the smoothedr{dow size 3) melting curve.

Temperature dependent UV-VIS spectrawere collected over the range of 210-500nm
at 10-90°C with a 10°C interval oviarian Cary-100 BidJV/VIS spectrophotometer
equipped with &/arian Caryblock temperature controller. All experiments weeagried
out at a 1.0 pMligonucleotide concentration (each strand) in Phate buffer (10 mM)
and NaCl (100 mM) at pH=7.0. The cell compartmeas Wushed with Bto avoid water

condensation at low temperature.

CD spectrawere recorded on 3ASCO J-715pectrophotometer using quartz cuvettes

with an optic path of 1 cm.
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Annex II: Solid Phase Synthesis of Oligonucleotides

All of the synthesized oligonucleotides were preparusing an automated DNA
synthesizer and on a 1.0 uM scale (392 DNA/RNA Bgsizer,Applied Biosystems
using standard solid phase phosphoramidite chen{iSigure 11.1).

2. 5'Activation
{tétrazole) DMT* 0 —CH:
0—CHe .

_I,_u, H -
HOCHACHAD
ARG
WH i CPG
u>\ :‘

1. 5'deblocking
4, Capping

{capd et cap2)

MNP
D>\—<D

DMT*D __ CHa B1*

HHAACPG DMT*0—CH: "
LQ
START P—O—CH: » 5. Oxydation

ridine, Hall
——) {2, pyridine, Hal)

* B1-base OLIGONUCLEOTIDE o, E
B2 - base g I
CLIVAGE - DEPROTECTION

{Hydraomyce d'ammonium)

Figure II.1 Solid phase oligonucleotide synthesis cycle witandard phosphoramidite
chemistry.

This method for oligonucleotide synthesis is applie most laboratories due to its high

efficiency and rapid coupling, as well as the digbof starting materials.

The first base is linked to the CPG (controlledepglass) solid support at its 3’-end. The

solid support is loaded into the reaction colunm.ekch step, the solutions will be
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pumped through the column. The reaction columittéehed to the reagent delivery lines
and the nucleic acid synthesizer. Each new baselded via computer control of the

reagent delivery.

Step 1: De-blocking (Detritylation)

The first base is at first inactive because all #otive sites have been blocked or
protected. To add the next base, the DMT groupeptintg the 5'-hydroxyl group must be
removed. This is done by adding an acid, in ourcd® of trichloroacetic acid in
dichloromethane (DCM), to the reaction column. Bixéydroxyl group is now the only
reactive group on the base monomer. This ensuatgit addition of the next base will
only bind to that site. The reaction column is theashed to remove any extra acid and

by-products.

Step 2: Base Condensation (Coupling)

The next base monomer cannot be added until ibbas activated. This is achieved by
adding tetrazole (0.45M in GEN) to the base. Tetrazole cleaves off one of toeigs

protecting the phosphorus linkage. This base ia #ddled to the reaction column. The
active 5’-hydroxyl group of the preceding base #ral newly activated phosphorus bind
to loosely join the two bases together. This formsunstable phosphite linkage. The
reaction column is then washed to remove any extirazole, unbound base and by-

products.

Step 3: Capping

When the activated base is added to the reactimeosome does not bind to the active
5’-hydroxyl site of the previous base. If this gpois left unreacted in a step it is possible
for it to react in later additions of different legs This would result in an oligonucleotide
with a deletion. To prevent this from occurringg tlnbound, active 5’-hydroxyl group is
capped with a protective group which subsequentbhipits that strand from growing

again. This is done by adding acetic anhydrideht/Pyridine (Cap A solution) and N-
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methylimidazole in same solvents (Cap B solution)the reaction column. These
compounds only react with the 5-hydroxyl group.eThase is capped by undergoing
acetylation. The reaction column is then washeghoove any extra acetic anhydride or
N-methylimidazole.

Step 4: Oxidation

In step 2 the next desired base was added to #haops base, which resulted in an
unstable phosphite linkage. To stabilize this lgga solution of dilute iodine (0.02M in
THF/water/pyridine) is added to the reaction coluniime unstable phosphite (+111)

linkage is oxidized to form a much more stable jpihase (+V) linkage.

