On the organization of non-nucleosidic pyrene- and fluorene-
derivatives in a DNA scaffold

Inauguraldissertation
der Philosophisch-naturwissenschatftlichen Fakultat

der Universitat Bern

vorgelegt von

Daniel Wenger

von Langenbuhl BE

Leiter der Arbeit:
Prof. Dr. R. Haner

Departement fir Chemie und Biochemie der Universitat Bern



On the organization of non-nucleosidic pyrene- and fluorene
derivatives in a DNA scaffold

Inauguraldissertation
der Philosophisch-naturwissenschaftlichen Fakultat

der Universitat Bern

vorgelegt von

Daniel Wenger

von Langenbuhl BE

Leiter der Arbeit:
Prof. Dr. R. Haner

Departement fir Chemie und Biochemie der Universitat Bern

Von der Philosophisch-naturwissenschaftlichen Fakultdt angenommen.

Bern, (Prufungsdatum) Der Dekan:
Prof. Dr. S. Decurtins



Chapter 1:

Chapter 2:

Chapter 3:

Chapter 4:

Chapter 5:

Table of Contents

Introduction

1.1 The discovery of DNA

1.2 History of the synthesis of DNA

1.3 The structure of DNA

1.4 Thermodynamic factors associated with helixation
1.5 Nucleic acid guided assembly of aromatic chrphooes
1.6 Nucleic acid based molecular switches

1.7 Aim of the work

Influence of a B-Z transition on chrqunore organization in
bisegmental chimeric constructs

2.1 Abstract

2.2 Introduction

2.3 Results and discussion
2.4 Conclusion and outlook
2.5 Experimental section

Influence of a B-Z transition on chrqunore organization in
trisegmental chimeric constructs

3.1 Abstract

3.2 Introduction

3.3 Results and discussion
3.4 Conclusion and outlook
3.5 Experimental section

Trisegmental selfcomplementary chimeras

4.1 Abstract

4.2 Introduction

4.3 Results and discussion
4.4 Conclusion and outlook
4.5 Experimental section

Bisalkynyl-fluorene derivatives as mucleosidic building blocks

5.1 Abstract
5.2 Introduction

40

68

99

126



5.3 Results and discussion
5.4 Conclusion and outlook
5.5 Experimental section

Chapter 6: Bisphenylfluorene: A differently linkédorene derivative 162

6.1 Abstract

6.2 Introduction

6.3 Results and discussion
6.4 Conclusion and outlook
6.5 Experimental section

Chapter 7: Interactions between structurally ddferpyrene derivatives 176

7.1 Abstract

7.2 Introduction

7.3 Results and discussion
7.4 Conclusion and outlook
7.5 Experimental section

References 189
Acknowledgements 194
List of Publications 195

Curriculum Vitae 196






Chapter 1 6

Chapter 1: Introduction

1.1 The Discovery of DNA

In 1869 the swiss physician and biologisiedrich Miescher was the first to isolate

DNA from white blood cells, the major componentté pus which he collected from
bandages in a hospital, by treatment with weakliakaolution [1]. Since he isolated the
phosphorus containing chemical substance from #enuclei he deduced the term
nuclein. The impact this molecule would have in filtere, he was absolutely not aware
of and ironically in his point of view the molecutd heredity was the protein. The
isolation of DNA by Miescher was the beginning afew era of research. The following
decades the focus of research was on the functi@iNé. Phoebus Levenaletermined

then the components of DNA by discovering first thieose (1909) and then the
deoxyribose (1929) [2, 3]. He then came up with itlerrect tetranucleotide structure

and the implication that it could not bear the miation of heredity.

Figure 1.1 Friedrich Miescher (left); Phoebus Levene (rightlllustration adapted fromwww.uni-
tuebingen.dendwww.mun.ca

The Avery—MacLeod—McCarty experiment in 1944 suggested that DNA was indbed t
heredity material [4]. FOErwin Chargaff the simple tetranucleotide structure proposed
by Levene was unsatisfying and so in 1949 he isdl&NA from different organism and
measured the proportion of each of the four nitnoges bases. In contrast to the
tetranucleotide hypothesis the bases showed onlgl egnount of adenine and thymine
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and equal amount for guanine and cytosine [5]. Alth he laid the basis for the

elucidation of the double helical structure he wasable to deduce it by himself.

Figure 1.2 Oswald Avery (left); Erwin Chargaff (right). (llddration adapted frorwww.history.nih.gov
andwww.de.academic.ju

In 1952 Rosalind Franklin obtained X-ray diffraction patterns of DNA fibexsf
remarkable quality and deduced the basic dimensbmNA as well as the conclusion
that the phosphate groups were on the outsideeoktitucture Maurice Wilkins who
was also working on the diffraction patterns showeel data obtained by Franklin to
Francis Crick andJames Watson.Her data supported and confirmed the model they
have built and in 1953 Wilkins as well as Watsod @mick published their model based
on the X-ray diffraction pattern obtained by RasdlFranklin [6, 7].
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Figure 1.3 X-ray diffraction pattern recorded by Rosalind rikign (left); DNA model build by James
Watson and Francis Crick (right) (lllustration atl&p from www.rockclimbing.com and
www.cafemom.com

The Nobel Prize in medicine was awarded to WilkiG@sick and Watson (Roslind
Franklin already died) for their work on the sturet of DNA in the year 1962.

Figure 1.4 James Watson and Francis Crick (left); Mauricekiid (middle); Rosalind Franklin (right).

1.2 History of the synthesis of DNA

The elucidation of the structure of DNA initiatetkgt interest in the research of nucleic
acids not only in biochemistry and biology but als@hemistry. The synthesis of nucleic
acids was a very important goal to achieve. Theamémerican Biochemidd. Gobind
Khorana achieved this goal by the first synthesis of antime dimer in 1956 by
synthetic methods based on the already well deedlgplid phase synthesis of peptides
[8]. The procedure developed by Khorana was vebpriaus, time consuming and
inefficient and in the following two decades thenthesis of oligonucleotides was
improved slowly and the approach was aiming at th#omated synthesis. The

development of automated solid phase synthesis ligiorucleotides byMarvin
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Caruthers andHubert Koester in the 1980°s based on phosphoramidite chemiStry |
10, 11] revolutionized the chemical synthesis arslDNA sequences by being a very
fast, easy to handle and efficient process. Inféflewing years the solid support, the
reagents and the apparature were improved andftbiercy was optimized [12]. These

developments were the initiator for the investigatiof fundamental properties of

oligonucleotides by giving easy access to shoriseces. Further more the possibility to
introduce chemically modified nucleotides or evalh drtificial building blocks opened a

whole new era of research based on the synthef8lAf

Figure 1.5.H. G. Khorana (left); Marvin Caruthers (middle)lbbrt Koester (right).
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1.3 The Structure of DNA

DNA is a linear polymer composed of four distincomomers. Each monomeric unit,
called nucleotide, is composed of three parts:rdgse sugar, a heterocyclic base and a
phosphate residue, whereas the pentose sugar amqphdsphate residue is the common

component and the heterocyclic base is making iffexehce between the monomers.

phosphate

base

deoxyribose sugar

Figure 1.6 Basic components of nucleotide: A sugar moietyghlthe nitrogenous base (green) and a
phosphate residue (orange). (lllustration adoptech http://www.scienceaid.co.)k

The nitrogen containing bases are namely the twommgine bases thymine and

cytosine, and the two purine bases adenine andrguan

Pyrimidines H N/ H
Thymine o
Il | Cytosine
H,C c H H c
Scgiian \C’“'*§N
[ ] [

i .|, No G T N,
H H
Nitrogenous Bases of DNA

H
N /’H
N (o]
Guanine ﬂ /H
N C N
H—C "
c o]
o
|
Purines H H

Figure 1.7 The four nitrogenous bases of DNA: Pyrimidines fiine and Cytosine (top), and Puines
Adenine and Guanine (bottom). (lllustiration adapfi®m http://www.student.ccbcmd.ejlu

The connection between the base and the sugaryn{@gtto N1 for the pyrimidines and
C1'to N9 for the purines) is called the N-glycositiond and results in the nucleosides

thymidine, cytidine, adenosine and guanosine.
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Figure 1.8 The four nucleosides: 2°-deoxypyrimidine (top),d2exypurine (bottom). (lllustration adapted
from http://www.homepages.strath.ac.uk)

The nucleotides are then formed by the 5- phosplester of the corresponding

compounds.

phosphoester e

bond |
. ax
M N-"J\\N”

—_——
[+ T MH;
i |
oH oH
Guanosine 5' monophosphate
{5"-GMP)

Figure 1.9 A representative example for a nucleotide: guamSinmonophosphate. (lllustration adapted
from www.mikeblaber.org )

The linkage between the monomers in the polymeisstituted by a phosphodiester
bond. The phosphodiester bond connects the 5" @'t position of the neighboring
nucleotides, thereby creating the polarity of the/mer.
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Figure 1.10 Linkage of the nucleotides by phosphodiester boflé&) creating polarity (right).
(lllustrations adapted fromyww.nchbi.nim.nih.govand www.media.wiley.com)

The linear polymer is called single strand and the properties of the attached bases

enable the polymer to form a dimeric structure bgans of H-bonding with distinct
pairing of A with T and C with G. Those pairs aedled the canonical Watson Crick base

pairs. The A-T base pair consists of 2 hydrogerdsamhereas the G-C base pair forms 3

hydrogen bonds. Building of the base pairs resultthe formation of aduplex with

distinct geometry. In a duplex the two strandsrat8ng with each other pair in an anti-

parallel arrangement. The polarity of the two sengfirands is in opposite direction.

g 5
: H 6 H
o N OwmeiH-N N N—HwoO  CH,
i~ ¥ ~ 3
/&(})/N«’?_KN_H...“ ""'N: A d /EO))“ g ::Nn 1 II|||H—H H
) N_%N-‘H' =--0FN\<‘3;,-9 Q N O)_N{j\(/)-—q
;.-‘. H o | 3 [} i
G:C 5 A:T )
(3 H-bonds) (2 H-bonds)

Figure 1.11The canonical Watson-Crick base pairs: The G:C paggleft) and the A:T base pair (right).
(Ilustration adapted from http://www.unit.aist.gy.
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o

G- T
O > 4 A5 b >

cytosine guanine

Figure 1.12Formation of the duplex.

The formation of the duplex results in the formataf a helix, characterized by different
parameters. There are two main conformations ofpdgr@ose sugar moiety, called the
sugar pucker snce the five-membered ring does not adopt a plagemmetry but a
puckered form. There exist mainly two differentnfiar called the C2-endo or south
conformation (S) where the C2" of the sugar moistgbove the plane formed by the
sugar and the alternative conformation is called@8 -endo or north conformation (N),
having the C3" of the sugar placed above the fdtaild by the sugar.

c%
8 S
o3 C?-erdo
cs 07 i
C3%-endo

Figure 1.13The sugar pucker: C2'endo/ S conformation (to@)e@do/ N conformation (bottom).
(lllustration adapted from www.online-media.uni-farg.de)
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The relative orientation of the base around the Wagidic bond is another

conformational freedom and there are two differ@ain conformations. Rotation about
the N- glycosidic bond can interconvert these twafarmations. The syn- form stands
for the heterocyclic base placed above the sugatynowhereas the anti-form places the

base on the opposite side, away from the sugar.

NH, NH,
/ \ B
N /N e
/ »—N N—"  \\ R
H "*\\\ // \\ / ) /‘"' H \1\1
N /)\ A S
N \N' H B S N K P
‘ N
HOCH; o 7y HOCH; % HOCH;  ( Vy
H H H H H H/
H H H H H ‘ H
OH OH OH OH OH OH
syn-Adenosine anti-Adenosine anti-Cytidine

Figure 1.14 Conformation of the N-glycosidic bond: syn-Ademesileft), anti-Adenosine (middle), anti-
Cytidine (right). (lllustration adapted from wwwusned.edu)

The duplex formed by two single strands resulta double helix which in turn results in
the formation of two grooves of different depth andalth, formed by the two sugar
phosphate backbones of each strand. These groowemléed minor and major groove

and are an important characteristic of the ovegratimetry of the helix.

%, major groove %, :.“,Iggﬁ,}

Figure 1.15 The two different grooves formed by B-DNA. (lllustion adapted from
http://www.virtuallaboratory.colorado.edu)
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The relative orientation of the bases constitutingase pair is also described in different
parameters, such as the propeller twist. Besidesdiative orientation of the bases in the
base pair, even more important is the orientatioth® base pairs relative to each other.
An important example constitutes the twist desogbthe angle formed between two

adjacent base pairs.

sméger Ope;'lirlg Rise Twlst
WIS

Figure 1.16 Relative orientations of the base to each otledt)(Irelative orientation of the base pairs to
each other (right). (lllustration adapted from w8dna.rutgers.edu)

DNA exists as three major conformers describedheydifferent parameters described
above. These conformers are named A-DNA, B-DNA AiiaNA.

B-DNA is the prototype and is commonly adopted bNA/DNA duplex in the fully
hydrated form. A-DNA in contrast is observed wheiDBA is dehydrated in vitro. The
unusual Z-DNA is found under increased ionic stterand is favoured in alternating

purine/ pyrimidine sequences.

A-DNA and B-DNA both adopt right-handed helices wdas the Z-DNA adopts an

unusual left-handed helix.
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Figure 1.17The three main conformers (front- and topviewpPdfA: A-DNA (left), B-DNA (middle), Z-
DNA (right).

Besides the most obvious difference of the hebeslse the more subtile differences are
found in the difference in sugar puckering andglyeosyl angle conformation. In the A-
form the sugar pucker mode is C3’- endo in contatite C2'- endo conformation of the
B-DNA form. In the Z-form the sugar pucker is attating between neighbouring bases,
namely the C2'- endo conformation is found for pyemidine bases and C3'- endo for

the purine bases. Another difference is found endbnformation of the glycosidic bond.
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A-DNA and B-DNA both have the anti conformationah of their nucleotides whereas

the Z-DNA has the pyrimidine basasti and the purine basegn

Helix sense Right-handed Right-handed Left-handed
Repeating helix unit One base pair One base pair Two base pairs
Rotation per base pair 33.6° 1, = 38.0° (4.4* —60°2
fp = 35.9° (4.290*
Men base pairs per turn 10.7 10.0 (1.2)* 12
Inclination of base normals to helix axis +19° —-1.2° (4.1 -9°
Rise per base pair along helix axis 23 A 3.32 A (0.19 A)* 38 A
Pitch per turn of helix 24.6 A 3324 45.6 A
Mean propeller twist +18° +16° (7°)* o= P
Glycosyl angle conformation anti anti anti at C, syn at G
Sugar pucker conformation (Figs. 5 to 7) C3'-endo O1'-endo to C2'-endo C2'-endo at C, C?-exo to Cl'-exo at G

Figure 1.18The parameters of the three main conformers: B-[jldf&), A-DNA (middle), Z-DNA (right).

These differences are then manifested in the dvgeaimetry of the helix besides the
handedness. The repeating unit in the A- and B-fierome base pair and the rotation per
basepair is a little smaller in the A-form thartlwe B-form resulting in 11 bases per turn
in the case of A-DNA and 10 bases per turn in B-DNAe Z-DNA in contrast has two
base pairs as the repeating unit and 12 base(paiimers) per turn.

The grooves also differ in the three different @snfers. In the case of the B-form the
major groove is wide and the minor groove is nafrowA-DNA the major groove is
narrow and deep and the minor groove is broad hatlosv. Z-DNA has a deep minor

groove and a flattened out major groove.

Mincr Groove

ﬁ:&‘\ Minor Grooveﬁl
A-form RNA B-form DNA Z-form DNA

Figure 1.19Comparison of the grooves of the different confasné&-DNA (left), B-DNA (middle), Z-
DNA (right). (lllustration adapted from http://wwprofcupido.hpg.ig.com.br)
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1.3.1 A closer look at Z-DNA
1.3.1.1 A brief history

In 1953, Watson and Crick propose the model for tiight-handed double helical
structure of DNA (based on fibre x-ray diffractiofhe development of DNA synthesis
resulted in the possibility of single-crystal x-rdiffraction. Pohl and Jovin showed in
1972 that the ultraviolet circular dichroism of p@G-dC) was nearly inverted in 4M
sodium chloride solution (Figure 1.20.), therebglicating the relationship between two
“enantiomers” of the poly(dG-dC) sequence beingnR la[13].

(e —e5)

1.
E & A L o0 - m w
1 T —

[}
o

1 Jos sy I
240 260 - 280 300
Wavelangth (nm)

Figure 1.20 Circular dichroism spectra of poly (G-C). Saltueed change of the circular dichroism of

poly d(GC), figure adapted frofil 3]. Solid line: 0.2 M NaCl, pH 7.2 at 25°C, dashewlisame solution
after increasing the NaCl content to 20% (w/w).

In 1979 Alexander Rich et al. solved the first aimnesolution view of the double helix
of the self-complementary d(C&hexamer. To their surprise the crystallized duplex
showed in contrast what they would have expectksdtdnanded helix. This left-handed
form was then named by the authors Z-DNA due to“#ig-zag like” nature of the
phosphate backbone [14That the salt dependent nearly inverted circulahmism
spectrum of the poly d(G-C) motif found in 1972responds to the left-handed Z-DNA,
was confirmed in 1981 by comparing raman spectrth@fd(CGj crystals obtained by
Rich et al. and solutions of DNA at 4M sodium ciderconcentration [15].
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Figure 1.21 Cover page from Nature (left) adapted from [14acefilling model illustrating the zig-zag
shape of the backbone (right), adapted ftdtp://www.haveland.com

1.3.1.2 Structural features

The most obvious difference of Z-DNA is its helclteing left handed compared to the
common B-DNA form. The original sequence which vi@snd in the left-handed form
was the alternating cytosine-guanine polymer, whiased(C-G) unit is the repeating unit
(thus two base pairs) and the sugar pucker alesrnagtween 2°- endo for the cytosine
and 3'- endo for the guanosine. At the same time ghanosine adopts syn
conformation of the glycosidic bond and the cytesadopts amnti conformation since
the purine bases can have #g conformation without paying any energy penalty as
there is no steric block [16]. The sugar puckengen the 3'- endo conformation results
in bringing the negatively charged phosphate gronpdoser proximity and therefore a
repulsion under physiological ionic conditions hapg. Although there might be a small
fraction of the duplex in the Z-DNA conformation physiological conditions, the
repulsion puts the equilibrium far to the all 2ide conformation and hence to the B-

form.

1.3.1.3 Conditions stabilizing Z-DNA
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The most important requirement for the formationefi-handed Z-DNA is the sequence
being an alternation gburine-pyrimidine Not only the original found alternation of
guanine and cytosine is suitable for the convergiothe left-handed form but also other
purine-pyrimidine motifs are suitable although wilifferent ease of formation. The
order is the following: d(GG)> d(AC),  d(GT), >> d(AT) ». Not only the sequence
plays an important role but also chemical modifaad of the nucleobases can modify
the formation of the left-handed helix. There exigte possibility of bromination of the
C8 position of the guanine residue which facilisatdhe formation of Z-DNA at
physiological salt concentrations. The bulky broenatom put at the C8 of the guanine
heterocycle shifts thanti/ syn equilibrium from the predominardnti conformation
(having the proton on C8 in van der Waals contath tihe sugar- phosphate backbone)
to thesynconformation (with the bulky bromine atom pointiogtwards of the helix with
no constraints of size) thereby adapting the predfealteration oynandanti in the Z-
DNA form [17]. Another possibility is the C5 positi of cytosine, which can methylated
and thereby facilitating the formation of the lb#inded helix. In contrast to the
bromination of C8 of the guanosine residue whichpty shifts thesyn/antiequilibrium
and thereby supports the formation of Z-DNA, thasans for the stabilizing effect of Z-
DNA by methylation of cytosine residues is much endelicate. One possible reason is
the methyl group leading to a destabilizing effetB-DNA by interacting with water
molecules in the major groove and a second reasold e the stabilization of Z-DNA
through formation of a hydrophobic patch on thefae of the molecule [18, 19]
Another important condition leading to the left-dad Z-form comes with high
concentrations of mono- and bivalent salts, fomgpla sodium chloride and magnesium
chloride. It is also possible to induce the traasitwith low concentrations of multiple
charged cations, for example the organic tetrarapemine or the inorganic cobalt (lI)
hexamine. For all cases the modification of a miludse can drastically lower the
effective concentration of the salt needed fortthasition to occur [18]. In Table 1 the
different cations and the corresponding concewtnatifor the mid point of titration are
shown for the unmodified poly d(GC) and the mettedeof the 5 position of the cytosine
residue poly d(Gm5C).
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lon poly (dG-dC) poly (dG-m5dC)
Na" 2500 700
Mg*"* 700 0.6
ca’ 100 (strange CD) 0.6
Ba™ 40 (strange CD) 0.6
NH3(CH,),NH;5** no change up to 100 mM 1.0
NH3(CH,)sNH3"" no change up to 100 mM 1.0
NH3(CH,)4NH35"" no change up to 100 mM 2.0
NH3(CH,)sNH3"" no change up to 100 mM 30 (strange CD spectrum)
Co(NHy)s>* 0.02 0.005
Spermidine’ B-form till 1 mM and then 0.05
precipitation
Sperming” B-form till 0.05 mM and 0.002
then precipitation

Table 1.1Concentrations of different cations at the midpoifithe B-Z transition for the poly (dG-dC) and
poly (dG-m5dC). lon concentrations in mM and alhsowere added in the chloride form. All solutions
contain 50 mM NaCl, 5 mM Tris, pH 8.0. The tabladapted from [17]

The observation that the chemically modified polyrpely (dG-5mdC) by means of
methylation needed much lower concentrations abeatin order to change to the left-
handed Z-DNA form hinted for a possible biologicale of Z- DNA since the
dinucleotide sequence®dC-dG occurs frequently in eukaryotic DNA and clates with
transcriptional activity of the corresponding ge€li2]. Furthermore the presence of
certain cations present at physiological conditiadslitionally pointed to a biological
role of the left-handed helix of Z- DNA.

1.3.1.5 The B-Z junction

The possibility of segments of the alternating pydine/ purine motif embedded in
totally mixed sequences raised the question whppdras in the region connecting the
two segments? The formation of a junction betweeiglat handed B-DNA and a left-
handed Z-DNA was for a long time a field of spetola first on the mechanism and
more pronounced on the exact structure of the joim¢R1, 22, 23]. Few years ago Rich
et al. finally solved a crystal structure (at 2.8e8olution) of such a B to Z junction. [24]

The crystal structure showed the breaking of oree{pair at the junction and that these
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two bases were extruded and thereby making theitiam from the right handed to the

left handed helix possible.

Figure 1.22 A van der Waals view of the 15-base-pair DNA diue containing a junction between left
handed Z-DNA and right handed B-DNA (lllustratiosie@ted from [24])

1.3.1.6 The Z-Z junction

Since the alternating pyrimidine/ purine motif isemuisite for the formation of the left-
handed Z-DNA one can think of the emergence of & jdnction by interrupting this
alternating motif by addition or deletion of a baBecently Rich and coworkers solved
the crystal structure of such a Z-Z junction [ZBhey show that the junction constists of
a single base pair and that it leads to partidubrdisruption of the helical stacking. In
contrast to the B-Z junction the bases are nolyfaktruded and a contiuous stacking

between the two left-handed helices is not possible
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Figure 1.23 Electron density of the Z-Z junction (left) andngparison of the B-Z junction and Z-Z
junction (right) (lllustration adapted from [25])

1.4 Thermodynamic factors associated with helimfation with
DNA

factors favoring complex factors favoring random coils

= enthalpy of interstrand hydrogen bonds * entropy of free bond rotations

= enthalpy of base stacking + entropy of free translation / rotation
« entrapy of freed water molecules « enthalpy of H-bonds to water

Figure 1.241llustration of the equilibrium between duplex asidglestrand and the factors favouring the
two states

Looking at the thermodynamic factors associatech wielix formation, the striking
feature is the entropy term mainly favoring thed@m coil/single strand since upon
hybridization the translational and rotational ftem of the single strand is lost as well
the rotational freedom of the internal bonds. Aerottlisfavoring factor is found in the
hydrogen bonding of the nucleobases to water whialst be broken and disturbed for
the duplex formation, resulting in enthalpy redowti In order to be a spontaneous
reaction there is a major contribution of enthalplye enthalpy term results from the two
major forces stabilizing the double helix: The forn the plane of the bases (horizontal)
is thehydrogen bondindbase pairing) and the force perpendicular topla@es of the
bases are ther interactions(base stacking).

1.4.1 Hydrogenbonding

Generally a hydrogen bond is formed if a hydrogemmaconnects two atoms of higher

electronegativity. These kinds of bonds can beeeitbrmed intramoleculary in a single
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molecule or intermolecularly between different noolles like in DNA between the

nucleobases. The strength of a hydrogen bond ikevemmpared to an ionic bond or a
covalent bond. In the context of DNA the WatsoneKinydrogen bonds are responsible
for the A-T and the G-C base pairing in the duplExe role of the hydrogen bonds and
their contribution in DNA have been the topic overl experimental and theoretical

studies.

1.4.2n-n interactions/ aromatic interactions

Aromatic orn-m interactions play an important role in a lot oblbgical systems such as
peptides and DNA. But in contrast to hydrogen bomdgch can be understood as
electrostatic point-to-point interactions aromatiteractions are far more complex and

are composed of several contributions of interastihich are shortly described.

Van der Waals interactions
This highly attractive interaction is the sum oé ttispersion and repulsion energies and
varies with ¥ and constrains the aromatic residues in Van deal$\eontact (where r

stands for the internuclear distance).

Electrostatic interactions between partial atomiaoges

Electronegative atoms like nitrogen and oxygen néathe electron density and so these
and the neighboring atoms are associated withgbattbmic charges. These interactions
vary with f* and are therefore relatively long range effeaisDNA nucleobases which
represent highly polarized aromatics the chargegelatively large. Therefore these are

usually the largest single electrostatic interatgio

Electrostatic interactions between the charge disttion associated with the out of
planez-electron density

The charge distribution of aromatics is very chemastic. The nuclei form a positively
charge sigma-framework which is sandwiched betwegn regions of negatively

chargedn-density. Electrostatic interactions between thelsarge distributions is not
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favorable in a face to face stacked geometry homeva face to face offset stacked or t-

shape geometry these interactions can be favorable.

Electrostatic interactions between the charge disitions associated with the out of
plane electron density and the partial atomic clesrg
This term varies roughly with“rand is therefore quiet sensitive to geometrys lalso

relatively large due to the large partial atomiargfes.

Interaction of aromatic residues and solvent

This interaction has different names in literatgteh as solvation effect, desolvation,
solvophobic force, solvation-driven force or hydnopic effect. Suggesting by the

number of different expressions used by differarnthars these interactions are debated

controversially in literature.

1.5 Nucleic Acid guided Assembly of aromatic chrqinores (based on
[26])

1.5.1 Synthesis of oligonucleotide-chromophore egajes

Offering a very sequence specific pairing as welhalefined geometry DNA emerged as
a perfect candidate for the organization of aroemetiromophores for different purposes.

There exist two different strategies for the attaeht of the chromophores to the
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oligonucleotides. The first possibility is thEost-synthetic approackwhich means the
conjugation of the desired chromophore to the @eabled oligonucleotide which bears
functional groups which are then used to attach dim@mophores via these groups.
Suitable points of attachment are either reactix@ugs on the sugar moiety or the
nucleobases as well as the 3°- or 5°- termini.

The second route used to attach chromophores isditleet incorporation during
oligonucleotide synthesighis approach offers the possibility of high flakty in the
number, type and placement of the chromophores. freeequisite is the suitable
functionalization of the chromophore prior to ingoration. By convenience these

modifications follow the protection and reactivigheme of phosphoramidite chemistry.

The approach of direct incorporation during oligoieoatide synthesis can be divided into
two classes of modifications: one compromises tm®raophores directly attached to
either the sugar moiety or to the nucleobase. Thesteoside-basethuilding blocks
have the possibility to engage in Watson-Crick bpaeing interactions and therefore
may support high target specificity. There are mgitgs of attachment possible although
the 5°-position of the pyrimidine bases takes apartant role as the modification at this
site does not interfere with base-pairing. Thereeither the possibility to attach a
chromophore at a certain position of the nucleobasplacing the nucleobase by
alternative chromophore or even the extension efattomatic system of the nucleobase
itself.

The second class of modifications is the classhefnon-nucleosidicchromophores.
These chromophores are neither linked to a nuck=ohar to a sugar moiety. Although
not capable of Watson-Crick base pairing thesevdivies represent suitable and
versatile building blocks which can be incorporatgd DNA. There exist a large variety
of different molecules with versatile charactedstivhich can be incorporated and used
for various purposes; not only for basic reseanehdiso for diagnostic tools as well as
novel materials with different and also tunablepamies.
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Figure 1.24 Selected examples of chromophore-containing nuiteanalogues (1-9) and non-nucleosidic
ananlogues (10-16) (illustration adapted from [26])

1.5.2 Assembly of chromophores in a DNA framework

The conformation of a chromophore which is attackedNA strongly depends on
several factors as the site of attachment, the &ymklength of the connecting linker as
well as the nature of the chromophore itself. Ctophores which posses an extended
aromatic system are often involved in pi-pi intéi@cs either with the neighboring
nucleobases or among themselves if multiple inaapns are present. These
interactions are possible by an intercalative mobdee site of attachment and the nature
of the linker permit this binding mode geometrigalAnother possibility is the binding of
the chromophore either to the major or minor grooveis is mainly the case if the
chromophore is attached to the 5 -position of trendine nucleoside or the 2 position

of the sugar moiety. If multiple incorporations gmesent in close proximity these can
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interact among themselves and form aggregatefelsetsystems DNA can be regarded
as the framework for the precise arrangement abrabphore which can then interact
with each other and from aggregates. These interecamong the chromophores as well
as between the chromophores and the nucleic aartisippend on a number of different
properties such as hydrophobicity, size, chargéripg, hydrogen bonding ability and
aromaticity. The possible influence and effecthefse chromophore aggregate on duplex
integrity and stability can be of various naturel a often almost impossible to predict.
A further group of conjugates are hybrids betweegnsents of DNA and segments of
chromophores. In these chimeras the non-DNA sexto@m be organized in a specific

way depending on the nature of the chromophoresren®NA part.

1.5.2.1 Intercalative Binding

As intercalation is one of the most important bimgdimodes of chromophores in the
context of DNA-chromophore-interaction it was reatl that placing a suitable aromatic
intercalator can greatly enhance the affinity fbe tcomplementary strand and thus
increasing the duplex stability. The change in #pectroscopic properties of the
chromophores upon binding and thus intercalatiawl l® the development of detection
of base deletion for example by Asanuma and Cowsrk27] by introducing two
threoninol-derived pyrene building blocks which whonly monomer emission in the
wildtype by intercalation where as an excimer sigaaletected if the opposite base is
deleted (Figure 1.25).

monomer emission excimer emission
- oS
Lo )
e foly
| W URE |
Wild type ODN Deletion mutant ODN
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Figure 1.25Threoninol-derived pyrene building blocks give rieeexcimer fluorescence upon
hybridization to a deletion mutant (lllustrationageded from [26])

Placing an intercalator opposite an abasic sitenally leads to a significant increase in
hybrid stability compared to the case when the naatuucleobase is placed opposite the
abasic site. Furthermore the intercalation of apr@miate chromophore may bring a
significant spectroscopical change of the chromoph&himidzu and coworkers [28]
showed that placing the non-nucleosidic acridinevdave opposite an abasic site is
accompanied by a considerable increase in thedtoence signal (Figure 1.26 A). The
increase of thermal stability by placing aryl-sutosed nucleosides opposite an abasic
site could be shown by several groups and Koolcawebrkers [29] could show by NMR
that a pyrene derived nucleoside can stack betweeneighboring bases (Figure 1.26 B)
and Leumann and coworkers [30] investigated hybudh biphenyl and bipyridyl
derivatives (Figure 1.26 C). The non-nucleosidicepg and phenanthroline derivatives
[31] also showed a stabilizing effect on the hybstdbility when placed opposite an
abasic site (Figure 1.26 D). The group of Weng@] jBvestigated constructs with up to
four pyrene-abasic site pairs separated by canldoész pairs with a pyrene-modified
L-LNA and found a pronounced increase in fluoreseersignal intensity upon
hybridization (Figure 1.26 E).
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Figure 1.26 Arrangement of chromophores at abasic sites: (#¢§ af a threoninol-derived acridine
derivative. (B) structure of a pyrene C-nucleossacked between nucleobases at an abasic site. (C)
stacked arrangement of biphenyl and bipyridyl Cleosides. (D) stabilization of an abasic site byoa-
nucleosidic phenanthroline building block. (E) dmulhelical constructs containing multiple pyrene-
modifieda-L-LNA building blocks at separately located abasic gltkstration adapted from [26])

1.5.2.2 Interstrand stacking of aromatic chromophor

If the chromphores are situated in opposite passtio the DNA duplex they can interact
and communicate with each other by iaterstrand stacking modelhe interstrand
interactions can be of hydrogen-bonding natureitbuhe context of aromatic building
blocks the main contribution is found i interaction between the chromophores.
Pedersen and Christensen [33] showed double hellodrids containing a
trinydroxypropyl derived pyrene building block whiavhen put in opposite position
could interact by interstrand stacking which wasfemed by NMR analysis (Figure
1.27 A). The same strategy was used for the noteasiclic derivatives of phenantrene,
phenanthroline and pyrene [34] which all from stabiybrids. Furthermore the
fluorescent properties of the pyrene chromophoreldcdoe used to monitor the
hybridization process by changing from the monoeraission in the single strand to the
excimer emission upon hybridization when two pyremeieties come into close
proximity (Figure 1.27 B). Leumann and coworkerS][Broposed an interstrand stacking
motif of sugar-based biphenyl derivatives with ei&nt substituents (Figure 1.27 C). For
a pair of nitro- and methoxy-substituted biphentyls interstrand stacking mode was
confirmed by NMR analysis.
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Figure 1.27Interstrand stacked chromophores: (A) pyrene ngltlock connected via a trihydroxypropyl
linker. (B) non-nucleosidic pyrene dicarboxamidéS) bisphenylic C-nucleosides. (lllustration adajpte
from [26])

1.5.2.3 The double helix as a scaffold for chroneyphassembly: formation
of arrays in the major and minor groove

As the double helix represents a rigid and wellirasf framework the attachment of
multiple chromophores to it can result in well defil arrays of chromophores. The
attachment via short and rigid linkers to either tlucleobase or the sugar moiety leads to
the formation oft-stacked aggregates. The location of attachmenhasa an influence
weather the chromophore array is located in theomar major groove of the double
helix. There exist several reports on the intecactof two chromophores which are
attached in this way and the chromophore of chiieceost of these reports is pyrene due
to its fluorescence properties. Korshun and cowsrkg6] described the formation of
excimers in the major groove of 2 -arabino-linkegrgme derivatives if the pyrene
containing building block were placed 3" to eacheotand separated by one base pair.
Kim and coworkers [37] could also show excimer fation in the major groove by

attaching the pyrene moiety in the 8-position @fairand the 5-position of adenine. The
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formation of excimers in the minor groove of DNAub® be shown by the group of
Wengel [38] with 2" -amino-LNA building blocks. Plag pyrene at the 2-position of
adenine in RNA leads as well to excimer formatianthe minor groove as could be
shown by Engels and coworkers [39].

The arrangement of more than two incorporationshodbmophores can lead testacked
arrays. Yamana and coworkers [40, 41] investigadadh a system in which the
hybridization process of RNA leads to the formatama pyrene array along the minor
groove which could be shown by a distinct CD sigofathe pyrene units. An array of
four pyrene units could be formed by attachinggiieene units to the 2 -position of the
ribose of one of the hybridizing singlestrand. Theyld extend the number of aligned
pyrene units up to 10 when both strands were nestlifFigure 1.29 A). Stulz and
coworkers [42, 43] described a system where theydcarrange terphenylporphyrine
molecules along the major groove in DNA by attachiva the 5-position of pyrimidine.
Hybrids containing up to eleven aligned porphynmneieties could be shown later on by
the same group (Figure 1.29 B). The group of Wageaokt [44] investigated a double
helix with five adjacent chromophores. Pyrene ahdnpthiazine were linked to the 5'-
position of uracil and they form regular arrays whe/bridized to the complementary
non-modified singlestrand. The optical propertiesevdepending on the composition of
the modified singlestrand and the spatial arrangeéroethe two chromophores (Figure
1.29 C).

1.5.2.4 DNA-assisted self-organization of chromaglgegments

Besides the organization of nucleosidic chromophavkich can arrange either in the
major or minor groove of DNA or RNA there existsa@lthe possibility of putting
multiple non-nucleosidic building blocks in the ¢ext of DNA. Asanuma and coworkers
reported the multiple incorporations of the chromme methyl-red via the chiral
threoninol linkers into DNA [45]. The interstrandtéractions were proofed by NMR
analysis and they could show that the helical sefdke dye aggregate was depending
on the absolute configuration to the chiral linkéfigure 1.29 D) Baumstark and

Wagenknecht recently showed the assembly of upxtpesylenediimide moieties in an
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alternating interstrand stacking mode [46]. Theoalwphores were incorporated using a
(S)-aminopropan-2,3,-diol-linker in the middle ofGINA duplex forming alternating
sequences of perylenediimides with thymines or lzasi@ analogue (Figure 1.29 E). In
our group it was shown that extended stretchesno&chiral non-nucleosidic pyrene
building block [47] can form well defined doublelical structure depending on the
number of pyrenyl units (Figure 1.29 F).

cligopyrene

Figure 1.280ligonucleotide-assisted self-organization of chophores: (A) formation of pyrene arrays in
the major groove of an RNA duplex. (B) assembly pairphyrines in the DNA major groove. (C)

alternating pyrene and phenothiazines assemblethanmajor groove of DNA. (D) methyl-red dyes

froming an ordered structure within a DNA duplek) (nterstrand stacked perylenediimides in a DNA
duplex. (F) helical organization of oligopyrene segts in a DNA framework (lllustration adapted from
[26])

1.5.2.5 Chromophore-guided assembly of nucleicsacid

In all the examples above the guiding or dictatiolg was always taken by the nucleic
acid part and not by the chromophores. But thergt exfew examples where the leading
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role or an equal important role is taken by theeadsdy of chromophores. In our group
the assembly of a hybrid containing seven non-rsotiic chromophores and five base
pairs of DNA were shown to form a well ordered atable duplex [48]. The formation
of the five base pairs would not be possible withtbe stabilizing forces exerted by the
formation of the interstrand stacked chromophoresme side and on the other side the
base pairs are important for the unidirectionahrgement of the pyrene units (Figure
1.29 A). Li and coworkers designed a singlestrafdol@onucleotide with several
incorporated perylenediimide derivatives which fortoose structures at room
temperature but upon heating form increasingly mdeaggregates of perylenediimde
moieties [49]. Addition of the complementary oligmteotide strand promotes
hybridization induced unfolding of the ordered aggsates (Figure 1.29 B). Lewis and
coworkers [50] found that using a non-nucleosidezlyenediimde building block the
synthesized conjugated can adopt either a duplextairpin dimer structure depending
on the sequence used (Figure 1.29 C). lwaura amdi®&tu and coworkers describe the
formation of J-aggregates of phenylenevinylen-rmhecene-connected thymidylic acid
dimers [51, 52]. The assembly on an oligoadenyiansl of the thymines leads to a

helical supramolecular structure of the chromops¢Fegure 1.29 D).
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Figure 1.290rganized structures of DNA-chromophore conjugdt&sFormation of a bisegmental DNA-
oligopyrene duplex. (B) Thermophilic foldable polgrs composed of DNA and perylenediimde units. (C)
PDI-linked oligonucleotides assemble into a dupdéxorm dimeric hairpin structure depending on the
DNA sequence. (D) Formation of helical J-aggregatksinthracene-connected thymidylic acid dimers
assembling on oligo-A strands (lllustration adagted [26])

1.6 DNA based molecular switches

As DNA can change its helicity from the right-hadd® form to the left-handed Z-form
there were investigated different conjugates ofNsApart able to change its helicity with
a variety of chromophores. The offered polymorpha&®NA was first used by Seeman
and coworkers [53] as a mechanical switch. By titeoduction of an alternating CG

segment between two rigid DNA double crossover ssgmwhere one domain only of
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the rigid structure is connected to the switchifeggrent where to the other domain two
different fluorophores are attached they could sbtevFRET taking place only in the B-
form. After switching to the Z-DNA form the fluorbpres are changing their relative

orientation and no FRET is detected (Figure 1.30).

Donor energy transfer

o Control
= Proto-Z

Energy transfer (%)

B Z2Z B Z B ~Z
Solution conditions

Figure 1.30A nanomechanical device based on the B-Z trams@fdNA. Schematic representation of the
device (left) and the donor energy transfer dependin the nature of the connecting DNA (right)
(Ilustration adapted from [53])

The group of Saito [54] developed a fluorescentsserwhich is able to follow the
transition of the B to Z DNA form by change in tamission wavelength. They attach
two pyrene derivative to the 5-postion of a cytesand to the 8-position of a guanine
residue. In the B-form the two pyrene moieties exhibiting monomer emission only
whereas in the Z-form they are getting in closexpnity resulting in an excimer type of

emission (Figure 1.31).
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Figure 1.31 Structure of the pyrene modified nucleosides it@lecular modeling of B-DNA containing
the two modifications (b), molecular modeling ofDNA containing the two modifications (lllustration
adapted from [54])

Also Berova and coworkers [55] established a catidpetween a CG sequence and a
5'-labeled non-nucleosidic porphyrine derivativeichhis able to monitor the change in
helicity of the oligonucleotide part. They used tieange in exciton coupled CD of the
two porphyrine molecules communicating with eacheotdifferently based on the
angular orientation of the dipole moments dependmy the helicity of the

oligonucleotide (Figure 1.32). The group

L-DA

B-DiA

30 400 440 480

B-DNA in 0.0 M NaCl Z-DNA in 5.0 M NaCl
Figure 1.32Structure of the pyrene modified nucleosides rf@lecular modeling of B-DNA (left) and Z-

DNA (right) containing the two modifications withhé corresponding CD signals inbetween (b)
(lllustration adapted from [54])
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The group of Sugiyama demonstrated a molecularckviiased on the B to Z transition
of DNA as well as the A to Z transition of RNA [55The fluorescent signal of the
aminopurine used changed upon heating in both aases reversible basis. As the Z
form of DNA is more stable at lower temperatured #re Z form of RNA is more stable
at higher temperatures they could use these twiztls®#g comlementary (Figure 1.33).