Repeat

Steps one through four are repeated until all ddslvases have been added to the

oligonucleotide. Each cycle is approximately 98/98ficient.

Post Synthesis

After all bases have been added the oligonucletidst be cleaved from the solid support
and deprotected before it can be effectively u3éds is done by incubating the chain in
concentrated ammonia (33% in water) at a high teatpee for an extended amount of
time (55°C over night). All the protecting groupseanow cleaved, including the
cyanoethyl group, the heterocyclic protection gsyugnd the DMT group on the very last
base. All the oligomers synthesized were purifiethstly by RP-HPLC and their
identities are proven by negative electrospray rspsstrometry.
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Annex lll: Fluorescence Properties of Pyrene

Throughout this work, pyrene has been used asldaostudying the architecture of the
oligonucleotides described. This annex will briedlyplain the fundamentals of pyrene
monomer and excimer fluorescence.

Upon excitation at 350-360nm, pyrene molecules emifluorescent signal with a
maximum in the range 390nm-400nm, which is callesfiomer fluorescence” since its
nature lies in the relaxation of a single excitenlenule. The origin of fluorescent signal
is described in Figure 1ll.1. Upon absorption oplaoton, the molecule is put into an
electronically excited state, usually also a statehigher vibrational energy. In this
excited state, the molecule can collide with itsiemment which allows for some
shedding of kinetic energy in the form of heat with photon emission. In this way, the
molecule ladders down vibrational modes until,cahe point, it undergoes a spontaneous
emission of a photon (fluorescence) bringing théemue back to the ground state.

The emitted photon is of a lower energy th|  Fuorescence
the absorbed photon since, as described, s
of the absorbed energy is lost through relaxat
decay. Therefore the wavelength of the emit

radiationless decay

light is higher than the one of the absorbed

shown in Figure lll.1a and b.

The special interest of pyrene lies in its abill T \ aesorpiion
E

to form excited dimersekcimer$. As defined

by Birks, an excimer is a dimer which i

1 radiation
(Muorescence)

associated in an electronic excited state @

which is dissociative in its ground stat&his

would require for the pyrenes to be sufficient

{a) (b)
o

separated at the point of light absorption so t ea—

A
W
% Emission

the excitation is localized to one of them. A EE—- M, Moy

Figure Il .1 Energy diagrams of the
ground and excited states; a) absorption
spectrum b) emission spectrum
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described byWinnik this definition refers to what can be describexd “dynamic
excimers”, where excited dimer formation is possibahly through the prior excitation of
one of the monomer pyrene uritén contrast,Winnik also defines “static excimers”,
characterized by the pre-organization of pyrenes po excitation.

Moreover, the term excimer is used to describeteagaimers formed from molecules of
the same species, whereas heterodimeric specles tfie pyrene and phenanthrene
dimer) are referred to &xciplexes

Figure IIl.2 depicts excimer formation of pyrendssalved in ethanol. Depending on
concentration of pyrene in ethanol, we observesa of the excimer signal with a
maximum in the area 460-500 nm. With the decreésercentration, the likelihood that

an excited pyrene molecule will encounter anotheeduced.

c
o

7]

R

E

o

@

Q

c

§ 1.2mM
g 2.0.5mM
E 3. 2uM

T I T
350 400 450 500 550 600
Wavelength (nm)

Figure Ill.2 Formation of pyrene excimers in ethanol. Excitatiwavelength: 353nm.
(Adopted front).

The necessity of bringing pyrenes into proximity dive rise to excimer formation
renders them very useful for our research. We \abte to gain valuable information on
the molecular architecture of duplex mimics by nwarmng pyrene excimer formation. As
shown in Figure 1.3, the dissociation of duplexasvfollowed by monitoring the
decrease of the excimer signal at 500nm as welthastrend of the maximum of

fluorescence intensity.
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duplex 5*6 (Chapter 4)
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Figure 111.3 Fluorescence spectra of dupEh6.
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1. Birks J.B., Rep. Prog. Phy975 38, 903.
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3. http://probes.invitrogen.com/handbook/figures/0&irml
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Annex IV: CD Spectroscopy and Study of Duplex Formaon

Circular dichroism (CD) measurements are used teraene the conformation of nucleic
acids in solution. This technique is based on ffferdnce in absorbance of left and right
circularly polarized light that results from the iretity of the molecule we are
investigating.