O g
{Right handed) (Left handed)

Off On
(Right handed) {Left handed) o ot g N
“On" "Off"

Figure 1.33Concept of the on and off state based on the helj&bft), concept of the reversible thermal
switching with the fluorescent signal as the oufpigtht) (lllustration adapted from [55])

Inuye and coworkers recently developed an indudexllar dichroism probe with a

chromophore-linked alkynyldeoxyribose skeleton [5d8]hey could show that the

chromophore attached to the 5-end gives only dnded signal under conditions used
for the left handed Z-form of DNA. Furhtermore thegncluded that the modification

applied does indeed facilitate the B to Z tranaiti@-igure 1.34)
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Figure 1.33 Molecular models for the B- and Z- form with th#aghed chromophore and the guanine
bases at 5°- and 3"-end highlighted (lllustratidaged from [56])

1.7 Aim of the work

The assembly of nucleosidic as well as non-nuatikosnodified chromophores in the
context of DNA or RNA has been shown to be of gresst as DNA offers a scaffold with
well known geometric features, variable sequence&hlwhban be designed for the used
purpose and a rigid structure. The chromophorestlyn@lapt to the geometrical
environment of the DNA structure as shown in chaftb for various examples and by
changing the site of attachment or changing theraaif the linking unit the arrangement
of the chromophores can be altered or modifiecbungroup the helical organization of
the non-nucleosidic pyrene carboxamide has beesnsixely studied and the influence
of the number of incorporated units has been shimypiay a crucial role. The positive
chirality of the pyrene units has been mainly dsetb the helical nature of the DNA part
namely the right handed form of B-DNA. To get deepesight into this information
transfer from the DNA part to the artificial pyrémart the question was arising weather
a revearsal of chirality in the DNA part could ettaily result in a change in chirality of
the pyrene part. As the artificial non-nucleosidicomophore the pyrene carboxamide

with the C3 linker is used in all the studies. o DNA part the well known alternating
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cytosine/ guanine motif was chosen as being ablehtmge from the right-handed B-
DNA to the desired left-handed Z-DNA.

As a further aim the design and characterizatiora afew aromatic building block is
formulated which can be incorporated into DNA anel influence on duplex stability and
integrity can be studied. Furthermore interestirigorescent properties can be

investigated as well as interstrand interactions.
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Chapter 2: Influence of a B-Z transition on
chromophore organization in  bisegmental
chimeric constructs

2.1 Abstract

In this chapter the two segmental chimeras betvaeBNA and a pyrenyl part are studied
with varying the number of pyrene units. It is simothiat the pyrene units show a distinct
dependence on the number incorporated and the ioehmsv first dictated by the

oligonucleotide part when only one or two pyrendtsuare incorporated in the single
strand, an intermediate position with no dominatagt for three and four units in the

singlestrand and an independent organization gf plyeene units for 5, 6 and 7 units.

2.2 Introduction

Previously it could be shown that a stack of nooleosidic pyrene building blocks can
arrange in a helical fashion following the rightadad helicity of the canonical B-DNA
[47, 48]. It was shown that the number of non-nosigic modifications play a crucial
role in the ability to form a distinct helical angement. The amount of pyrene units was
found to be at least six modifications in the sasgtand and twelve units in the duplex
respectively. It was concluded that the arrangemétite pyrenyl units is not sequence
dependent, so weather an AT base pair or an GCgaasés directly attached does not
play an important rule. Furthermore the pyrenyltsishowed also a similar behavior
when not placed between two DNA sequences but atthched from one side of the
stretch to an oligonucleotide part [48]. These issido far included only seven pyrene
units in the DNA end-attached arrangement or agbiemtal nature of the chimera. The
idea was to investigate also a bisegmental chirbetawith a DNA segment which
should be able to change its helicity based onagéel ionic strength and study the

possible influence it could have on the oligopytestyetch. The study was also carried
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out by varying the number of non-nucleosidic pytdnyilding blocks from one to seven

in the singlestrand and two to fourteen in the dxpespectively.

DNA oligopyrene DNA
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Figure 2.1 Sandwich-type arrangement of a non-nucleosidgoplyrene stretch (lllustration adapted from
[47).
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2.3 Results and discussion

The sequences in this study all contain the sarhealaligonucleotide part which is the
alternating d(CG) sequence which should be bagiadlle to change its helicity from the
right handed canonical B-DNA to the left-handed BAunder appropriate conditions.
To this common sequence which could act as a sabtehelement in the chimera the
non-nucleosidic building block carboxamide pyrenghva C3 linker was attached from
one building block up to seven building blocks pgand. Because of the polarity of the
singlestrands containing d(CG)sequence (5 to 8d) the bisegemental nature of the
chimeras there had to be synthesized always tvamddrin order to get the desired
duplex formed D1-11 to D7-II). Duplex D8-11 was already available and represents a
control sequences which does not contain the alteigyn CG motif and thus is not
supposed to form the left-handed helix (Table 2.1).
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Entry Oligo # Duplex
DL ON1-II (5") CGCGCGCG S
i ON2-II (3) GCGCGCGC S
D2-l ON3-II (5') CGCGCGCG SS
ON4-II (3) GCGCGCGC SS
D3-lI ONS5-I| (5") CGCGCGCG SSS
ONBG-II (3) GCGCGCGC SSS
D4-l1 ON7-II (5') CGCGCGCG SSSS
ONS8-II (3) GCGCGCGC SSSS
D5-1I ONO-II (5') CGCGCGCG SSSSS
ON10-II (3) GCGCGCGC SSSSS
D6-lI ON11-Il (5') CGCGCGCG SSSSSS
ON12-II (3) GCGCGCGC SSSSSS
D7-1l ON13-I (5") CGCGCGCG SSSSSSS
ON14-Il (3) GCGCGCGC SSSSSSS
D8-lI ON15-I (5') GCTAG  SSSSSSS
ON16-II (3') CGATC  SSSSSSS
Lofo A Sacl b o
I- SN K Nf (|)7
S

Table 2.1The sequencedN1-Il to ON16-II and the non-nucleosidic pyrene building blo8ksed in
this study.

Temperature dependent UV-Vis

Using the absorption at different temperatures antbw and high ionic strength the
hybrids could be studied on different levels. THesaption spectra offer different
regions which can be attributed to either absonptibthe natural bases only, the pyrenyl
moieties only and the superposition of the two gitson regions. Especially the
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absorption region of the pyrenyl moieties only vedgnain interest since it enables to
give a statement on the organization of the umtshe context of the formed hybrid.

Another parameter of interest is the observed lyypemicity upon heating the solution,

comparing the absorption at room temperature an@0a€C. Last but not least the

difference in the spectra comparing the low iontiersggth case with the high ionic

strength case can lead to some preconclusion dbeunfluence of the natural on the
artificial part.

The temperature dependent UV-Vis spectrdafll show a hyperchromic effect upon
heating in the different areas of absorption. Femtiore the isosbestic point at 364 nm
can be used as a hint for a two state model (Figurg A melting temperature of the
hybrid was determined to be 71.5°C in the caseD6frhM NaCl and 68°C at 4 M NaCl

(Figure 2.2).

Intensity (a.u.)
Intensity (a.u.)

90T
80T
70T
60T
50C

—— 90T
— 80T
70C
—— 60T
50C

20T

—— 20T

250 300 350 400 450 250 300 350 400 450

Wavelength (hnm) Wavelength (nm)

Figure 2.1 Temperature dependent (arrows indicate increasenperature) UV-Vis spectra of hybiil -

Il at (eft) low ionic strength (100 mM NacCl) andight) at high ionic strength (4 M NaCl) with insets
showing the isosbestic points indicated by an armwaditions: 1 pM singlestrand concentration, 1@ m
phosphate buffer (pH 7.4).
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——o&— heating ramp ——&— heating ramp
-&— cooling ramp —-e— cooling ramp

D1 100mM NaCl D1 4M NaCl
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Hyperchromicity @ 270nm (%)
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Temperature (C) Temperature (C)

Figure 2.2 Melting profile of hybridD1-1l monitored at 270 nm aleft) low ionic strength (100 mM NacCl)
and fight) at high ionic strength (4 M NaCl); conditions: .IM singlestrand concentration, 10 mM
phosphate buffer (pH 7.4).

Temperature dependent UV-Vis spectra for all theiohybrids were recorded and there
is a hyperchromic effect upon heating visible inhgbrids although to different extend.
For hybridsD1-1l to D4-Il there is always an isosbestic point observabléhénlow
energy absorption band of the pyrenyl units suppgra two state model he melting
profiles recorded show a larger hyperchromic effiectthe case of 4 M NaCl and

additionally the transitons in the high ionic case sharper.
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Figure 2.3 Temperature dependent UV-Vis spectra of hyltl at (eft) low ionic strength (100 mM

NacCl) and (ight) at high ionic strength (4 M NacCl); conditionsuM singlestrand concentration, 10 mM
phosphate buffer (pH 7.4).
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Figure 2.4 Melting profile of hybridD2-1I monitored at 270 nm aleft) low ionic strength (100 mM NacCl)

and fight) at high ionic strength (4 M NaCl); conditions: M singlestrand concentration, 10 mM
phosphate buffer (pH 7.4).
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Figure 2.5 Temperature dependent UV-Vis spectra of hyl&HIl at (eft) low ionic strength (100 mM
NacCl) and (ight) at high ionic strength (4 M NacCl); conditionsuM singlestrand concentration, 10 mM

phosphate buffer (pH 7.4).
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Figure 2.6 Melting profile of hybridD3-1I monitored at 270 nm aleft) low ionic strength (100 mM NacCl)

and fight) at high ionic strength (4 M NaCl); conditions: (@M singlestrand concentration, 10 mM
phosphate buffer (pH 7.4).
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Figure 2.7 Temperature dependent UV-Vis spectra of hylrtl at (eft) low ionic strength (100 mM
NacCl) and (ight) at high ionic strength (4 M NacCl); conditionsuM singlestrand concentration, 10 mM

phosphate buffer (pH 7.4).

Starting with hybridD5-11 the difference between 100 mM NaCl and 4 M NaClobees

obvious. Changing the units in the hybrid from eéigh ten suddenly results in the
resolution of vibronic structures in the absorptimands of the pyrene units hinting for a
distinct organization resulting in a reduction ofational freedom. This effect is then also
observed for hybrid®6-1l andD7-1l with twelve and fourteen units in the hybridized
duplex. The well resolved vibronic bands vanish up@ating in agreement with the

melting of the formed duplex and disruption of ihrstrand interactions.
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Figure 2.8 Temperature dependent UV-Vis spectra of hylril at (eft) low ionic strength (100 mM
NacCl) and (ight) at high ionic strength (4 M NacCl); conditionsuM singlestrand concentration, 10 mM

phosphate buffer (pH 7.4).
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Figure 2.9 Temperature dependent UV-Vis spectra of hyl@l at (eft) low ionic strength (100 mM
NacCl) and (ight) at high ionic strength (4 M NacCl); conditionsuM singlestrand concentration, 10 mM

phosphate buffer (pH 7.4).
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Figure 2.10 Temperature dependent UV-Vis spectra of hyli@dll at (eft) low ionic strength (100 mM
NacCl) and (ight) at high ionic strength (4 M NacCl); conditionsuM singlestrand concentration, 10 mM

phosphate buffer (pH 7.4).

When looking at the control hybrid8-II also there the resolution of vibronic bands is

comparable to hybridS5-11, D6-Il andD7-1l (Figure 2.11).
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Figure 2.11 UV-Vis spectra of hybridD8-Il at low ionic strength (100 mM NaCl) and at highnio
strength (4 M NaCl) at 20°C; conditions: 5 uM sesltand concentration, 10 mM phosphate buffer (pH
7.4).

Fluorescence spectroscopy

Fluorescence spectroscopy can give valuable infitomaon the organization of the
pyrene units. The case of duplBi-Il is a special case in the whole series of hybrids a
this hybrid contains only one pyrene unit in thegé strand and therefore is supposed to
emit only monomer emission upon melting and shoexdhibit interstrand excimer
formation upon hybridization. In all the other hygs the formation of intramolecular
excimer formation is expected and for these hylthésexact emission wavelength of the
excimer emission band depending on the temperaamegive valuable information on
the level of organization.

The temperature dependent fluorescence specfttd-of shows the expected change in
emission from the typical structured monomeric aois around 400 nm at 90°C to the
broad and structureless band around 500 nm whiattributed to excimer emission. This
behavior confirms the desired arrangement of the pyrene moieties being in close
proximity. Comparing the excimer to monomer rato the low and the high ionic case
one can see that in the prescence of 4 M NaCl#tis is much larger. It seems that the

proportion of the excimer emission is increasednayeasing the salt concentration. A
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possible explanation can be found by looking at émeission wavelength. For the
physiological conditions the emission wavelengtb@2 nm for the excimer band and for
the high ionic strength the emission wavelengthG6 nm. The increase in ionic strength
and the thereby increased polarity of the solvemh dave an influence on the
hydrophobic interactions between the pyrene maetie one hand side and thereby
modulating there interactions. Furthermore the iptsschange in helicity of the DNA
part can also change the exact placement of the pywene moieties and thereby
changing the energy of the excimer emission.
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Figure 2.12 Temperature dependent fluorescence spectra ofchilirll at (eft) low ionic strength (100
mM NacCl) and (ight) at high ionic strength (4 M NaCl); conditionsuM singlestrand concentration, 10
mM phosphate buffer (pH 7.4), excitation waveler@f® nm.

For the hybrids with at least two incorporated py® per singlestrand namd)2-1l to

D7-11 the picture of the temperature dependent fluorescepectra looks different. In all
those hybrids there is not only the possibilityiterstrand excimer formation but also
intramolecular excimer emission is observed. Theiguo of monomer emission is almost

neclectable for all those hybrids.
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The hybrid with two pyrene incorporations per seasgfandD2-Il shows fluorescence
spectra which are dominated by the excimer emisaithiough the maximum of emission
as well as the intensity is changing dependinghent¢mperature. The emission at 20°C
(507 nm for 100 mM NaCl and 510 nm for 4 M NaClatsributed to an overlap of inter-
and intrastrand excimer formation. An increaseemperature leads first to a decrease in
intensity and further heating is accompanied byuadhift in excimer emission (499 nm
for 100 mM NaCl and 500 nm for 4 M NaCl) which igributed to intrastrand-only
excimer formation as the hybrid melts and interstr@xcimer formation is no longer
possible. Also for this hybrid there is a slightfelience of 3 nm in excimer emission
wavelength between the low and the high ionic aabiEh could be attributed to the
change in helicity of the DNA part. As the duplexmelted the emission wavelength
seems to be the same in the singlestrand at pbgsial conditions as well as in high
ionic strength supporting the influence of the ¢igh of the formed duplex on the

excimer emission wavelength in the hybridized state
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Figure 2.13Temperature dependent fluorescence spectra ofchie-1l at (eft) low ionic strength (100
mM NacCl) and ight) at high ionic strength (4 M NaCl); conditionsuM singlestrand concentration, 10
mM phosphate buffer (pH 7.4), excitation waveler@fo nm.

Further increase in the number of pyrenyl unitdseto the observation of the same
behavior as for hybridD2-1l until D4-1l namely a red shift of excimer emission

wavelength upon hybridization. When looking at theaxima of the emission
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wavelength, hybridD5-1I somehow marks a turning point in the manner thesson
wavelength evolved with changing of temperaturethfsnumber of pyrene units reaches
the number of five per singlestrand the excimerssmn wavelength is no longer
redshifted upon hybridization but first f@5-11 in the case of low ionic strength stays the
same at 20°C and at 90°C and then is blueshifted agbridization foD6-11 andD7-I1I
and in the case of high ionic stren@b-II, D6-11 andD7-Il show the same blueshift in
excimer emission upon hybridization. This changegedeling on the number of
incorporated pyrene moieties is in agreement with grevious study which has shown
that the pyrenyl units arrange themselves in aakfashion starting with six units [48].
The blueshift in excimer emission upon hybridizatwas assigned to the helical twisting
of the pyrene units. In this study the high iorti@sgth leads to this blueshift in excimer

emission already with five pyrene units.
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Figure 2.14 Temperature dependent fluorescence spectra ofchi3-1l at (eft) low ionic strength (100
mM NacCl) and ight) at high ionic strength (4 M NaCl); conditionsuM singlestrand concentration, 10
mM phosphate buffer (pH 7.4), excitation waveler@f® nm.
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Figure 2.15 Temperature dependent fluorescence spectra ofchildr1l at (eft) low ionic strength (100
mM NacCl) and (ight) at high ionic strength (4 M NaCl); conditionsuM singlestrand concentration, 10
mM phosphate buffer (pH 7.4), excitation wavelergf® nm.
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Figure 2.16 Temperature dependent fluorescence spectra ofchilar1l at (eft) low ionic strength (100
mM NacCl) and ight) at high ionic strength (4 M NaCl); conditionsuM singlestrand concentration, 10
mM phosphate buffer (pH 7.4), excitation wavelergf® nm.
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Figure 2.17 Temperature dependent fluorescence spectra ofchiiér1l at (eft) low ionic strength (100

mM NacCl) and ight) at high ionic strength (4 M NaCl); conditionsuM singlestrand concentration, 10
mM phosphate buffer (pH 7.4), excitation wavelergf® nm.
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Figure 2.18 Temperature dependent fluorescence spectra ofchir1l at (eft) low ionic strength (100
mM NacCl) and (ight) at high ionic strength (4 M NaCl); conditionsuM singlestrand concentration, 10
mM phosphate buffer (pH 7.4), excitation wavelergf® nm.
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Figure 2.19Wavelength of the emission maxima of the excirhareéscence for the hybrid¥?-11 to D7-
Il in function of the temperature at 100 mM NaCl amtcation.
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Figure 2.20Wavelength of the emission maxima of the excirharescence for the hybrid¥?-11 to D7-
Il in function of the temperature at 4 M NaCl concatidn.
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Circular dichroism experiments

By circular dichroism spectroscopy the main focuaswon the investigation of the
conformation first of the DNA weather it changes helicity and secondly on the
influence it would have on the arrangement of threpyl units.

For hybridD1-II the dominating part of the CD spectrum is the DNekt@and it can be
nicely shown that at physiological conditions thight-handed B-DNA is found
characterized by a maximum at 276 nm and a threagb2 nm. The absorption region
of the pyrene only does not show a significant aligiChanging to 4 M NaCl the
spectrum show the characteristic near inversigh@tignal with a negative signal at 293
nm and a positive signal at 270 nm. These sigrmal€laarly assigned to the left handed
Z-DNA. Furthermore there is a positive although kvealuced type of CD signal with a
maximum at 349 nm which corresponds to the pyremg absorption (Figure 2.20).
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Figure 2.21 Circular dichroism spectra of hybrid1-Il at 100 mM NaCl (red) and at 4 M NaCl (blue);
conditions: Singlestrand concentration 5 pM, 2CBCMM phosphatebuffer.

For hybridD2-11 the signature of the natural part does not chamgesticks to the same
behavior namely being right-handed B-DNA at 100 mEICI with no CD signal around
350 nm and showing the characteristic left-handddNA signature at elevated ionic



Chapter 2 58

strength. The big difference arises then with theckum at 4 M NaCl showing an
exciton coupled type of CD with a negative cottfiea at 374 nm and a positive cotton

effect at 346 nm (Figure 2.21).
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Figure 2.22 Circular dichroism spectra of hybr@d2-1l at 100 mM NaCl (red) and at 4 M NaCl (blue);
conditions: Singlestrand concentration 5 uM, 2CBCMM phosphatebuffer.

As the signals are weak in intensity for the hybraith only single and double
incorporation in the singlestrand especially in tase ofD2-I the hybrids were also

measured at a higher concentration (Figure 2.23).
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Figure 2.23Circular dichroism spectra of hybrigil-Il andD2-Il at100 mM NacCl (red) and at 4 M NacCl
(blue); conditions: Singlestrand concentration M), 20°C, 10 mM phosphatebuffer.

HybidsD3-Il andD4-11 show also the B-form at physiological conditionsl ahe Z-form
under high ionic strength but for those two cabkesd is no CD signal detectable at lower

energy than 300 nm in contrasta-1l andD2-II (Figure 2.24 and 2.25).
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Figure 2.24 Circular dichroism spectra of hybrid3-Il at 100 mM NacCl (red) and at 4 M NaCl (blue);
conditions: Singlestrand concentration 5 uM, 2CBCmMM phosphatebuffer.
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Figure 2.25 Circular dichroism spectra of hybrid4-Il at 100 mM NacCl (red) and at 4 M NaCl (blue);
conditions: Singlestrand concentration 5 pM, 2CBCMM phosphatebuffer.

Hybrid D5-11 shows also the change in helicity in the DNA pathwhe change in NaCl

concentration but for this chimera there is antexccoupled type of signal visible with a

positive cotton effect at 365 nm and a negativéocoeffect at 335 nm. In contrastD@-

Il this coupling effect is of inverse nature (Figar26).
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Figure 2.26 Circular dichroism spectra of hybrid5-1 at 100 mM NaCl (red) and at 4 M NaCl (blue);
conditions: Singlestrand concentration 5 uM, 2CBCmMM phosphatebuffer.

The CD spectra of hybrid6-1l shows similar tdD5-Il the B to Z change of the DNA
part. For this hybrid the exciton coupled CD sigaa¥ M NacCl is of the same overall
signature (+/-) as iD5-1 but the cotton effects are more intense and aeclmok
reveals that this is not a simple exciton coupl&l it there seems to be an overlap of

multiple cotton effects (-/+/+/-) (Figure 2.27).
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Figure 2.27 Circular dichroism spectra of hybrid6-Il at 100 mM NaCl (red) and at 4 M NaCl (blue);
conditions: Singlestrand concentration 5 pM, 2CBCMM phosphatebuffer.

This multiple cotton effects at elevated ionic sg#h are much better visible for the
hybrid D7-II (Figure 2.28). There is first a negative cottoreetffat 378 nm followed by a
positive cotton effect at 363 nm which could begresd as the first exciton couplet. This
pair is followed by a positive cotton effect at 348 and a negative effect at 330 nm
building the second coupling pair. At physiologicainditions there is no distinct CD

signal in the region at lower energies visible.
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Figure 2.28 Circular dichroism spectra of hybrid7-1l at 100 mM NacCl (red) and at 4 M NaCl (blue);
conditions: Singlestrand concentration 5 pM, 2CBCMM phosphatebuffer.

The comparison to the hybrid8-11 shows that these multiple cotton effects are also
present in chimeras without the possibility to dmrtheir helicity. The pattern at 4M
NacCl is the same (-/+/+/-). The maxima of all tififeets match exactly the wavelength of
hybrid D7-I1. The difference lies in the intensities of thensilg. In the case &@8-11 one
encounters much more pronounced signals and tleeheiween the exciton couplets at
higher energy and at lower energy is larger. Anositreking difference can be seen under
physiological conditions. Whereas there seems stindt organization of the pyrene
units in the case dD7-1l showing no CD signal there is an exciton type &f signal
visible in the case dD8-1l1 with a positive cotton effect at 357 nm and a tiggacotton

effect at 335 nm although with weak intensities.
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Figure 2.29 Circular dichroism spectra of hybrid8-Il at 100 mM NacCl (red) and at 4 M NaCl (blue);
conditions: Singelstrand concentration 5 pM, 2CBCMM phosphatebuffer.

The self-complemetary nature of the oligonucleopde was addressed by looking at the
CD spectra of the corresponding singlestra@#l3-11 and ON14-11 at low and high
NaCl concentration and compared to the hyWidll under these conditions (Figure
2.30). At physiological conditions the singlestranghow a typical B-DNA shape
comparable to the hybrid7-11. Also the singlestrands do not show any signalghé
pyrene only absorption area. When increasing the istrength also the singlestrands
show an organization in the pyrene part althougldiierent nature than the hybrid.
ON14-1I shows also an exciton coupled CD whereas the ebu almost
superimposible with the exciton couplet of the leighnergy in the case DBf7-11. ON13-

Il also shows some cotton effects but of much smialtensity. The negative band at 292
nm typical for Z-DNA though is only observed in tkase ofD7-11 and not for the

singlestrands.
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Figure 2.30Circular dichroism spectra of hybridl7-11 in comparison with the corresponding singlestrands

ON13-Il and ON14-1l at 100 mM NaCl (red) and at 4 M NaCl (blue); condigorSinglestrand
concentration 5 pM, 20°C, 10 mM phosphatebuffer.

2.4 Conclusion and outlook

It has been shown that the number of attached pyweits is crucial for their degree of
organization. The organization of the pyrenyl Erphysiological conditionseems not
to be defined for the hybridB1-1l to D7-l1l. Only hybrid D8-1I shows a preferred
organization already at physiological conditionbeTreason for this fact can be maybe
found in the self-complementary nature of the aléing cytosine/ guanine motif of
hybrids D1-11 to D7-1l. There is not only the desired hybridization betwehe two
singlestrands possible but also a self-pairing lmammagined. Furthermore there is also
the possibility to hybridize in a slipped fashionghifting the pairing oligonucleotides by
two basepairs. Another point to consider is thggprtbon of pyrene to nucleotides which
differs in hybridD8-II in that the pyrene portion is dominating by shaanber. FoD8-

Il the base-pairing pattern is unambiguous and mayefibre lead to a distinct

arrangement of the pyrene units already at 100 na@IN
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At elevated ionic strengtf# M NacCl) the hybrids show different behaviortie pyrenyl
region but they have all in common that the desig&dto Z transition of the
oligonucleotide is actually taking place. The hgdpl-1l shows an induced type of CD
without any coupling which could also be origingtifrom self-pairing of the
singlestrands. Hybri®2-11 then shows an exciton coupled CD with a negathieality
which can indeed be interpreted as the pyrenylsumitange in a way by following the
left-handed helicity of the oligonucleotide partyldiids D3-11 andD4-11 both represent
chimeras without a distinct organization of thegmyl units. These two hybrids take an
intermediate position in the whole series. It cob&largued that the number of pyrene
units and the number of nucleotides are both imgehaf the formation of the duplex and
that none of them is truly taking the leader rdieréby forming a variety of different
hybrids. HybridD5-II containing five pyrene units in each singlestrahdws then the
exciton coupled CD with positive chirality as allgaobserved for the sandwichtype
arrangement [48]. In this hybrid the interstranttés excerted by the pyrenyl units seem
to become dictating and behave independently oh#étieity of the oligonucleotide part
which is clearly in a left-handed for®6-11 andD7-Il both show an even higher degree
of organization in the pyreyl part as manifested tbg multiple cotton effects. The
signature observed is similar to the control du@@xll and shows that the pyrenyl part

organizes independently of the helicty of the aligdeotid part.

The elevated ionic strength used in this study gtbthat it does not only effect the
oligonucleotide part thereby promoting the desiBetb Z transition but it significantly
influences the arrangement of the pyrene units @b W has been shown that there
exsists a delicate balance between the forcestexicby the nucleobases and the pyrene
units. With only two and four pyrene units in thgbhd the oligonucleotide part dictates
their arrangement. Increasing the number to sixeiglt respectively the two parts are
on the same level of dictating power. Starting wih units in the duplex the pyrene
units start to organize independently and with weeind fourteen units this independent

organization is even increased and more pronounced.
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The study in this chapter has the major drawbackneblving a self-complementary
oligonucleotide sequence which increases the plessituctures formed and making the
analysis harder. One possible way around that erolgould be to choose an alternating
pyrimidine/ purine motif but without just using ogine/ guanine only but also
incorporation of adenine and thymine residues themreventing the formation of self-
paring and having only one possible hybrid struetuAnother possibility it the
attachment of a guiding mixed sequence before lteenating d(CG) sequence thereby

making the self-pairing almost impossible (Chagier

2.5 Experimental Section

The synthesis of the required non-nucleosidic pgrdouilding block with the
corresponding C3 linker was done according to thidiphed procedure [34]. Nucleoside
phosphoramidites were purchased from SAFC (PrdRgagents) with dG (dmf), dC (ac)
and dA (bz). Oligonucleotide®©N1-II to ON14-1l were prepared via automated
oligonucleotide synthesis using standard phosphditen chemistry (Activator:
Ethylthiotetrazole) on a 394-DNA/RNA synthesizeApplied Biosystems The
oligonucleotides with the non-nucleosidic pyrenegetoat the 3'- end were prepared on
an already prepared CPG (controlled pore glasspatupwnith a first pyrene moiety
already attached to it. For the unnatural buildahgck, which was coupled using 0.1 M
solutions in 1,2 -dichloroethane, coupling timesevacreased to 120 seconds instead of
25 seconds used for the natural nucleosides. &d¢gafrom the solid support and final
deprotection was performed manually by treatmernl 80% NHOH solution at 55°C
overnight. All oligonucleotides were purified bywegse phase HPLC (Instrument: LC-10
AT from Shimadzuwvith a UV detector, column: LiChrospher 100 RR-88m, MercK);
eluent A= (EfNH)OAc (0.1 M, pH 7.4); eluent B= 80% MeCN + 20%uEht A;
gradient 5-50% B over 38 min.
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For the determination of oligonucleotide stock solu concentrations, small samples
were diluted to 10% and the absorbance at 260 nenmeasured on a Nanodrop ND-
1000 Spectrophotometer froithermo ScientificEpsilon values were calculated using
15300, 11700, 7400 and 9000 for A, G, C and T,eetyely, and 8600 for the pyrene
building block.

Molecular mass determination of the oligonucleatideas performed with a Sciex
QSTAR pulsar (hybrid qudrupole time-of-flight magsectrometerApplied Biosystems
ESI-MS (negative mode, GBN/H,O/TEA) data of the compoundSN1-ON14 are
presented in Table 2.2

Entry | Oligo Duplex Bruttoformula Calc. Found
# aver. mass mass

D1y | ONI (5) CGCGCGCG S Caod120N3055Ps 2878.0 2878.1
ON2-Il (3) GCGCGCGC S Ci00H120N34055Pg 2878.0 2879.0

D2-1l | ONa-li (5) CGCGCGCG Sss Ci24H14N36058P9 33445 3343.9
ON4-Il (3) GCGCGCGC SsS C124H143N36058Pg 33445 3344.0

D3-11 | ONS5-II (5 CGCGCGCG SSS CiagH166N28064P10 3810.9 3809.9
ONe-li (3) GCGCGCGC SSss CiagH166N38064P10 3810.9 3811.0

D4-Il | ON7-lI (5") CGCGCGCG SSSS Cr7H18N10070P11 4277.3 4277.0
ONg-II (3) GCGCGCGC SSss Ca7H18N40070P1 4277.3 4277.0

D5-1I | ONe-l (5') CGCGCGCG SSSSS Ci9eH21N45076P12 4743.8 4744.0
ONIO-Il | (3) GCGCGCGC SSSSS CrotH21N45076P1 47438 4744.0

D6-Il | ON11-ll | (5') CGCGCGCG SSSSSS CoadH23N440g2P13 5210.2 5210.2
ON1z-li (3) GCGCGCGC SSSSSS Coo0H238N44085P13 5210.2 5209.0

D7-Il | ON13-ll | (5 CGCGCGCG SSSSSSS CoadHosN26O0ssP14 5676.6 5676.0
ON14-Il | (3) GCGCGCGC SSSSSSS Co44H285N46085P14 5676.6 5676.0

Table 2.2Mass spectrometry data (brutto formula, calculateslage mass, found mass).
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Thermal denaturation experiments (1 uM singlestrand oligonucleotide concentration,
10 mM phosphate buffer pH 7.4, with varying NaChcentration as indicated in each
case) were carried out on Varian Cary 100 Bio U¥ible spectrophotometer equipped
with a Varian Cary temperature controller and daggie collected with Varian WinUV
software at various wavelengths as indicated irh ezse. Cooling- heating- cooling
cycles in the temperature range of 90°C to 15°Caahdating/ cooling rate of 0.5°C/ min
were used and data points every 0.5°C were recorBeda were analyzed with
KaleidaGraph 4 software fro®ynergy Softwarelemperature melting values{JTwere
determined as the maximum of the first derivati¥¢he melting curves. If necessary the
curves were smoothed with a window of 5 in ordegéb a reasonable maximum of the

first derivative.

Temperature dependent UV-Vis spectravere collected from 90°C to 20°C on a Varian
Cary 100 Bio UV-Visible spectrophotometer equippeth a Varian Cary temperature
controller. All experiments were carried out at gul singlestrand oligonucleotide
concentration in 10 mM phosphatebuffer (pH 7.4) #mel indicated concentration of
NacCl.

Temperature dependent fluorescence spectravere recorded from 90°C to 20°C on a
Varian Cary Eclipse fluorescence spectrophotometguwipped with a Varian Cary
temperature controller (excitation wavelength a0 3@m, excitation and emission
slitwidth as well as the detector voltage were a@raccording to the experiment as
indicated). All experiments were carried out witlsiaglestrand concentration of 1 uM.

Data were analyzed with KaleidGagraph 4 softwasef8ynergy Software

Circular dichroism spectra were recorded on dASCO J-715 spectrophotometer
equipped with a PFD-350S temperature controllelreAperiments were carried out with
a singlestrand concentration of 5 uM (if not indggch in 10 mM phosphatebuffer (pH
7.4) and the indicated NaCl concentration.
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Chapter 3: Influence of a B-Z transition on
chromophore organization in trisegmental
chimeric constructs

3.1. Abstract

In this chapter the influence of the DNA part oe tirganization of a pyrenyl stretch in
function of the ionic strength is shown. The nomieasidic pyrenyl stretches are
behaving differently weather attached to one siflea dMNA duplex or if they are
embedded in between two DNA segments. Putting tN&A @lready at physiological
condition to the left-handed form seems to inflieenkhe arrangement of the pyrenyl
stretch considerably in comparison to the case evkiee DNA part is converted to the

left-handed form.

3.2. Introduction

Based on the results of the bisegmental studyeothiimeras of a natural oligonucleotide
part and an artificial oligopyrenyl part (see cleapR), a system was developed,
consisting of three different segments in the char(@able 3.1). The segment common
to all of the designed chimeras is the oligopyrgmayit, having 7 non-nucleosidic pyrene
moieties which have proofed to be necessary inrdad®rm a helical arrangement. The
attached natural oligonucleotide segments are #i@ble element and may result in

different arrangements of the pyrenyl part undéed@nt conditions.

3.3. Results and Discussion

D1-1ll andD2-1ll were designed also accordingly to chapter 2, withpotentially Z-
DNA segment directly attached to the oligopyrengttdrom one side and additionally
the GC part was elongated with a third segmentadfinal oligonucleotide part which
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adopts canonical B-DNA. This part was attachedrolepto prevent self association of
the single strand and increasing the stability lod desired duplex. The difference
betweenD1-Ill andD2-1ll lies in the guanosine nucleoside in the CG fornseguence.

In the case oD2-Ill the guanine was replaced by the 8-bromo-guaninehwhcilitated
the B-Z transition by adopting thsyn conformation and enables the study of the
transition already at physiological conditions dayv ionic strength. This construct was
designed in order to distinguish between the imdirefluence of the increased ionic
strength by changing the helicity of the naturagahucleotide part from right to left
handedness and the direct influence the increaalédancentration might have on the
oligopyrenyl stretch.

D3-1ll represents a sandwich type arrangement of the fhaigs having on one side of
the oligopyrenyl strand the potential Z-formingraknt and on the other side a sequence
which should be predominantly in the B-form. Thisexactly the same mixed sequence
as has been used for tbé-Ill andD2-Ill in order to stabilize the desired arrangement.
This chimera could show the influence of differemindedness exerted on the
oligopyrenyl part from two sides.

Finally the duplexD4-1ll represents the natural part DfLl-Ill only and is used to

attribute the contribution to thermal stabilitytbe pyrenyl stretch of dupleX1-I1ll .
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Entry Oligo # Sequence Tm
)
D1-lll ON1-lll (57) ACG TGA CGC GCG CG SSSSSSS(37)
ON2-lII (3") TGC ACT GCG CGC GC SSSSSSS(5Y) 78.1
D211l ONB-lll (57) ACG TGA CG*C G*CG* CG* SSSSSSS(3))
ON4-III (3) TGC ACT G*CG* CG*C G*C SSSSSSS(5") 69.3
D3-1I ONS5-lI (5) ACG TGA SSSSSSS CGC GCG CG (3)
ONe-lil (3") TGC ACT SSSSSSS GCG CGC GC (5°) 57.2
D4-IIl ON7-lll (57) ACG TGA CGC GCG CG (3)
ON8-lil (3") TGC ACT GCG CGC GC (5°) 69.1
_ ? H ng H (\j\
S= Jro—gjo\/\/N S d NMO—Zjof
S
o]
HM \'\\ -
G* = Mezﬂ-on-HJ::IN'} °
CihATID 0
O-F-N(Fr)g
2-CGHEE

Table 3.1Hybridization data (Tm, °C) of different oligonedtides duplexes containing a stretch of pyrene
based building blocks with a three carbon linkerg8d with a 8-Bromo-guanine (G*). All measurements
were carried out at pH 7.4 in phosphatebuffer &3@mhM NacCl.

Melting experiments (monitored at 260 nm)

To get an idea about the thermal stability of tlesiced hybrids, melting experiments
were carried out at physiological conditions. Theo t“end-attached” oligopyrenyl
hybridsD1-11l andD2-11l were compared to the natural reference dupiéxll in order
to get some idea about the contribution of the mylranits to the overall stability of the
hybrids. Furthermore the direct comparison was iptesssbetween the end-attached

variant and the sandwich type incorporated pyremes.u

For all the hybrids the melting profile did not shany hysteresis and the cooling-
heating-cooling cycle was superimposable for albrlds. The sharpness of the

transitions was different for the different arramgmnts. The oligopyrenyl part end-
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attachedD1-1ll andD2-IIl) results in sharper transitions in comparison &gandwich-
type architecture. The modified oligopyrenyl parings about 9°C stability t®1-II
(78.1°C) in comparison to the fully natural referenhybrid D4-1ll (69.1°C).
Furthermore the hybrid shows a very sharp tranmsibat reduced hyperchromicity at
260nm (8%) foiD1-1ll compared to the natural hybi-Ill (14%). This difference can
be attributed to the overlap of absorption of tlaural nucleobases and of the pyrenyl
absorption bands and their intrinsic hyperchrorfiecs.

D2-1ll (69.3°C) shows the same melting temperature as the referémglex D4-11|
(69.1°C) which can be explained by attributing ajaiae effect of the 8-Bromo-dG
(which lies in thesyn conformation) on the thermal stability of the dayplhile having
an opposing positive (stabilizing) effect of thegaye moieties as seen in the cas®bf

lIl . So it is by chance that the two hybrid2-111 andDA4-lll show the same thermal
stability. In addition also the transition BR-1ll is sharp in nature and hints for a high
level of cooperativity.

The profile forD3-111 is not that sharp in nature as the other hybrias the thermal
stability is decreased by almost 12°C in comparieoD4-IlIl (57.2°C for hybridD3-III
and 69.1°C for hybrid4-IIl) . The main difference is that the modified non-eosidic
part is embedded in a sandwichtype manner in betwee natural oligonucleotide part
thus disrupting the continuous stack present ithallother hybrids. The disruption of the
natural oligonucleotide part not only results itower level of cooperativity seen by the

less sharp transition but it also leads to a Iawermal stability.
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Figure 3.1 Thermal melting profile oD1-1ll to D4-1ll at 100 mM NaCl, 10 mM phosphatebuffer,

monitored at 260 nm.
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Figure 3.2 Melting profile of D1-111 (left) andD2-l1ll (right) at 100 mM NaCl, 10 mM phosphatebuffer,

monitored at 260 nm.
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Figure 3.3 Melting profile of D3-111 (left) andD4-lll (right) at 100 mM NaCl, 10 mM phosphatebuffer,
monitored at 260 nm

UV-Vis absorption oD1-lll at low and high NaCl concentration

The temperature dependent absorption spectrumbsichip1-11l at 100 mM NaCl shows
three main absorption bands which mainly correspanthe absorption bands of the
pyrenyl moiety, with maxima at 349 nm, 272 nm amb 2nm (Figure 3.4). The
absorption band of the oligonucleotide part aro@66 nm is only weakly visible and
overlapped by the pyrene absorption. The hypercitreffect upon heating can be nicely
seen in all of the three main absorption bandath the band at 349 nm only shows
the weakest hyperchromic effect since this bandoisoverlapped by the absorption of
the natural part. The increasing absorptivity betwe/0°C and 80°C is in good
agreement with the determined melting temperatd@1¢C) and a result of interstrand
pyrene aggregation.

Another feature of the spectrum is the observagshestic point at 372 nm which hints
for a two-state model for the melting behavior bé thybrid. Additionally all three
absorption bands show a vibronic fine structureiminfor reduced rotational freedom of
the pyrene moieties in the hybrid. This reduceddoen is lost again going from the low
to high temperature by the melting process and thsappearance of the vibronic

structure.
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Figure 3.4 Temperature dependent UV-Vis absorption specttaybfid D1-111 (arrow indicates isosbestic
point). Oligonucleotide concentration: 1 M, 100 mCl, 10 mM phosphatebuffer pH 7.4.

The temperature dependent UV-Vis absorption spesftaybrid D1-111 at high ionic
strength (4 M NacCl) shows several features whiehdififerent from the case at low ionic
strength. Again the three bands arising form thepy moieties are again nicely visible.
The overall absorptivity of these bands thoughethuced in all three cases hinting for a
closer packing of the pyrene molecules and thugpad¢hromic effect in comparison to
the low ionic strength. As in analogy to the lownim strength also at 4 M NaCl
concentration the hyperchromic effect upon incregashe temperature is nicely visible
for all three bands although more pronounced fertto high energetic bands.

The most striking difference is the much more proreed occurrence of the vibronic
structure. Especially in the case of the 350 nmditlie vibronic structure is very well
defined hinting for the further reduced rotatiofréledom of the pyrene moieties in the
hybrid. The absence of isosbestic point hints forcae complex model in comparison to

the case at low ionic strength.
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Figure 3.5 Temperature dependent UV-Vis absorption spectrahyfrid D1-11l . Oligonucleotide
concentration: 1 uM, 4 M NaCl, 10 mM phosphatebugid 7.4.
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Figure 3.6 Comparison of the UV-Vis absorption spectra of iy 1-1ll at 100 mM and 4 M NacCl at
20°C. Oligonucleotide concentration: 1 uM, 10 mMbgbhatebuffer pH 7.4.
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UV-Vis absorption oD2-1ll at low and high NaCl concentration

Comparable to the hybrid1-1ll at low ionic strength the temperature dependent
absorption spectra of hybrl@2-1ll show the same three absorption bands (349 nm, 272
nm, 245 nm). The intensities are reduced thoughtlaadhyperchromic effect is reduced
as well compared t®1-Ill . Looking especially at the 350 nm absorption band can

see the weak vibronic structure of the band whghhen vanishing once going to
elevated temperatures. The indicated isosbestiat @bi369 nm is exactly at the same
wavelength as iD1-Ill . Additionally, there are two more isosbestic ppivisible at 307

nm and at 290 nm (Figure 3.7).
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Figure 3.7 Temperature dependent UV-Vis absorption spectrahyfrid D2-111. Oligonucleotide
concentration: 1 uM, 100 mM NacCl, 10 mM phosphatfgspH 7.4.

The temperature dependent spectra of hyb&ell at elevated ionic strength shows also
a reduced absorptivity compared to the low ionicergjth. The reduction of the
hyperchromic effect upon heating the system is el wisible. The appearance of well

resolved vibronic bands upon cooling is in analtmgthe hybridD1-IlI .
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The vibronic bands are most pronounced for theratiso band at 245 nm and 350 nm.
The band at the energy between those bands shdwsveak vibronic bands probably
due to the overlap of the absorption bands of #taral bases and the pyrene absorption

band around 270 nm. The lacking of isosbestic pdimmts for a more complex model

than just two states.
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Figure 3.8 Temperature dependent UV-Vis absorption spectrahgfrid D2-111 . Oligonucleotide
concentration: 1 uM, 4 M NaCl, 10 mM phosphatebufid 7.4.
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Figure 3.9 Comparison of the UV-Vis absorption spectra of igyib2-111 at 100 mM and 4 M NacCl at
20°C. Oligonucleotide concentration: 1 uM, 10 mMbgbhatebuffer pH 7.4.