Due to their absorbance properties, pyrene is resple for a specific CD signal in 350
nm and 245 nm areas. When the CD spectrum of thadsyis compared to that of the
unmodified oligonucleotide, changes can be atteub a conformational change of the

pyrenes into DNA.

10

CD (mdeg)
~

0 ‘ ‘
2 26 Swo—"_ 360

Wavelength (nm)

Figure IV.2. CD spectrum of a typical B-DNA
As a consequence, replacement of nucleosides neyuilding blocks may influence
the CD spectrum of hybrids. As shown in Figure [Mt# arrangement of pyrenes within

duplex was followed by monitoring the dichroismtloé pyrene bands.
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Annexes
Duplex 9*10, isodichroic points at 347, 234 and 212 nm

‘n"e ‘agueqlosqy

7.0)at g0 °

10-40 °C; b) UV-Vis

Figure 1V.3 a) Isodichroic points for duple®*10 (see Chapter 4);

spectrum of the pyrene building block €M) in phosphate buffer solution (pH
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Annex V: X-Ray crystallography

(Dr. Antonia Neels, X-Ray Diffraction Service, litat de microtechnique, Université de
Neuchatel)

®
A

Pyrene-1,8-dicarboxylic acid bis-[(3-hydroxy-profarmide]

OH

A light yellow crystal of compound PYRENf#as mounted on a Stoe Mark Il-Image
Plate Diffraction System [1]. The intensity datargveollected at 173K (-100°C) using
MoKa graphite monochromated radiation, Image plateade# 100mmgw oscillation

scans 0 - 180° ag0°, 2 range 2.29 — 59.53° 6 -Omin= 17.78 - 0.72 A

The compound crystallises in the centrosymmetrimacbtnic space group C2/c, the
molecular formula is [&H24N204].

The structure was solved by Direct methods usiegpttogramme SHELXS-97 [2]. The
refinement and all further calculations were carmut using SHELXL-97 [3]. All
hydrogen atoms were included in calculated posstiand treated as riding atoms using
SHELXL-97 default parameters. The non-H atoms wefeed anisotropically, using

weighted full-matrix least-squares o.F The program PLATON [4] was used for

molecular drawings. No absorption correction wadiad.

1 Stoe & Cie (2002)X-Area V1.17 & X-RED32 V1.04 SoftwarStoe & Cie
GmbH, Darmstadt, Germany.

2 G. M. Sheldrick, (1990) "SHELXS-97 Program for y&ml Structure
Determination”Acta Crystallogr. A46, 467 473.

3 G. Sheldrick, (1999) "SHELXL-97", Universitat Gidgen, Gottingen,
Germany.

4  Spek, A. L. (2003).Appl.Cryst36, 7-13.
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Packing diagram showing hydrogen bonds (N — yelow; red),
made by A. Neels, University of Neuchétel, Switaad.
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Representative pictures of X-ray for the pyrendding block.
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Table IV 1. Crystal data table for pyrene.

Identification code pyrene

Crystal shape block

Crystal colour yellow

Crystal size 0.45 x 0.45 x 0.45 mm

Empirical formula C24 H24 N2 04

Formula weight 404.45

Crystal system Monoclinic

Space group C2lc

Unit cell dimensions a=17.0374 (6) A alpha =90 deg.
b =9.6090( 5) A beta =106.742(3) deg.
c=25.1817 (10) A gamma = 90 deg.

Volume 3947.8(3) A "3

Cell refinement parameters

Reflections 35752

Angle range 1.69 < thet a<29.63

z 8

Density (calculated) 1.361 g/cm” 3

Radiation used MoK\a

Wavelength 0.71073 A

Linear absorption coefficient  0.093 mm~”-1

Temperature 173(2) K
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