UV-Vis absorption oD3-1ll at low and high NaCl concentration

The main three absorption bands typical for theepgrbuilding block incorporated into
the hybrid are again seen also in hyl®@HIl which has the sandwich type arrangement
of the pyrenyl stretch in contrast to the end tgpangement oD1-Ill andD2-IIl . The
hyperchromic effect upon heating is well visibler fall three bands, indicating the
interstrand stacking of the pyrene molecules. Tyelchromic effect seems to be more
pronounced in this sandwich-type of trisegmentedragement. Fixation of both ends of
the oligopyrenyl stretch seems to be in favor atking interactions. Looking at the low
energy absorption band of pyrene again a vibromicire although weak is visible. In
addition an isobestic point at 372 nm is visible,stightly redshifted compared to the
hybridsD1-11l andD2-I1I .



Chapter 3 80

08

— 90T

— 80T

70C

60C

50C

— 20T
=
8
c
2
=
(o]
1)
Q
<

0 | | \\M- R J
250 300 350 400 450

Wavelength (nm)

Figure 3.10 Temperature dependent UV-Vis absorption spectrahydirid D3-Ill . Oligonucleotide
concentration: 1 uM, 100 mM NacCl, 10 mM phosphatfgspH 7.4.

Increasing the ionic strength to 4 M NaCl, res@dtmin in a decrease of the overall
absorptivity as in the other two hybrids althougk effect is not that drastic. The main
difference is found in the vibronic structure oéthbsorption bands. WhereashOa-III

and D2-Ill the vibronic structure was much better resolvednumcreasing the ionic
strengthD3-11l shows not at all that dramatic changes in the wilsrband structure. The
overall signature remains unchanged. In contrasD1slll and D2-11l where the
isobestic points were lost in high ionic strend@B;11l shows the appearance of two new

isobestic points at 292 nm and 303 nm.
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Figure 3.11 Temperature dependent UV-Vis absorption spectrahydirid D3-Ill . Oligonucleotide
concentration: 1 uM, 4 M NaCl, 10 mM phosphatebugid 7.4.
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Figure 3.12 Comparison of the UV-Vis absorption spectra ofig/id3-11I at 100 mM and 4 M NaCl at
20°C. Oligonucleotide concentration: 1 uM, 10 mMbgbhatebuffer pH 7.4.
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Fluorescence db1-lll at low and high ionic strength

The fluorescence properties of the hybrids weresonea depending on temperature and
ionic strength. In the case dd1-lll the spectra is dominated by the intra- and
intermolecular excimer emission. Whereas the eomssgitensity steadily decreases in
the case of 100 mM NacCl by increasing the tempegaitu the case of the high ionic
strength (4 M NaCl) the behavior of the intensity bhanging the temperature is
somewhat different: First the intensity decreasgmbreasing the temperature as in the
case of the physiological conditions. Increasing temperature beyond 60°C the
intensity is going to higher values again and reacthe same intensity at 90°C as it
shows for 20°C. The most interesting feature thoughthe change in emission
wavelength which stays in the case of low ioniersgith more or less constant (for 20°C
it is 503 nm and for 90°C it is 505 nm) while iretbase of the high ionic strength shows
a considerable shift of about 12 nm (for 20°C #95 nm and for 90°C it is 507 nm). So
the main difference lies in the hybridized form2&°C with a difference in emission

wavelength of about 8 nm.
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Figure 3.13Temperature dependent fluorescence spectra ofchirlll . Oligonucleotide concentration:
1 uM, 100 mM NacCl, 10 mM phosphatebuffer pH 7.4ciEation wavelength: 350 nm, detector: 800 V, slit
width: 5 nm/5 nm.
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Figure 3.14Temperature dependent fluorescence spectra ofchildrilll . Oligonucleotide concentration:
1 uM, 4 M NaCl, 10 mM phosphatebuffer pH 7.4. Exttdn wavelength: 350 nm, detector: 800 V, slit
width: 5 nm/5 nm.

Fluorescence db2-1ll at low and high ionic strength

The main difference ob2-1ll in comparison wittD1-11l is certainly the much higher
portion of monomer intensity (430 nm to 360 nm)exsally in the high ionic strength
case. The behavior of the emission wavelength abpgron temperature is the same for
D2-1ll as forD1-lll by showing almost no change at physiological coons (505 nm at
90°C to 504 nm at 20°C). In the case of the highicicstrength the blueshift upon
hybridization of about 7nm is comparable as wed5(Bm at 90°C to 498 nm at 20°C).
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Figure 3.15Temperature dependent fluorescence spectra ofchi2rl1l . Oligonucleotide concentration:
1 puM, 100 mM NacCl, 10 mM phosphatebuffer pH 7.4ciEation wavelength: 350 nm, detector: 800 V, slit
width: 5 nm/5 nm.
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Figure 3.16 Temperature dependent fluorescence spectra ofchp2rlll . Oligonucleotide concentration:
1 uM, 4 M NaCl, 10 mM phosphatebuffer pH 7.4. Exttdn wavelength: 350 nm, detector: 800 V, slit

width: 5 nm/5 nm.

Fluorescence dD3-lll at low and high ionic strength

Although the pyrene units are attached differemtlyhe case oD3-IIl the temperature
dependent emission wavelength changes in the saaneanas for th®1-11l andD2-

600 -
90T

—— 80T

500 - . 70T
—— 60T

——— 50T

400 |- S0

~

300

Intensity (a.u.)

200

100

Wavelength (nm)

Figure 3.17 Temperature dependent fluorescence spectra ofchi3+I1l . Oligonucleotide concentration:
1 pM, 100 mM NacCl, 10 mM phosphatebuffer pH 7.4ciEation wavelength: 350 nm, detector: 800 V, slit

width: 5 nm/5 nm.
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Figure 3.18 Temperature dependent fluorescence spectra ofchi3¢I1l . Oligonucleotide concentration:
1 uM, 4 M NacCl, 10 mM phosphatebuffer pH 7.4. Extitin wavelength:350 nm, detector: 800 V, slit
width: 5 nm/5 nm.

Circular dichroism oD4-lll

As the natural sequence used -l and D2-1ll can lead to a B-Z junction and
therefore may hinder the transition of the altantatd(CG) sequence the circular
dichroism spectra was measured at 2 mM Mg@id at 700mM MgGl As the spectra
indicate there seems to be a certain transitioiblgi®s can be seen by the reduction of
the positive band at 277 nm characteristic for BADRs the CD spectra are the sum of
the B-form and the Z-form it can be concluded ttiere is a certain portion of the
alternating d(CG) sequence in a left-handed formtbe transition is hindered by the

formation of the B to Z junction.
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Figure 3.19Circular dichroism ofD4-Ill at 20°C. Oligonucleotide concentration: 5 uM, 2 gCl, and
700 mM MgC}, 10 mM phosphatebuffer pH 7.4.

Circular dichroism oD1-lll

Looking at the spectrum dd1-Ill at physiological conditions the CD reveals thasit
clearly B-DNA type and that the pyrene units do sttdw any CD activity.
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Figure 3.20 Circular dichroism of D1-Ill at 20°C. Oligonucleotide concentration: 5 pM, 198 NaCl,
10 mM phosphatebuffer pH 7.4.

When increasing the concentration to 4 M NaCl tigaas originating from the pyrene
moieties are the dominating part in the CD spectritriower energy there is a multiple
cotton effect pattern visible with a negative cotteffect at 374 nm followed by a
positive effect at 361 nm. This couplet is followeyl a positive cotton effect at 348 nm
and a negative effect at 328 nm which can alsotioeted as a second exciton couple.
As the intensity of the CD signals from the pyremgts is much higher than from the
natural oligonucleotide part it is very hard to gedabout the conformation of the DNA
part. There is actually a negative band visibl€@3® nm which can hint for a certain
amount of the DNA part adopting a left-handed hel#hen heating the hybrid to 90°C
the CD signal of the DNA part only remains showtgpical signature of singlestrands
and the signals from the pyrenyl stretch vanishitration with MgCh shows that the
multiple cotton effects are developing with inciegslevel of ionic strength and that

there is certain amount of left-hnanded DNA present.
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Figure 3.21 Temperature dependent circular dichroisnDatlll . Oligonucleotide concentration: 5 pM, 4
M NaCl, 10 mM phosphatebuffer pH 7.4.
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Figure 3.22MgCl, dependent circular dichroism BfL-1ll . Oligonucleotide concentration: 5 uM, 10 mM
phosphatebuffer pH 7.4, 20°C
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Circular dichroism oD2-lll

The CD at physiological conditions for hybiR-11l first of all shows that the desired
left-handed Z-DNA is already formed manifested Iy hegative band at 294 nm and the
positive band at 270 nm. Interestingly there setarse an exciton coupled CD visible
with positive chirality in the pyrene only absomtiregion although of very weak nature.
Upon heating the hybrid, the left-handed dupledéastroyed and the typical CD spectrum

of a singlestrand becomes visible accompanied kydisappearance of the exciton
coupled CD of the pyrene units.
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Figure 3.23 Temperature dependent circular dichroismD@t1ll . Oligonucleotide concentration: 5 uM,
100 mM NacCl, 10 mM phosphatebuffer pH 7.4.

At 4 M NaCl the left-handed hybrid is still nicelysible as seen by the negative band at
294 nm. The signature of the pyrene units thougingh dramatically in comparison to
hybrid D1-IIl . There is also a multiple cotton effect visiblenpmsed of a negative effect
at 375 nm followed by a positive effect at 361 fthen a positive cotton effect is visible
at 346 nm and a negative effect at 322 nm althafgbhery weak nature. The pattern

observed here fdD2-11l is exactly the same as the one observedfotll concerning
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the signs (-/+/+/-). The obvious difference carfduend in the relative intensities and the
shifts of the bands. The CD signalsD#-1l1l are much less intense when compared to the
case ofD1-1ll . Looking at the relative intensities of the coteffects there lays the big
difference. The negative cotton effect at 375 nnthis most intense in this pattern
whereas in the case DBfl-1ll this effect is much less pronounced comparedédather
cotton effects present. Furthermore the two effat®46 nm and 322 nm are blueshifted
compared td1-1ll and the effect at 328 nm showing high intensity BdrIll in the

case oD2-1ll this effect at 322 nm is almost not visible.
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4M 20T
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4M 40T
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Figure 3.24 Temperature dependent circular dichroisnD@flll . Oligonucleotide concentration: 5 uM, 4
M NaCl, 10 mM phosphatebuffer pH 7.4.

The titration experiment with Mgglshows the development of the multiple cotton
effects with increasing concentration of the sajt dimultaneously keeping the left-
handed form (seen by the negative band at 294 hthgdNA part.
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Figure 3.25MgCl, dependent circular dichroism BR2-111 . Oligonucleotide concentration: 5 uM, 10 mM

delta epsilon

MgCI2 titration

250

omMm
9.9mM

167mM
— 231mM
286mM

490mM

732mM

19.6mM
—38.5mM
56.6mM

-150 ‘
200 250 300 350

Wavelength (nm)

phosphatebuffer pH 7.4, 20°C.

Circular dichroism oD3-lll

400

450

Hybrid D3-Ill shows a somewhat different picture compare tdfiteetwo hybrids. At

physiological conditions the exciton coupled CDhnat positive cotton effect at 354 nm
and a negative at 334 nm is clearly visible. Heptihthis hybrid results in disappearance
of the CD signal of the pyrene only absorption baAd elevated ionic strength the
exciton coupled CD remains the same with a positotton effect at 353 nm and a

negative at 333 nm although with a much largemisitg.
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Figure 3.26 Temperature dependent circular dichroismD@Elll . Oligonucleotide concentration: 5 uM,

100 mM NacCl, 10 mM phosphatebuffer pH 7.4.
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Figure 3.27 Temperature dependent circular dichroisnD8tlll . Oligonucleotide concentration: 5 uM, 4

M NaCl, 10 mM phosphatebuffer pH 7.4.
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The titration experiment shows that the signatdrthe exciton coupled CD signal does
not change although growing in intensity upon iasieg the amount of salt. The

embedded pyrenyl part is not much affected bynlesiase in salt for this chimera.

delta epsilon

!
\ \ !

200 250 300 350 400 450

Wavelength (nm)

Figure 3.28 MgCl, dependent circular dichroism Bf3-11l . Oligonucleotide concentration: 5 uM, 10 mM
phosphatebuffer pH 7.4, 20°C.
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Quantum Yields

In order to look at another aspect which couldheeresult of different arrangements of
the stretches of non-nucleosidic pyrene residuesqgtiantum yields of the different
hybrids was measured. The standard used was timngusulfate and the results are
shown in Table 3.2.

Duplex Sequence %g%nz%]
D111 (5") ACG TGA CGC GCG CG SSSSSSS(3) 0.182
(37) TGC ACT GCG CGC GC SSSSSSS(5) '
D2-1l] (5") ACG TGA CG*C G*CG* CG* SSSSSSS(3)) 0.175
(3") TGC ACT G*CG* CG*C G*C SSSSSSS(5) '
D3-Ill (5") ACG TGA SSSSSSS CGC GCG CG (3) 0.169
i (3") TGC ACT SSSSSSS GCG CGC GC (5) :

Table 3.2Quantum Yields for the hybrid31-Ill to D3-Ill at physiological conditions

As can be seen by the obtained values the quanteioh gf the pyrene stacks is not
affected by the neighboring DNA part. Weather thgapyrenyl part is attached only on
one side of the nucleic acid part like fod-Ill andD2-IIl or if it is embedded in the
DNA duplexD3-Ill the quantum yield does not change. (18.2% and 1705%e end-
attachment versus 16.9% for the sandwich type gement). Furthermore also the
conformation of the attached duplex seems alsamplay a defined role. If the DNA
directly attached to the pyrene strand is rightledir handed does not seem to influence

the quantum yield as can be seen by the compaoisoa-1ll andD2-I1I .

3.4 Conclusion and outlook
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In conclusion the three segmental hybrids syntleesin this study showed a distinct
difference between the case where the non-nucleogigienyl stretch is attached only
from one side@1-Ill andD2-lll ) and the case when the pyrene part is flankedvoy t
segements of DNADOS-III'). Thermal stabilityof the hybridsD1-lll and D2-Ill is
increased by the attachment of the pyrene stréktelby not disturbing the contiunuous
base stacking of the DNA part. When this DNA parsplit into two parts by the non-
nucleosidic pyrenes as is the cased@&rlll the thermal stability decreases probably due
to the distruption of the possible base stackingthef two segmentsi-luorescence
spectroscopyhows almost the same behavior of emission wagtien function of the
temperature and ionic strength for all three hydrithere is no or only a slight red shift
in excimer emission upon hybridization at low iostcength. At high ionic strength the
emission maxima shift to higher energy when the penmature is decreased. CD
spectroscopy shows that the hybria-Ill andD3-Ill already have some organization
of the pyrene chromophores at physiological cooddialthough foD2-11l this is of
weak nature. In the case BB-Ill this can be attributed to the sandwich-type natidire
the non-nucleosidic pyrene building blocks betwtentwo segments of DNA. Although
the multiple cotton effects with different relativetensities of the hybrid®1-111 and
D2-11l are hard to rationalize they are indeed a hintHerdifference in arrangement of

the pyrenyl stretch in the context of right- ortdeinded DNA.

As could be shown the attachment of the pyrenécstreither to one side of the duplex
only or between two helical DNA parts significanthfluences the possible structural
arrangements. In a next step the alternating nig@iG) already seen in chapter 2 but
with putting the pyrenyl stretch between the twanKing sequences could give more
insight into the helical arrangement and the canti®pendence of the non-nucleosidic

pyrene units.

3.5. Experimental Section



Chapter 3 97

The synthesis of the required non-nucleosidic pgrdouilding block with the
corresponding C3 linker was done according to tiidiphed procedure [34]. Nucleoside
phosphoramidites were purchased fr8&FC(Proligo Reagents) with dG (dmf), dC (ac)
and dA (bz) and the 8-Bromo dG (dmf) was purchasemn Glen Research
OligonucleotidesON1-Ill to ONG6-Ill were prepared via automated oligonucleotide
synthesis using standard phosphoramidite chem(éirtivator: Ethylthiotetrazole) on a
394-DNA/RNA synthesizerApplied Biosystems OligonucleotideON7-111 and ON8-

Il were ordered fronMicroSynth Switzerland. The unnatural building block wasdise
as a 0.1 M solutions in 1,2-dichloroethane andciepling time was increased to 120
seconds instead of 25 seconds used for the naiuctdosides. Cleavage from the solid
support and final deprotection was performed madpulm} treatment with 30% NiOH
solution at 55°C overnight. All oligonucleotides neepurified by reverse phase HPLC
(Instrument: LC-10 AT fromShimadzuwith a UV detector, column: LiChrospher 100
RP-18 5um, MercK); eluent A= (E4NH)OAc (0.1M, pH 7.4); eluent B= 80% MeCN +
20% Eluent A; gradient 5-50% B over 38 min.

For the determination of oligonucleotide stock &olu concentrations, small samples
were diluted to 10% and the absorbance at 260 nenmeasured on a Nanodrop ND-
1000 Spectrophotometer froithermo ScientificEpsilon values were calculated using
15300, 11700, 7400 and 9000 for A, G, C and T,eetyely, and 8600 for the pyrene
building block.

Molecular mass determination of the oligonucleotide was performed with a Sciex
QSTAR pulsar (hybrid quadrupole time-of-flight masspectrometer, Applied
Biosystems ESI-MS (negative mode, GEN/H,O/TEA) data of the compound3N1-
[l to ON6-III are presented in Table 3.3.

Oligo Duplex Bruttoformula | Calc. | found
# aver. | mass
mass
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D1- | ON2-lI (5") ACG TGA CGC GCG CG SSSSSSS(3) CsoH331N710128P2 | 7554.8 | 7555.1
1} ONZ1-1lI (3) TGC ACT GCG CGC GC SSSSSSS(5)) C30H33N660126P20 7505.8 | 7506.5
D2- | oNg-l (5") ACG TGA CG*C G*CG* CG* SSSSSSS(3)) CaodH32N7:1012P>0Brs | 7870.3 | 7870.5
| oNa-i (3") TGC ACT G*CG* CG*C G*C SSSSSSS(5) CaoHa3NeeO1oPo0Brs | 7821.3| 78225
D3- | oNs-III (57) ACG TGA SSSSSSS CGC GCG CG (3) CaoH33iN710128P0 | 7554.8 | 7555.3
| one-li (3") TGC ACT SSSSSSS GCG CGC GC (5Y) CaoH33N660124P20 7505.8 | 7505.7

Table 3.3Mass spectrometry data (brutto formula, calculatestrage mass, found mass)

Thermal denaturation experiments (1 uM singlestrand oligonucleotide concentration,
10 mM phosphatebuffer pH 7.4, with varying NaCl cemtration as indicated in each
case) were carried out on Varian Cary 100 Bio U¥ible spectrophotometer equipped
with a Varian Cary temperature controller and daggie collected with Varian WinUV
software at various wavelengths as indicated irh ezase. Cooling- heating- cooling
cycles in the temperature range of 90°C to 15°Caahdating/ cooling rate of 0.5°C/ min
were used and data points every 0.5°C were recorBeda were analyzed with
KaleidaGraph 4 software froynergy SoftwareéMelting temperature values £} were
determined as the maximum of the first derivati¥¢he melting curves. If necessary the
curves were smoothed (with a data window of 5)ritkeo to get a reasonable maximum

of the first derivative.

Temperature dependent UV-VIS spectrawere collected from 90°C to 20°C on a
Varian Cary 100 Bio UV-Visible spectrophotometeruiggped with a Varian Cary
temperature controller. All experiments were calrieut at a 1 pM singlestrand
oligonucleotide concentration in 10 mM phosphatédyufpH 7.4) and the indicated

concentration of NaCl.
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Temperature dependent fluorescence spectraere recorded from 90°C to 20°C on a
Varian Cary Eclipse fluorescence spectrophotometmripped with a Varian Cary

temperature controller (excitation wavelength atD 3@m, excitation and emission

slitwidth as well as the detector voltage were ecraccording to the experiment as
indicated). All experiments were carried out witlsiaglestrand concentration of 1 uM.
Data were analyzed with KaleidGagraph 4 softwasenféynergy Software

Circular dichroism spectra were recorded on dASCO J-715 spectrophotometer
equipped with a PFD-350S temperature controllelrefperiments were carried out with
a singlestrand concentration of 5 uM (if not intkch in 10 mM phosphatebuffer (pH

7.4) and the indicated NaCl concentration.
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Chapter 4. Trisegmental selfcomplementary
chimeras

4.1. Abstract

In this chapter the formation of a hairpin-likeustiure consisting of an oligopyrenyl loop
which is able to change its helicity upon changimg helicity of the stem part from right-
handed B- to left-handed Z-DNA is investigated.tRermore the change in molecularity

upon increasing the NaCl concentration when shorgethe stem is presented.

4.2. Introduction

As it has been shown in the chapter 3 that the nuddecorporation is crucial (end

attachment versus sandwich type attachment) irctiapter the flanking DNA sequences
are changed to the all alternating d(CG) repeatointrast to the hybrids in chapter 3
which were synthesized in order to get the desihgplex. In this study the sequences

used are self-complementary and a possible sedicadion was expected.

4.3. Results and Discussion

The single strand®N1-1V and ON2-IV represent two chimeras which have on both
sides of the oligopyrenyl part attached self comaetary GC repeats sequences. These
were designed in addition to the bisegmental chaserf chapter 2 and the trisegmental
chimeras of chapter 3, but here having the pyrgayt in a sandwich type manner
between the natural oligonucleotide parts in catti@the single attachment of chapter 2.
The variation in length of the potential left-hadderming element (foON1-1V there

are 3 GC dinucleotide repeats on each side ofyrenglpart and for ON2-IV there are 2
GC repeats) was designed in order to get stablentiutoo stable hybrids in order to

study their molecularity. The third oligonucleoti@®3-1V was synthesized with the aim
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to compare the behavior of a mixed sequence na @bform a left-handed helix at
elevated ionic strength with the behavior @N1-IV and ON2-IV. For ON1-IV and
ON2-IV there is also the possibility to compare to tHerence sequenc&N4-1V and
ONS5-1V which represent the same alternating GC sequeitbedifferent length but the
oligopyrenyl part is replaced by 4 thymidine regiglin order to simulate the loop region.

Table 4.1 shows all the synthesized and charaeténligonucleotides.

ONL-IV (5) GCGCGC SSSSSSS GCGCGC (3°) >90°C
ON2-IV (5) GCGC SSSSSSS GCGC (3) 76.3°C
ON3-IV (5") ACG GAA SSSSSSS TTC CGT (3Y) 70.5°C
ON4-IV (5) GCGC TTTT GCGC (3" 69.3°C
ONS5-IV (5) GCGCGC TTTT GCGCGC (3) 85.1°C
Foto ““ ol o
Froa A PN &o
:

Table 4.1Sequences used in this study, with the determinelting temperature. Conditions: 10 mM
phosphatebuffer, 100 mM NacCl, 1 uM oligonucleotid@centration.

Melting experiments

The thermal stability of the possible constructsnfed by the single strands was
measured by means of thermal denaturation expetsmemonitored at different
wavelengths. The wavelength to monitor the melpngfile of the structure formed was
chosen in each case based on the temperature e@epddif-Vis absorption spectra
comparing the absorption at 20°C and 90°C. Sineeotterlap of the pyrene absorption
and the nucleobase absorption band vary from ecasade the wavelength chosen was
different in most cases. Since the possibility ewign all the cases to form either the
monomolecular hairpin structure or the bimolecwlaplex structure the investigation by



Chapter 4 102

concentration dependent melting experiments coiud g hint on the molecularity in

these structures.

The melting profiles for all oligonucleotides shawooperative melting process without
any hysteresis. Therefore only one cooling ramprésented. The melting temperature
for ON1-IV could not be detected as it actually never reaalmateau and the maximum
of the first derivative lies at 90°C and the realtimg point is probably beyond 90°C.
Because of this high stability the concentratioped@lent melting experiments did not
lead to a conclusion about the molecularity of thisucture since already at 1 uM
concentration the melting point is above 90°C aoddeterminable and by increasing the
oligonucleotide concentration the melting point Vbeither be the same for a
monomolecular process or would even increase ircdéise of a bimolecular process. By
means of concentration dependent melting expersnigiet molecularity oON1 can not
be determined.

Comparing ON1-IV to ON5-IV one can see that also in the caseG¥5-IV a
determination of the thermal stability is almospwssible as the melting temperature is
very high indeed and the determined melting poirgbmut 85.1°C is not that meaningful
as also in this case the maximum of the first @eive is near 90°C. Also in the case of
ON5-1V a concentration dependent melting experiment isreally helpful since the
melting point is very high and almost impossiblel&ermine.
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Figure 4.1 Melting profile at 278 nm foON1-1V (left) and at 275 nm foDN5-1V (right), Conditions: 10
mM phosphatebuffer, 100 mM NaCl, 1 uM oligonucldetconcentration.

ONZ2-1V represents the shorter GC sequence and the determmelting point is 76.3°C.

The transition though is not really sharp in natomea melting point is still determinable.
Furthermore the melting temperature is independgtite oligonucleotide concentration.
This circumstance hints for a monomolecular proseisigh in turn points to a hairpin

like structure of this oligonucleotideN2-1V. ON5-IV shows a slightly reduced thermal
stability of 69.3°C and as well shows no dependesfcthe melting point on different

oligonucleotide concentration at physiological datinds (100 mM NaCl) in agreement
with the postulated hairpin structure.
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Figure 4.2 Melting at 280 nm foON2-1V (left) and at 275 nm foDN4-1V (right), Conditions: 10 mM
phosphatebuffer, 100 mM NacCl, 1 uM oligonucleotid@centration.

The melting profile forON3-IV shows a reduced thermal stability in comparison to
ONZ1-1V andONZ2-1V which is mainly due to the nature of the sequdraeng less GC
content. The melting point of 70.5°C is comparabléhe one 0ofON4-1V and also the
sharpness of the transition is comparable to tleead®N4-1V. In the case 0ON3-IV

the concentration dependent melting experimentsld yithe conclusion of a

monomolecular structure. So also in this case ipimaike structure is hypothesized.
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Figure 4.3 Melting profile ON3-IV at 245 nm, Conditions: 10 mM phosphatebuffer, 400 NaCl, 1 uM
oligonucleotide concentration.
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UV-Vis

Measuring the temperature dependent absorptionrapaicthe different hybrids can give
different insight into the organization of the pyeeunits in the context of the helical
scaffold of the DNA. The information gained by th#/-VIS spectra at different
temperatures is most valuable in the region whieeeplyrenyl units only absorb namely
between 400 and 300 nm. At higher energies (3@D@nm) the absorption bands from
the nucleobases as well as the two high energyrpiises from the pyrene units are
overlayed and one observes the superposition.

In all the hybrids and under both NaCl concentretithere is the hyperchromic effect
observable originating from the reduced absorptbnhe nucleobases and the pyrene
units in the hybridized state compared to the giisnr at elevated temperatures or in the
singlestrands being not hybridized. There are mpdimtlee bands visible which can be
followed: the 350 nm which can be purely attributedhe pyrene absorption, the band
between 280 nm and 260 nm which is composed oks#wend absorption of the the
pyrene units (around 275 nm) and the main absormifdche nucleobases (260 nm) and
the absorption band highest in energy around 24%vhioh can be attributed mainly to
the highest energy absorption of the pyrene unitd with a certain amount of
contribution of the nucleobases with the underlhabgorption band around 260 nm.
Another common feature of all the hybriddN1-IV to ON3-1IV is the reduced
absorptivity at elevated ionic strength probable ¢ increased hydrophobic interactions
by increased polarity of the solvent.

Looking at the absorption band at 350 nmOM1-1V one can see as described above the
hyperchromic effect in 100 mM NaCl as well as iMNaCl. In the case dDN1-1V at 4

M NaCl conditions at 20°C one can see a slightlutiem of the vibronic bands of the
absorption band at 350 nm.
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Figure 4.4 Temperature dependent UV-Vis absorption spectra aodifjonucleotide ON1-IV.
Oligonucleotide concentration: 1 uM, 100 mM Nadl,rhiM phosphatebuffer pH 7.4.
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Figure 4.5 Temperature dependent UV-Vis absorption spectra odifjonucleotide ON1-IV.
Oligonucleotide concentration: 1 uM, 4 M NaCl, 1Mmphosphatebuffer pH 7.4.
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Also for the oligonucleotid®N2-1V the hyperchromic effect is visible for the absmmpt

band around 350 nm. Again the overall absorptiatheumigh ionic strength is reduced as
well. The striking difference t®N1-IV is the much better resolution of the vibronic
bands under high ionic strength hinting for a défe arrangement of the pyrenyl units

that might originating for a change in molecularity
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Figure 4.6 Temperature dependent UV-Vis absorption spectra adifjonucleotide ON2-I1V.
Oligonucleotide concentration: 1 uM, 100 mM Nadl,rhiM phosphatebuffer pH 7.4.
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Figure 4.7 Temperature dependent UV-Vis absorption spectra aodifjonucleotide ON2-I1V.
Oligonucleotide concentration: 1 uM, 4 M NaCl, 1Mmphosphatebuffer pH 7.4.

The case oON3-1V is similar toON2-IV in that the absorption band at 350nm also
shows the resolution of vibronic bands at elevatadc strength although not the
pronounced as for the oligonucleoti@N2-IV. Also the hyperchromic effect is nicely

visible as well as the reduced overall absorptigityhis oligonucleotide as 4M NacCl.
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Figure 4.8 Temperature dependent UV-Vis absorption spectra odifjonucleotide ON3-IV.
Oligonucleotide concentration: 1uM, 100mM NacCl, Mmphosphatebuffer pH 7.4.
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Figure 4.9 Temperature dependent UV-Vis absorption spectra odifjonucleotide ON3-IV.
Oligonucleotide concentration: 1 uM, 4 M NaCl, 1Mmphosphatebuffer pH 7.4.
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Figure 4.10Temperature dependent UV-Vis absorption spectdAT and 90°C of oligonucleotideN4-
IV at 100 mM NacCl (top left) 4 M NaCl (top righthd ON-5-1V at 100 mM NacCl (bottom left) and 4 M
NacCl (bottom right). Oligonucleotide concentratiGnuM, 10 mM phosphatebuffer pH 7.4.

Fluorescence
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For all the fluorescent studies of the three hybtite emission spectra is dominated by
the excimer emission weather intra- or intermolaceaxcimer emission. The maximum

of the excimer emission band varies with tempeeatnd with ionic strength.

The emission spectrum 0ON1-IV at physiological conditions shows a slight
bathochromic shift upon hybridization from 504 o608 nm. When going to high ionic
strength the maximum of the emission wavelengthsdoet alter with decreasing
temperature or only a neglectable shift is obseien 506 nm to 505 nm). At 20°C
there is a blue shift of the emission when movirggrf the physiological to the high salt
conditions of about 3 nm which can be attributed thg increased hydrophobic
interactions forced by the increase in polarityha solvent and thereby enabling a closer
packing of the pyrene units. Having a look at thtensities one can see that the emission
is gradually decreasing when heating the solutiohdth cases starting with the highest
guantum yield at 20°C. Another interesting featisréhe development of the monomer
signal with increasing temperature. In the casghgfiological conditions the intensity of
the monomeric emission constant and of minor intgngn contrast the monomeric

emission in the case of 4 M NaCl gains in intensibyen going to higher temperatures.
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250 |- /
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Figure 4.11 Temperature dependent fluorescence spectra obralideotideON1-1V. Oligonucleotide
concentration: 1 uM, 100 mM NacCl, 10 mM phosphatfgspH 7.4, excitation wavelength: 350 nm.
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Figure 4.12 Temperature dependent fluorescence spectra of nlgieotide ON1-1V. Oligonucleotide
concentration: 1 uM, 4 M NacCl, 10 mM phosphatebufiid 7.4, excitation wavelength: 350 nm.

In the case of the version with the shortened aligteotide parON2-1V the fluorescent
spectra are again dominated by the excimer emisgibiphysiological conditions the
behavior is comparable to the case€OM1-1V. The bathochromic shifted emission upon
hybridization from 505 nm to 508 nm is observedvadl as the gradual decrease in the
emission intensity. When moving to high ionic sg#nthere is a somewhat different
picture visible. The striking difference is mairtlye hypsochromic shift of the emission
band upon hybridization from 506 nm in the cas@@fiC to 500 nm at roomtemperature.
This blueshift of about 6nm has already been oleskeiv the case of the intermolecular
sandwich type arrangement where the oligopyremgtdt is in the middle of two natural
oligonucleotide parts. (angewandte). The changeintensity in function of the
temperature is comparable to all the other case¢heastensity gradually decreases by
increasing the temperature. The hypsochromic siiserved fotON2-IV at high ionic
strengthin contrast tdON1-1V at high ionic strength supports the possibilityaathange
in molecularity when moving to high ionic strenglifom a monomolecular hairpin

structure to the bimolecular duplex structure.
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Figure 4.13 Temperature dependent fluorescence spectra obraldeotideON2-1V. Oligonucleotide
concentration: 1 uM, 100 mM NacCl, 10 mM phosphatfgspH 7.4, excitation wavelength: 350 nm.
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Figure 4.14 Temperature dependent fluorescence spectra obralijeotide ON2-1V. Oligonucleotide
concentration: 1 uM, 4 M NacCl, 10 mM phosphatebufiid 7.4, excitation wavelength: 350 nm.



Chapter 4 114

ONB3-1V shows a bathochromic shift upon hybridization fr&3 nm to 507 nm at
physiological conditions. At high ionic strengtlethehavior is of opposite nature namely
upon hybridization a hypsochromic shift is obsenfemm 506 nm to 497 nm. This
change in the shift observed at elevated ionimgtreis similar to the behavior @N2-

IV and hints for the same or comparable arrangenfetfieopyrenyl units in these two

constucts.
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Figure 4.15 Temperature dependent fluorescence spectra obraligjeotide ON3-1V. Oligonucleotide
concentration: 1 uM, 100 mM NacCl, 10 mM phosphatfspH 7.4, excitation wavelength: 350 nm.
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Figure 4.16 Temperature dependent fluorescence spectra obraligjeotide ON3-1V. Oligonucleotide
concentration: 1 uM, 4 M NacCl, 10 mM phosphatebufiid 7.4, excitation wavelength: 350 nm.

Circular dichroism

The study of the oligonucleotides by circular daibm spectroscopy at low and high
ionic strength was assumed to give the most vatuaifbrmation about the possible
change in helicity of the oligonucleotide part asllvas the possible influence on the
artificial pyrenyl part embedded. Furthermore th&luence of the 4 M NaCl

concentration on the pyrenyl part without the plolesswitching of chirality in the natural

oligonucleotide part can be investigated WitN3-1V.

In the case o©ON1-IV one can divide the spectra into two parts: bel®@® &8m the
signature of the oligonucleotide part can be suidikhough with some overlap with the
pyrenyl absorption and above 300 nm the pyrenytsunan be looked at since the
absorption in this region solely originates frore #tbsorption band of pyrene around 350

nm. At physiological conditions the DNA part shote well known signature of the
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right handed B-DNA with a positive maximum at 27% and a negative maximum at
250 nm. Looking at the region at lower energy (&80 nm) the circular dichroism
shows an exciton coupling with a negative cottdeafat 365 nm and a positive cotton
effect at 338 nm hinting for the coupling of thergrye units. In contrast to the before
observed exciton coupled CD of the oligopyrenyltpat physiological conditions the
one observed folON1-IV shows negative chirality. Increasing the sodiuntoritie
concentration to 4M the change in the region ofrthtiral oligonucleotide part changes
dramatically and shows almost an inversion of tigaad. This can be attributed to the
change of helicity to the left-handed Z-DNA formhi3 signature is characteristic with
the negative maximum at 293 nm and the positiveimaxat 270 nm and 242 nm.
Moving to lower energy the signature also changeanatically. The exciton coupled
CD signature is totally inverted and now the sigstadw positive chirality with a positive
cotton effect at 365 nm and a negative cotton eHe837 nm. The CD spectra obtained
for ON1-IV at low and high sodium chloride concentrationswstibe not only the
helicity of the DNA part changes from the right-dad B-DNA form to the left-handed
Z-DNA form but also that the chirality in the maeidl oligopyrenyl part can be changed
from the negative chirality in the case of the pblggyical conditions to positive chirality

at elevated ionic strength.

5
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-10
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0.1M NaCl

200 250 300 350 400 450
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Figure 4.17 Circular dichroism spectra of oligonucleoti@®1-1V at low (100 mM) and high (4 M) NaCl
concentration. Oligonucleotide concentration: 10, 18 mM phosphatebuffer pH 7.4, 20°C.

The spectra 0ON2-1V show a somewhat different picture. Looking at siteation at
physiological conditions the signal observed is pamable to the case @N2-1V and
resembles the form of the right handed B-DNA, d@gthe positive maximum at 275 nm
and the negative maximum at 250 nm. Also the sigeabf the pyrenyl band above
300nm shows exactly the same shape: An excitonledugrcular dichroism with a
negative cotton effect at 367 nm and a positivéoooeffect at 340 nm. As in the case of
ONZ1-1V the signal of the pyrene units shows a negativealdly. Increasing the ionic
strength to 4 M NaCl has a dramatic effect on thtensity of the signals and their
position. The only feature comparable to the spectiof ON1-IV at elevated ionic
strength is the inversion of the exciton coupled 16Dthe pyrene only absorption band
which changes to positive chirality. But insteadoefng an almost perfect mirror image
as observed foDN1-IV there is a huge increase in signal intensity auatb-fold. But
not only the absorption region above 300 nm is Ivea also the below 300 nm there is a
tremendous change. The signal is mainly dominagethé absorption band of the pyrene
units and it is difficult to assign the change bé tnatural part only. The signals are
dominated by the absorption bands of the pyrendsuai 270 nm and 240 nm.
Additionally the CD signal observed for the sandwigpe arrangement (angewandte)
seems to correlate very well with the CD signal saeed here, hinting for the formation
of a duplex instead of the hairpin. The CD speetrdow and high sodium chloride

concentration suggest that there is a possiblegehemmolecularity involved.
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Figure 4.18Circular dichroism spectra of oligonucleoti@®2-1V at low (100 mM) and high (4 M) NaCl
concentration. Oligonucleotide concentration: 5 18 mM phosphatebuffer pH 7.4, 20°C.
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Figure 4.19Circular dichroism spectra of oligonucleoti@N3-1V at low (100 mM) and high (4 M) NaCl
concentration. Oligonucleotide concentration: 5 18, mM phosphatebuffer pH 7.4, 20°C.
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Figure 4.20 Circular dichroism spectra of oligonucleoti@N1-IV, ON2-IV and ON3-IV at low (100
mM) NaCl concentration. Oligonucleotide concentmti5 uM, 10 mM phosphatebuffer pH 7.4, 20°C.
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Figure 4.21 Circular dichroism spectra of oligonucleoti@N1-1V, ON2-IV and ON3-1V at high (4 M)
NacCl concentration. Oligonucleotide concentrati®pM, 10 mM phosphatebuffer pH 7.4, 20°C.
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Figure 4.22 Circular dichroism spectra of oligonucleoti@N1-1V, ON2-IV and ON3-IV at low (100
mM) and high (4 M) NaCl concentration. Oligonuclédet concentration: 5 uM, 10 mM phosphatebuffer

pH 7.4, 20°C.
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Figure 4.23Circular dichroism spectra of oligonucleoti@®4-1V andON5-IV at low (100 mM) and high
(4 M) NaCl concentration. Oligonucleotide concetina 5 M, 10 mM phosphatebuffer pH 7.4, 20°C.
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4.4. Conclusions and Outlook

There are mainly three observations which leadh¢oconclusion thaDN1-1V is indeed
forming a switchable pyrenyl hairpin structure dhdtON2-1IV andON3-IV not change

their helicity but instead change their molecularit

1. Resolution/ No resolution of vibronic bands iathhionic strength

ONZ1-1V shows no or only to a minor extend resolved virdrands of the 350 nm
absorption band neither at low nor at high ioniersgth. The mode of interactions
between the pyrenyl units seems to be of the saheein these two cases supporting
the model of the hairpin structure with differerdlibity of the natural oligonucleotide
part as well as the pyrenyl part.

ON2-IV and ON3-1V show resolved vibronic bands of the 350 nm absmorgband at
elevated ionic strength. This hints for a differemide of interactions among the pyrenyl

units and would fit the model of change molecwarit

2. Hypsochromic/ bathochromic change in eximer siois wavelength upon

hybridization under high ionic strength

Upon hybridizationON1-1V shows at physiological conditions as well as ighhionic
condtions the same behavior: In both cases as ddathmic shift of the maximum in
eximer emission is observed again hinting for ailainmode of interaction at those two
different conditions.

For ON2-IV and ON3-IV the situation is merely different: At 100 mM Na@le
bathochromic shift upon hybridization is also obsér comparable toON1-1V.
Changing to 4 M NacCl the situation changes draraliyidoy showing a hypsochromic
shift of the maximum in excimer emission which igmparable to the case of the
sandwich type arrangement (angewandte, chemisityrapean journal) again pointing

to a change in molecularity.

3. Intensity of the exciton coupled CD
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When looking at the intensities of the exciton dedpCD ofON1-IV one can see that on
hand side that the signal is completely inversedmtomparing 100 mM NaCl and 4 M
NaCl concentration indication a change in helicabimgement. Also foON2-IV and
ONB3-1V this signature changes from a negative chiralitghg/siological conditions to a
positive chirality at elevated ionic strength. Bhe striking difference is the change in
intensity of the signal. Whereas fON1-IV the intensity stays the same for both cases
and only the chirality changes which again hintsrfo change in molecularity and the
same mode of interactions between the pyrene ufatsON2-1V and ON3-IV the
situation is different: for those oligonucleotidd® intensity increases drastically when
moving from low to high ionic strength. This obsatien again supports the hypothesis
of a change in molecularity when moving from phiagical NaCl concentration to high
ionic strength (4 M NacCl). Last but not least theemall intensity of the signal can be
originating from the circumstance that only 7 umite communicating among each other
in the case of a hairpin like structure whereathancase of bimolecular structure there

are 14 units coupling together.

Figure 4.24Molecular model illustrating the postulated hairpke structure of the pyrenyl units (green).
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At physiological conditions with the right handeeDBIA

Figure 4.25 Molecular model illustrating the postulated binmlkar hybrid forON2-1V with interstand
stracked pyrenyl units (green and blue).

An additional idea and more insight into the natofethe artificial pyrene hairpin
structure would certainly give the construct@¥1-1V but with the canonical guanosine
nucleotide replaced by the modified 8-Bromo dG.sT$equence would most probably be
already present in the left-handed form since tHBrd@no guanine adopts thgyn
conformation at physiological conditions which e tprerequisite for the formation of
the left-handed Z-DNA. In this manner one would deabled to study weather the
assumed right handed hairpin formation of the pylrenits at elevated ionic strength is

already present at low sodium chloride conditions.

4.5 Experimental Section
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The synthesis of the required non-nucleosidic pgrdouilding block with the
corresponding C3 linker was done according to thidiphed procedure [34]. Nucleoside
phosphoramidites were purchased fr8iFC(Proligo Reagents) with dG (dmf), dC (ac)
and dA (bz) and the 8-Bromo dG (dmf) was purchasenn Glen Research
OligonucleotidesON1-IV to ON3-IV were prepared via automated oligonucleotide
synthesis using standard phosphoramidite (Activakthylthiotetrazole) on a 394-
DNA/RNA synthesizer Applied Biosystems OligonucleotidesON4-1V and ON5-1V
were ordered fronMicroSynth Switzerland. For the unnatural building block, ieth
were coupled using 0.1 M solutions in 1,2-dichldha@e, coupling times were increased
to 120 seconds instead of 25 seconds used foratioeah nucleosides. Cleavage from the
solid support and final deprotection was perfornmeanually by treatment with 30%
NH4OH solution at 55°C overnight. All oligonucleotidegre purified by reverse phase
HPLC (Instrument: LC-10 AT fronshimadzwvith a UV detector, column: LiChrospher
100 RP-185um,MerckK); eluent A= (EfNH)OAc (0.1M, pH 7.4); eluent B= 80% MeCN
+ 20% Eluent A; gradient 5-50% B over 38 min.

For the determination of oligonucleotide stock $olu concentrations, small samples
were diluted to 10% and the absorbance at 260 nsnmeasured on a Nanodrop ND-
1000 Spectrophotometer froithermo ScientificEpsilon values were calculated using
15300, 11700, 7400 and 9000 for A, G, C and T,eetgely, and 8600 for the pyrene
building block.

Molecular mass determination of the oligonucleotide was performed with a Sciex
QSTAR pulsar (hybrid qudrupole time-of-flight magsectrometerApplied Biosystems
ESI-MS (negative mode, GBN/H20O/TEA) data of the compoun@N1-1V to ON3-1V
are presented in Table 4.2.

Oligo Sequence Bruttoformula | Calc. | Fou
# aver. | nd
mass | mass

ON1-IvV

(57) GCGCGC SSSSSSS GCGCGC (3) Ca0gH331N710125P20 7554.8 | 7554.7
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C30H33N660125P20 7505.8 | 7506.2

ON2-IvV (57) GCGC SSSSSSS GCGC (3) Ca03H32MN710129P20Br, | 7870.3 | 7870.5
CaoH33NeeO125P20Brs | 7821.3 | 7821.7

ON3-IV (57) ACG GAA SSSSSSS TTC CGT (3) C30dH331N710128P20 7554.8 | 7554.9
Ca02H33N660125P20 7505.8 | 7505.7

Table 4.2Mass spectrometry data (brutto formula, calculatestage mass, found mass)

Thermal denaturation experiments (1 uM singlestrand oligonucleotide concentration,
10 mM phosphate buffer pH 7.4, with varying NaChcentration as indicated in each
case) were carried out on Varian Cary 100 Bio U¥ible spectrophotometer equipped
with a Varian Cary temperature controller and daggie collected with Varian WinUV
software at various wavelength as indicated in esa$e. Cooling- heating- cooling
cycles in the temperature range of 90°C to 15°Caahdating/ cooling rate of 0.5°C/ min
were used and data points every 0.5°C were recorBeda were analyzed with
KaleidaGraph 4 software fro®ynergy Softwarelemperature melting values{JTwere
determined as the maximum of the first derivati¥¢he melting curves. If necessary the
curves were smoothed with a window of 5 in ordegéb a reasonable maximum of the

first derivative.

Temperature dependent UV-VIS spectrawere collected from 90°C to 20°C on a
Varian Cary 100 Bio UV-Visible spectrophotometerugped with a Varian Cary
temperature controller. All experiments were carieut at a 1 pM singlestrand
oligonucleotide concentration in 10 mM phosphatédsuf{pH 7.4) and the indicated

concentration of NaCl.
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Temperature dependent fluorescence spectravere recorded from 90°C to 20°C on a
Varian Cary Eclipse fluorescence spectrophotometguwipped with a Varian Cary
temperature controller (excitation wavelength a0 3@m, excitation and emission
slitwidth as well as the detector voltage were a@raccording to the experiment as
indicated). All experiments were carried out witlsiaglestrand concentration of 1 uM.

Data were analyzed with KaleidGagraph 4 softwasef&ynergy Software

Circular dichroism spectra were recorded on dASCO J-715 spectrophotometer
equipped with a PFD-350S temperature controllelreAperiments were carried out with
a singlestrand concentration of 5 uM (if not indggch in 10 mM phosphatebuffer (pH
7.4) and the indicated NaCl concentration.
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Chapter 5: Fluorene derivatives as non-
nucleosidic building blocks

5.1. Abstract

In this chapter a fluorene derivative is synthesized incorporated into DNA. The
hybrids show interesting optical properties such ths oberservation of a huge
hyperchromic effect of the fluorene units upon meltthe duplex, an increased thermal
stability of the modified duplex and the formatioh intra- and interstrand excimer
emission. The chiroptical properties of the flu@es further depending on the nature of

the connecting linker which is manifested by a oritmage in the exciton coupled CD.

5.2. Introduction

As there has been a variety of non-nucleosidiadgl blocks incorporated into the DNA
with different purpose and function there is theddo develop novel types of such
building blocks in order to expand the functionaland applicability of DNA-based
assemblies. The use of aromatic non-nucleosididibgi blocks has been described as
artificial substitutes of natural nucleosides. Eaixh of additional aromatic building
blocks for the incorporation into DNA the aromatiltiorene molecule takes an
intermediate position between two already incoratduilding blocks: On one side this
is the biphenyl nucleoside which was studied witflecent substitution pattern and its
influence on the thermal stability of the formedbhgs [57, 58] and on the other side
phenanthrene was used as a non-nucleosidic buildoak and its influence on duplex
integrity was studied [59]. Fluorene takes an miliate position as the two phenyl
rings are additionally connected through one metiglunit compared to the biphenyl

whereas the phenanthrene has an additional ethelye lfFigure 5.1).
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g0 Y

Figure 5.1 Chemical structure of biphenyl (left), fluorene ¢die) and phenantrene

(right) showing the common bond in red and the taolaikl bonds in blue.

Fluorene derivatives are intensively investigatedreonomeric units for polymerization

in the development of organic light emitting diode®l have already found wide spread
application therein [60-63]. As the protons on fiosi C9 of the fluorene molecule

exhibits relatively strong acidity the modificati@n this position became very important
in the field of polymeric materials as an alkylatipoint in order to get better and

tuneable solubility properties [64-67]. Furthermdte use of fluorene unit in the

construction of oligomers in order to create mosigdtems oft-stacked aggregates for

the study of optical properties as well as for gleal conductivity has become important.
[68-73]

Fluorene has also found a use in practical orgagithesis as a base labile amino
protecting group [74], known as the Fmoc (9- Flmgtmethoxycarbonyl, Figure 5.2)
group which was developed in 1972 and revolutichigelid phase peptide synthesis
(Fmoc strategy instead of the Boc strategy) sinréoithen, the amino protecting groups
were mostly acid labile and thus they were laclonifpogonality. In addition to the very
mild conditions needed for the deprotection of Nwerminal of the growing peptide
chain, the fluorene proofed to be a very usefultgmting group because of its
chromophoric nature. Due to it UV-absorbance theratection could be easily

monitored.

SR
O. C'“THVJ\OH

Figure 5.2 Fmoc protected glycine
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The use as monomeric building block for polymerctstry gave fluorene a new role as a
chromophore in the context of material science.tisgtic polymers showed very high
electrical conductivities which first of all wasopieered by polyacetylene with its
delocalized electronic structure. Due to problenfiss@bility and processibility of
polyacetylene, the more stable aromatic synthetitynpers proofed to be suitable
candidates for the intended purpose. First viatelpolymersation and then with
synthetic methods a lot of new and well definedneatc polymers were developed.
Among those were the very promising polyfluoreneivdgives which showed very
desirable characteristics: The rigid biphenyl umsults in a large band gap and the
desired blue emission with high efficiency and fgusition C9 is easily accessible for
modification for the purpose of better solubilitydaprocessability without disturbing the
conducting part of the polymer.

i

oy OO B
a) b) c)

Figure 5.3a) Polyacetylene b) unsubstituted polyfluorensufjstituted polyfluorene

In molecular biology the chromophoric nature ofoflene led to the development of a
molecular beacon involving fluorene as the fluormeh[75]. The fluorene moiety was

attached to the natural base via a triple bondledido the concept of the quencher free
beacon. The fluorescent properties of these derestwere then very sensitive for

change in the environment without the need for ecifig quencher. It was the target
which would alter the fluorescence properties & fluorophore dramatically thereby

indicating whether there is a mismatch or not (Fegai4).
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quencher-free hairpin
= full matched “N~
— + hybridization - -
LT
flunrescent
fluorescence quenched

1—%® : fluorene-labeled deoxyuridine

Figure 5.4 Working principle of the quencher-free moleculaabon based on the deoxyuridine labeled
with a fluorene moiety (lllustration adapted frob]).

5.3 Results and Discussion

Chemical synthesis of the fluorene phosphoramiolitdding block is shown in Scheme
5.1 The dibromoderivativd was commercially available. The addition of thpl&bonds
was achieved via sonogashira coupling of an alcdtottionalized alkyne with two
different length, namely a butyinol and a hexyinelsulting in the dioRa and 2b. The
thus obtained diol was then further treated with dlimethoxy tritylchloride under
controlled conditions (see experimental sectionyulteng in the mono-protected
intermediates3a and 4b. The unprotected alcohol was then used to tramsftire

intermediate into the phosphoramidite derivat&asand4b.
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Scheme 5.1Synthesis of the bisalkynyl fluorene derived phespmidite building blocks. n=1: 2a, 3a and
4a, n=2: 2b, 3b and 4b.

Building blocks4a and 4b were then incorporated into oligonucleotides bgndard
phosphoramidite procedure. In order to increasegyittld of the non-nucleosidic building
block incorporation, the coupling time was increhs@ee experimental section).
Cleavage from the support as well as deprotecticdhe resulting oligonucleotides was
then achieved by treatment with concentrated amanati 55°C overnight. The
purification of the cleaved and deprotected oligdeotides was then done by reversed
phase HPLC, yielding oligonucleotidéN1-V to ON8-V.
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Hybrid | Oligo Duplex Tm | ATm | ATm/mod
# # O | (©) {®)

REF2 | (5) TGC ACT CTC GAT GAC CGA GCT

D1-V 70.7 - -
REF1 | (3") ACG TGA GAG CTA CTG GCT CGA
ON2-V | () TGCACTCTCG YT GAC CGA GCT

D2-V 72.0 +1.3 +1.3
ON1-V | (3)ACG TGAGAG C YACTG GCT CGA
ON4-V | (5) TGCACTCTCG YY GAC CGA GCT

D3-V 75.9 +5.2 +2.6
ON3-V | (3)ACG TGAGAG C YYCTG GCT CGA
ON6-V | (5) TGCACTCTC G ZT GAC CGA GCT

D4-V 72.0 +1.3 +1.3
ON5-V | (3) ACG TGAGAG C ZA CTG GCT CGA
ONS8-V | (5) TGCACTCTC G ZZ GAC CGA GCT

D5-V 76.7 +6.0 +3.0
ON7-V | (3)) ACG TGA GAG C ZZ CTG GCT CGA
ON2-V | (5) TGCACTCTC G YT GAC CGA GCT

D6-V 71.3 +0.6 +0.6
ON5-V | (3") ACG TGA GAG C ZA CTG GCT CGA
ON6-V | (5) TGCACTCTCG ZT GAC CGA GCT

D7-V 71.3 +0.6 +0.6
ON1-V | (3) ACG TGAGAGC YA CTG GCT CGA
ON4-V | (5) TGCACTCTCG YY GAC CGA GCT

D8-V 76.1 +5.4 +2.7
ON7-V | (3)) ACG TGA GAG C ZZ CTG GCT CGA
ON8-V | (5) TGCACTCTCG ZZ GAC CGA GCT

D9-V 76.0 +5.3 +2.7
ON3-V | (3))ACG TGAGAG C YYCTG GCT CGA
REF2 | (5) TGC ACT CTC GAT GAC CGA GCT

D10-V 63.8
ON3-V | (3)) ACG TGA GAG C YYCTG GCT CGA
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Table 5.1 Hybridization data (Tm, °C) of different oligonedtides duplexes containing a fluorene based
building block with a butyinol linker (Y) and wita hexyinol linker (Z). All measurements were catrot
at pH 7.4 in phosphatebuffer and 100 mM NacCl.

UV-Vis absorption

The UV-Vis spectra of the hybrid32-V andD3-V are composed of two main absorption
bands: The more intense band with a maximum ar@é0dhm which is mainly assigned
to the absorption of the natural bases and the iewnse band around 330nm
corresponding to the main absorption band fromflierene derivative. Looking at the

temperature dependent spectrum of hyl®@tV (Figure 5.5) one can nicely see the
hyperchromic effect of the two main absorption lsmrat increasing temperature.
Furthermore the band arising from the fluorene vdére shows a redshift upon

hybridization from 329 nm to 332 nm. Additionalln &sosbestic point is visible at 335

nm, indicative for a two state model.
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Figure 5.5 Temperature dependent UV-Vis absorption spectruimhgbrid D2-V. Singlestrand
concentration: 1 uM, 100 mM NacCl, 10 mM phosphattgspH 7.4.

In the case of hybri®3-V (Figure 5.6) the hyperchromic effect is as wedlivie but in
comparison to hybrid2-V the maximum of the absorption band of the fluorenaot
redshifted upon hybridization but remains constr329nm. Also an isosbestic point is

lacking, hinting for a more complex model.
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Figure 5.6 Temperature dependent UV-VIS absorption spectruimhgbrid D3-V. Singlestrand
concentration: 1 uM, 100 mM NacCl, 10 mM phosphatfgspH 7.4.
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Melting profiles of the hybrids

Although the linear nature of the non-nucleosidigldng block would suggest that
embedded in the DNA duplex it would lead to a dggbodestabilization, the data obtained
from melting experiments show the opposite eff@etb{e 1). If an A-T base is replaced
by a “fluorene-fluorene” pair, the melting temperat is increased and therefore the
hybrid is stabilized. Increasing the length of kin&ker by moving from the butynyl to the
hexynyl linker, seems not to play a crucial rolghe stabilizing effect. In both cases one
observes an increase in melting temperature oftah86C if the modifications opposite
each other have the same linker length (hyD@dV and D4-V). If one mixes the linker
length (hybridD6-V andD7-V) there is still a slight increase in melting temgtere of
about 0.6°C but it appears that the different link@gth has some disadvantages for the
hybrid, although the contribution is still in thamse range as a canonical A-T base pair.
Having two consecutive modification in the singteasd and putting them in opposite
position (hybridD3-V andD5-V) resulting in two fluorene-fluorene “base pairgives
rise to another drastic stabilization of the hybridn the case of hybri®3-V, this
increase of 5.2°C of the melting temperature coegbao the fully natural reference
hybrid D1-V, means there is 2.6°C of stabilization per moditimase pair. On the other
hand, hybridD5-V has an even larger increase in melting temperatamely 6.0°C for
the overall hybrid, and therefore 3°C per modiftemke pair. If the two modifications
with the short linker are placed opposite the modifons with the longer hexynyl linker
(hybrid D8-V andD9-V) the increase in melting temperature is intermedwth 5.4°C
respectively 5.3°C. The further increase in stahbtlon is not just an additive effect by
going from one to two modifications in the singteaad but the intrastrand interactions

play an important role.

In all of the measured melting profiles there is mteresis observed and all of the
modified hybrids melt in a cooperative way (Figbt&). Every melting profile exhibits a
very sharp transition indicative for high cooperdéyi. The incorporation of the linear

modification in the duplex seems not to disturb twerall hybrid, it even gives the
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hybrid additional stability, only provided by arofitainteractions since H-bonding

acceptors and donors are completely lacking.
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Figure 5.7 Melting ramps of hybrid2-V (left) andD3-V (right) with two cooling ramps and one heating
ramp monitored at 260 nm. Oligonucleotide conceiatna 1 pM singlestrand, 100 mM NacCl, 10 mM
phosphatebuffer pH 7.4.

Comparing the hyperchromicity of the different hglsrto the natural reference duplex
(Figure 5.8 and Figure 5.9), the main observat®rihe decrease of hyperchromicty
monitored at 260 nm moving from no modificationglihd D1-V) to four modifications
(hybrid D3-V& D5-V). This overall decrease of hyperchromicity from % for the
reference duple®1-V, to 15 % for the replacement of one base pairriiyb2-V and
D4-V) and to 13 % for the replacement of two base pgiybrid D3-V and D5-V)
indicates the loss of stacking interactions in niedified hybrids compared to the fully
natural duplex. The removal of the natural base adjacent to the neighboring bases
results in the loss of stacking interactions with bases. The increased thermal stability
of the modified hybrids can not be explained byéasedrt-n-interactions between the

fluorene moieties and the adjacent base pairs.
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Figure 5.8 Comparison of the melting curves of hybil-V (red), D2-V (blue) andD3-V (green)

monitored at 260 nm. Oligonucleotide concentratidn:uM singlestrand, 100 mM NaCl, 10 mM
phosphatebuffer pH 7.4.
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Figure 5.9 Comparison of the melting curves of hybil-V (red), D4-V (blue) andD5-V (green)

monitored at 260 nm. Oligonucleotide concentratidn:uM singlestrand, 100 mM NaCl, 10 mM
phosphatebuffer pH 7.4.

The melting profile was not only monitored by tHesarption band of 260 nm but was
also monitored by the main absorption band of theréne derivatives, namely the 330
nm band (Figure 5.10). First of all, also thesetmglcurves show no hysteresis at all,

indicative for cooperative melting. Secondly if oocempares the melting temperature
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derived from these melting curves, they fit exadtlg temperatures received with the
band monitored at 260 nm. Looking at the hypercliciy) the effect is very drastic. The
main absorption of the fluorene unit in the hyhloidin the single strand is very different
yielding in a huge hyperchromicity. In the casealw hybridD2-V the hyperchromicity
is in the range of 70 % whereas in increasing timalver of modifications (hybrid3-V)
results in a hyperchromic effect of about 50 %. €heironment of the fluorophore in the
single strand obviously differs dramatically frorhet hybrid structure. Favourable
stacking effects among the fluorene residues semmnéte in the duplex leading to a
stabilizing effect. From the decreasing hyperchaiyiat 260 nm by substitution of a
natural base pair and a parallel increasing hypencitity at 330 nm leads to the
assumption that the fluorene units interact ambegnselves while being independent of
the neighbouring natural bases.

Hyperchromicity (%)

Temperature (C)

Figure 5.10 Comparison of the melting curves of hybriaR-V and D3-V monitored at 330 nm.
Oligonucleotide concentration: 1 uM singlestran@) inM NaCl, 10 mM phosphatebuffer pH 7.4.
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Fluorescence of the hybrids

By incorporation of the fluorene building block anbligonucleotides the study of the
interstrand interactions by means of fluorescenag rasult in valuable information. The
temperature dependent fluorescence spectra forchi2-V andD4-V show the distinct
difference when going from the single strand sfate90°C) to the duplex (at 20°C). At
90°C the emission spectrum is more or less thepsearission bands attributed to the
monomeric unit at around 350 nm. By decreasingténeperature this emission bands
decrease drastically and a new band appears adfiim. (Figure 5.11) This band is in
comparison to the single strand emission bandsdosod structureless. The structure of
this band is indicative for an excimer type of esitoa band. The opposite fluorene units
may interact with each other giving rise to thislsieifted emission band. The low
intensity of the emission band may indicate tha thteraction is not very strong
although there is almost no monomer emission lefthie duplex at 20°C. Another
possibility might be that the quantum vyield is dicadly reduced in the duplex compared

to the single strands.

Comparing the influence of the linker length nowwsh that the shorter C4 linker (hybrid
D2-V) (Figure 5.11) seems to favor the formation ofelkeimer in comparison to the C6
linker (hybrid D4-V) (Figure 5.12). When mixing the two single strand¢h different
linker length (hybridD7-V) the excimer like emission band has an intermedraensity
between hybrid2-V andD4-V. (Figure 5.13)
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Figure 5.11Temperature dependent fluorescence spectra oichprV. Oligonucleotide concentration: 1
UM singlestrand, 100 mM NacCl, 10 mM phosphatebuyftér7.4. Excitation wavelength: 300 nm.
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Figure 5.12Temperature dependent fluorescence spectra oichbrV. Oligonucleotide concentration: 1
UM singlestrand, 100 mM NacCl, 10 mM phosphatebyfteér7.4. Excitation wavelength: 300 nm.
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Figure 5.13Temperature dependent fluorescence spectra oichpdrV. Oligonucleotide concentration: 1
UM singlestrand, 100 mM NacCl, 10 mM phosphatebyfteér7.4. Excitation wavelength: 300 nm.

The proposed excimer model is supported by thetispdor the hybrids with two

modifications in the single strand (Figure 5.14 &th). In these hybrids not only the
possibility of interstrand excimer formation exidbait also intramolecular excimer
formation is possible. When looking at the tempeeatdependent spectrum of hybrid
D3-V one can see that also in the melted state at #08Gnain emission band is a
structureless and broad band around 400 nm ind&dbr an intrastrand excimer
emission. In addition the shoulder around 350 nemseto be remaining monomer
emission. Decreasing the temperature first resali@ reduction of the intensity of the
intrastrand excimer emission band and at the same vyields a reduction of the
monomeric portion. Further reduction of the tempem leads to an increase of the
excimeric emission band which can be attributethterstrand excimer emission. Again
this emission band is broad and structureless andomparison to the intrastrand

emission band is redshifted by about 10 nm.

Comparing the hybridB3-V andD5-V the influence of the linker is quiet dramatic. As
in analogy to hybridD3-V also in hybridD5-V the formation of intrastrand excimer

emission is observed although slightly redshiftg@8(nm for hybridD3-V, 395 nm for



Chapter 5 142

hybrid D5-V). The main difference seems so be in the portiai@ monomer emission
which is much larger in the case of the longerdmfhybridD5-V) in comparison to the
shorter linker (hybrid>3-V) which exhibit a much smaller portion of monomerigsion.

By decreasing the temperature, both monomer andmexkcintensity decrease and
analogues to the hybri@3-V the excimer emission band increases again wheheas
monomer emission band disappears. The excimer iemiggnd which can again be
attributed to interstrand interactions is also Hraand structureless and even more
redshifted than in the case of hybB8-V (20 nm for hybridD5-V and 10 nm for hybrid
D3-V).

The mixed hybridD8-V exhibits the same characteristics as the hyl@K/ andD5-V
namely the intrastrand eximer emission band arel@fnm at elevated temperature and
the redshifted (by about 10 nm) interstrand exciemeission band at the hybridized state.
The portion of monomer emission at 90°C is almasloav as in the case of the hybrid
D3-V.

Intensity (a.u.)

Wavelength (nm)

Figure 5.14Temperature dependent fluorescence spectra oichBrV. Oligonucleotide concentration: 1
UM singlestrand, 100 mM NacCl, 10 mM phosphatebyftér7.4. Excitation wavelength: 300 nm.
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Figure 5.15Temperature dependent fluorescence spectra oichbrV. Oligonucleotide concentration: 1
UM singlestrand, 100 mM NacCl, 10 mM phosphatebuyftér7.4. Excitation wavelength: 300 nm.
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Figure 5.16 Temperature dependent fluorescence spectra oichigrV. Oligonucleotide concentration: 1
UM singlestrand, 100 mM NacCl, 10 mM phosphatebuyftér7.4. Excitation wavelength: 300 nm.

To test the hypothesis of excimer emission resmlfrom interstrand interactions, the
hybrid D10-V which places two fluorene moieties opposite twdure bases was

measured. The emission at 90°C is also attributeddstly intrastrand excimer emission



Chapter 5 144

with a certain amount of structured monomer emissibecreasing the temperature
resulted in a decrease in this broad and struetssetmission band and at the same time
of the monomeric emission band. The excimer enmsband increases again in analogy
to the hybridD3-V andD5-V but to a much smaller extent. Additionally thegiaidt of

the excimer emission band is almost neglectable. rEdshift observed for the hybrids

D3-V, D5-V andD8-V might originate therefore from interstrand intéi@s between

the two modifications.

Intensity (a.u.)

Wavelength (nm)

Figure 5.17 Temperature dependent fluorescence spectra ofchi0-V. Oligonucleotide concentration:
1 uM singlestrand, 100 mM NacCl, 10 mM phosphatebyfiH 7.4. Excitation wavelength: 300 nm.

Circular Dichroism

Potential interactions of the fluorene units werenitored by CD spectroscopy. For all
the hybrids the main signature for B-DNA is congelrvindicated by the positive
maximum at 283 nm and the negative minimum at 2B4with only slight deviations.
The modifications seem not to disturb the ovetallcgure which is in agreement with the
cooperative melting process and the very shargitian. Also the melting of the hybrid
is nicely monitored by CD spectroscopy with therdasing peaks of the canonical B-

DNA at 254 nm and 283 nm.
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The main absorption region of the fluorene unitseéparated from the absorption region
of the bases and is therefore well suited to stilmdyinteractions among the fluorene
units.

For the hybridD2-V the observed CD signal appears to be of excitopled type with a
negative band at 336 nm which is followed by twagipee signals at 315 nm and 305 nm
indicative for the interaction of the two chromopé® in agreement with the excimer
formation seen by fluorescence. Furthermore, thgeasiat 336 nm is redshifted by 5 nm
compared to the maximum observed in the UV-absadapectrum. These change in
from negative to positive as well the shift of tbbserved signals compared to the
absorption spectrum support the assumption of amoex coupled CD with negative
chirality for D2-V. By increasing the temperature the signal vanistigish is also in
aggrement with the two interacting chromophoresidpeseparated in the singlestrands
(Figure 5.18).

Ag (M-1cm-1)

W avelength (nm)

Figure 5.18 Temperature dependent circular dichroism of hyBr®&V. Oligonucleotide concentration: 5
UM singlestrand, 100 mM NacCl, 10 mM phosphatebyfter7.4.
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Looking at hybridD4-V and directly comparing it t®2-V at roomtemperature the
observed signal is completely reversed in the gihwor region of the fluorene moiety
(Figure 5.19). For hybrid4-V first a positive signal at 336 nm is followed hyot
negative signals at 315 nm and 305 nm forming m®st complete mirror image of the
signal ofD2-V. Also for D4-V the same arguments apply asB@&-V with the change in
the sign of the signals as well the redshift of slgmal band compared to the absorption
spectra. Also in this case the CD spectrum hintafoexciton coupled CD although with

a positive chirality.
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Figure 5.19 Circular dichroism of hybrid2-V and D4-V at 20°C. Oligonucleotide concentration: 5 uM
singlestrand, 100 mM NacCl, 10 mM phosphatebuffer7pH

For the hybridD3-V and the CD signal in the main absorption regiorthef fluorene
takes the signature of a positive induced CD sighiaére is no obvious coupling visible

by CD although the fluorescence spectra indicaevare coupling.
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Hybrid D4-V andD5-V both with the longer linker exhibit a positive uwkd CD with

more or less the same maxima comparable hy3iy/.
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Figure 5.20 Temperature dependent circular dichroism of hyR8lV. Oligonucleotide concentration: 1
MM singlestrand, 100 mM NacCl, 10 mM phosphatebyftdr7.4.
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Figure 5.21 Comparison of the circular dichroism spectra of fgbD1-V, D4-V and D5-V.
Oligonucleotide concentration: 5 uM singlestrar®) nM NaCl, 10mM phosphatebuffer pH 7.4.
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5.4. Conclusions and Outlook

It has been shown that the non-nucleosidic fluodgrévatives used in this study lead to
a remarkable stabilization of the overall hybridbslity when used instead of a canonical
A-T base pair. Furthermore the cooperativity is mteined and there is no hysteresis
observed for all hybrids. Interstrand excimer alitjio of weak nature is observed for the
hybrids containing one fluorene moiety in the sasgland. This excimer emission
disappears upon heating and melting the hybrid mpndomer emission only remains.
When two fluorene units are incorporated next toheather in the singlestrand strong
intrastrand excimer formation is observed whiclsupported also by the fact that upon
heating this excimer emission band is still pres@strevealed by CD spectroscopy the
overall B-form of the DNA is no disrupted by theepcene of the fluorene modifications.
The fluorene moieties themselves show strong CRigctPutting two fluorene units in
opposite positions in the hybrids results in aniterccoupled CD. This exciton coupled
CD shows depending on the length of the linkeregith positive chirality in the case of
the longer linker and a negative chirality for thleorter linker. Having two fluorene
moieties in the singlestrands and four in the tdibed state results in an induced type of
CD with a positive cotton effect which can be atited to the fluorene moieties forming

aggregates in the chiral environment of DNA.
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Figure 5.22 Molecular model of a possible arrangement tworme moieties in opposite position upon

formation of the DNA duplex

As the length of the linker seems to play a cruoidg in the relative orientation of the
fluorene moieties, this issue can be addressedybthesizing the intermediate linker
length or even a longer linker. Additionally thecamporation of multiple fluorene units
can be a possible idea to further explore the organnature of these fluorene building
blocks. Since the position C9 of the fluorene uisitsynthetically interesting the
modification at this position could lead to a diffiet behavior and arrangement of the
fluorene units in the context of DNA which can bglered. As the phosphodiester bond
separates two fluorene moieties also the ideamiigated systems would lead to another
set of materials embedded in DNA.
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5.5. Experimental Section
Synthesis of the non-nucleosidic fluorene buildihgcks

(Experiements referring to scheme 5.1)

2,7-Bis(4-hydroxybut-1-yn-1-yl)fluorergg)

1.00 g (3.085 mmol) 2,7-dibromofluorene was dissdin 30 ml of THF. To this
solution 7 mg (0.0375 mmol) of copper(l) iodide aB@ mg (0.075 mmol) of
(PPh).Cl.Pd(ll) was added. The solution was heated undéntebnce reaching 70°C,
20 ml of freshly degassed triethylamine was addraially 1.19 ml (18.3 mmol) of 3-
butyn-1-ol was added and the solution was stirmedleu reflux over night. After cooling
to room temperature, THF and triethylamine was exaed and the remaining solid was
dissolved in 50 ml of THF. This suspension wasefdtd over celite and THF was
evaporated again. The solid was taken up in EtO#e&r avhich the precipitate was
filtered of and the solution was washed with citamd (10 %) and with NaHC{sat)
and dried over MgS®© The volume of the organic phase was reduced prédipitation.
The solution was then put in a cool ultrasonic batidl the resulting precipitate was
filtered off and dried under reduced pressure tegplin 638 mg (68 %) of a light

brownish solid.

'H-NMR (300MHz, Q-DMSO): 2.58 (4H, t, J= 7.0), 3.6 (4H, q, J= 6.8)90 (2H, s),
4.91 (2H, t, J= 5.5), 7.41 (2H, d, J= 8.1), 7.681,(8), 7.86 (2H, d, J= 7.95°C-NMR
(75MHz, D;-DMSO): 23.4, 36.1, 59.8, 81.6, 88.7, 120.4, 121.78.0, 130.2, 140.1,
143.5.
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2,7-Bis(6-hydroxyhex-1-yn-1-yl)fluore(®

1.00 g (3.085 mmol) 2,7-dibromofluorene was dissdlin 30ml of THF. To this solution
30ml triethylamine filtered over aluminiumoxide wadded. The solution was degassed
for 30 minutes. Afterwards 110 mg (0.156 mmol) BP&).Cl.Pd(ll) and 29 mg (0.156
mmol) copper (I) iodide was added. Finally 0.77 (!9 mmol) of 5-hexyn-1-ol was
added the reaction mixture was heated under redlternight. After cooling to room
temperature the mixture was filtered over celitelFTand triethylamine was evaporated
and solid was dissolved in EtOAc. The residue wa#ipd by column chromatography
over silica gel with pure EtOAC. The product fracs were combined, EtOAc
evaporated and the resulting solid was dried uhdgr vacuum yielding in 250 mg (28

%) of a white yellow solid.

'H-NMR (300MHz, Q-DMSO): 1.5-1.7 (8H, m), 2.4-2.5 (4H, n8,4-3.5 (4H, m)3.90
(2H, s),4.43 (2H, t, J= 5.1)7.40 (2H, d, J= 7.9), 7.58 (2H, §).86 (2H, d, J= 7.9)°C-
NMR (75MHz, D-DMSO): 18.6, 24.9, 31.7, 36.0, 60.2, 81.2, 902).3, 121.8, 127.9,
130.1, 140.1, 143.5.
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2-[4-(4,4" -Dimethoxytriphenylmethyloxy)but-1-yn-1-y4(4-hydroxybut-1-yn-1-yl)
fluorene(3)

To a solution of 490 mg (1.62 mmol) dfin 13 ml THF and 7 ml pyridine, a solution of
553 mg (1.62 mmol) 4,4 -dimethoxytrityl chloride 85 ml THF was added dropwise
under argon over 2 hours at room temperature. TitFpgridine were then evaporated.
The solid was then taken up in 150 ml EtOAc, fikthand washed with citric acid (10%)
and NaHCQ (sat) and dried over MgSOEtOAc was removed under reduced pressure
and the resulting residue was purified by colummostatography on silica gel
(EtOAc/Hexane 1:1 + 2 % triethylamine to EtOAc/Hegdl:1 + 2 % triethylamine + 4 %
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methanol). The product fractions were combined,pexaed and dried under high

vacuum to furnish 254 mg (26 %) of a yellow whibeufn.

'H-NMR (300MHz, Q-DMSO): 2.58 (2H, t, J=7.0), 2.73 (2H, t, J=6.2)18 (2H, t,
J=6.2), 3.60 (2H, q,:35.8, 3=6.6), 3.91 (2H, s), 3.73 (6H, s), 4.91 (1H, t,51%), 6.88
(4H, d, J=8.9),7.18-7.27 (1H, m)7.27-7.36 (6H, m)7.4-7.5 (4H, m), 7.60 (2H, d,
J=5.1),7.88 (2H, m).
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2-[6-(4,4 -Dimethoxytriphenylmethyloxy)hex-1-yn-gA(6-hydroxyhex-1-yn-1-yl)

fluorene(4)
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To a solution of 250 mg (0.697 mmol) fn 15 ml THF and 6 ml pyridine, a solution of
238 mg (0.7 mmol) 4,4 -dimethoxytrityl chloride 5nml THF was added dropwise under
argon over 2 hours at room temperature. THF andlipgr were then evaporated. The
solid was then taken up in 80 ml EtOAc, filtratedlavashed with citric acid (10 %) and
NaHCG; (sat) and dried over MgSOEtOAc was removed under reduced pressure and
the resulting residue was purified by column chrmgeaphy on silica gel
(EtOAc/Hexane 1:1 + 2 % triethylamine). The proddcictions were combined,
evaporated and dried under high vacuum to furnshmg (22 %) of a yellow white

foam.

'H-NMR (300MHz, Q-DMSO): 1.5-1.8 (8H, m), 2.35-2.47 (4H, m), 3.03(2, J=6.0),
3.4-3.5 (2H, m), 3.72 (6H, s), 3.89 (2H, s), 4.4Bi(t, J=5.3), 6.88 (4H, d, J=8.9,2-
7.35 (7H, m)7.35-7.45 (4H, m), 7.60 (2H, d, J=5.7)88 (2H, d, J=7.9).
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O-2-Cyanoethyl-O{{4-(4,4"-Dimethoxytriphenylmethyloxy)but-1-yn-1{yfene-1-yJ
- but-3-yn-1-yl) fluorene-N,N-diisopropyl phosphuonidite (5)

450 mg (0.74 mmol) o8 was dissolved in 15 ml Gi&l, and 383 pL (2.23 mmol)
diiosopropylethylamine. 194 mg (0.81 mmol) of 2-+egathyl-N,N-diisopropyl-
chlorophosphoramidite was then added dropwise @ntemperature under argon. The
reaction mixture was stirred for 1 hour. The voluofeCH,CI2 was then reduced and a
column chromatography over silica gel was direpyformed with pure C¥CI, with 2

% triethylamine. After evaporation and drying untégh vacuum, 401 mg (67 %) of a

yellow white foam resulted.
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'H-NMR (300MHz, D-DMS0): 1.16 (12H, dd, J=4.5), 3.15 (2H, t, J=6.8)73 (6H, s),
3.91 (2H, s), 6.90(4H, d, J=8.85), 7.2-7.5 (11, 7.60 (2H, d, J=6.39), 7.9 (2H, dd,
J=3.75).

3p.NMR (121.5MHz, CDG)): 147.25
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O-2-Cyanoethyl-O{{4-(4,4"-Dimethoxytriphenylmethyloxy)hex-1-yn-1iybfene-1-yJ
- hex-5-yn-1-yl) fluorene-N,N-diisopropyl phosphuiédite (6)

272 mg (0.41 mmol) ob was dissolved in 15 ml Gi&€l, and 211 pL (1.23 mmol)
diiosopropylethylamine. 108 mg (0.45 mmol) of 2-+egathyl-N,N-diisopropyl-
chlorophosphoramidite was then added dropwise @nhtemperature under argon. The
reaction mixture was stirred for 1 hour. The voluaieCH,CI, was then reduced and a
column chromatography over silica gel was direpyformed with pure C}Cl, with 2

% triethylamine. After evaporation and drying untégh vacuum, 280 mg (79 %) of a

yellow white foam resulted.

'H-NMR (300MHz, Q-DMSO): 1.1 (12H, d, J=6.8), 1.55-1.8 (8H, m), 225 (2H, m),
2.76 (2H, t, J=5.82), 3.03 (2H, t, J=6.03), 3.5-8L8H, m), 3.89 (2H, s), 6.88 (4H, d,
J=9.03), 7.15-7.45 (11H, m), 7.57 (2H, d, J=3.396 (2H, d, J=7.92).

3p_NMR (121.5MHz, CDG): 146.59
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Oligonucleotide synthesis

Nucleoside phosphoramidites were purchased 8%FC (Proligo Reagents) with dG
(dmf), dC (ac) and dA (bz). Oligonucleotid€¥N1-V to ON8-V were prepared via
automated oligonucleotide synthesis using standaftsphoramidite chemistry
(Activator: Ethylthiotetrazole 0.3 M in Acetonite) on a 394-DNA/RNA synthesizer
(Applied Biosystems OligonucleotidesON9-V and ON10-V were ordered from
MicroSynth Switzerland. For the unnatural building block,igthwere coupled using 0.1
M solutions in 1,2-dichloroethane, coupling timesrgvincreased to 120 seconds instead
of 25 seconds used for the natural nucleosidesav@he from the solid support and final
deprotection was performed manually by treatmeri 80 % NHOH solution at 55°C
overnight. All oligonucleotides were purified bywegse phase HPLC (Instrument: LC-10
AT from Shimadzwith a UV detector, column: LiChrospher 100 RR-A& m,MercK);
eluent A= (EfNH)OAc (0.1 M, pH 7.4); eluent B= 80 % MeCN + 20 Etuent A;
gradient 5-60 % B over 38 min.

For the determination of oligonucleotide stock $olu concentrations, small samples
were diluted to 10% and the absorbance at 260 nsnmeasured on a Nanodrop ND-
1000 Spectrophotometer froithermo ScientificEpsilon values were calculated using
15300, 11700, 7400 and 9000 for A, G, C and T,aetspely, and 4600 for the fluorene
building block as determined from UV-VIS absorptigmectra of the corresponding diol
derivatives in THF.

Molecular mass determination of the oligonucleotide was performed with a Sciex
QSTAR pulsar (hybrid qudrupole time-of-flight magsectrometerApplied Biosystems
ESI-MS (negative mode, GBN/H,O/TEA) data of the compound3N1-V to ON8-V

are presented in Table 5.3.
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Oligo Duplex Bruttoformula | Calc. | Foun
# aver. d
mass | mass
ON2-V (5) TGCACTCTCG YT GACCGAGCT Ca14H26aN710124P20 6433.1 6433.7
D2-v
ON1-V (3)) ACG TGA GAG C YA CTG GCT CGA CorH261Na10120P0 6531.1 | 6532.4
ON4-V (5) TGCACTCTC G YY GAC CGA GCT CoadH26MNs00121P20 6493.0 | 6492.7
D3-Vv
ON3-V (3)ACG TGAGAG C YY CTG GCT CGA CorHaeN76011P0 6582.0 | 6582.5
ON6-V (5) TGCACTCTCG ZT GACCGAGCT Co18H271N710124P20 6489.1 6490.0
D4-v
ON5-V (3)ACGTGAGAGC ZACTG GCTCGA CaoH26dNg10120P20 6587.2 6587.9
ONS8-V (5) TGCACTCTCG ZZGACCGAGCT Co25H26:N6g0121P20 6605.1 6606.1
D5-V
ON7-V (3") ACG TGA GAG C ZZ CTG GCT CGA CassHasN76011P20 6694.2 | 6695.3

Table 5.3Mass spectrometry data (brutto formula, calculatestage mass, found mass)

Thermal denaturation experiments (1 uM singlestrand oligonucleotide concentration,
10mM phosphate buffer pH 7.4, 100 mM NaCl) wereiedrout on Varian Cary 100 Bio
UV-Visible spectrophotometer equipped with a Var@ary temperature controller and
data were collected with Varian WinUV software atious wavelength as indicated in
each case. Cooling- heating- cooling cycles inténeperature range of 90°C to 20°C and
a heating/ cooling rate of 0.5°C/ min were used dath points every 0.5°C were
recorded. Data were analyzed with KaleidaGraph fwage from Synergy Software
Temperature melting values (Twere determined as the maximum of the first dene

of the melting curves. If necessary the curves gareothed with a window of 5 in order

to get a reasonable maximum of the first derivative
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Temperature dependent UV-VIS spectrawere collected from 90°C to 20°C on a
Varian Cary 100 Bio UV-Visible spectrophotometeruiggped with a Varian Cary
temperature controller. All experiments were carieut at a 1 pM singlestrand
oligonucleotide concentration in 10 mM phosphatébujpH 7.4) and 100 mM NacCl.

Temperature dependent fluorescence spectravere recorded from 90°C to 20°C on a
Varian Cary Eclipse fluorescence spectrophotometmripped with a Varian Cary
temperature controller (excitation wavelength a0 3@m, excitation and emission
slitwidth as well as the detector voltage were egraccording to the experiment as
indicated). All experiments were carried out witlsiaglestrand concentration of 1uM.

Data were analyzed with KaleidGagraph 4 softwasenféynergy Software

Circular dichroism spectra were recorded on dASCO J-715 spectrophotometer
equipped with a PFD-350S temperature controllelr eAperments were carried out with
a singlestrand concentration of 5 uM (if not indéch in 10mM phosphatebuffer (pH
7.4) and 100 mM NacCl.

Quantum yields were calculated by using quinine sulphate in 0.H)M0O, at 20°C as
the standard. Excitation wavelength used@1-V, ON2-V, ON5-V and ON6-V: 320
nm, excitation wavelength used foN3-V, ON4-V, ON7-V and ON8-V: 330 nm. The

absorption at the excitation wavelength was inréimge of 0.05 and 0.1 units.
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Chapter 6: Bisphenylfluorene: A differently
linked fluorene derivative

6.1 Abstract

The synthesis of a non-nucleosidic fluorene phosphdalite derivative with the linkage
at the carbon 9 is presented. The single incorfworahto an oligonucleotide and the
placement of two modifications opposite each otheéhe duplex is shown to destabilize
the over hybrid stability although maintaining aoperative melting behavior. The two
chromophores seem not to interact with each oteesh@wn by fluorescent monomer
emission and the induced type of CD.

6.2 Introduction

The introduction of a close to linear fluorene dative as a base substitution and
possible attractive building block (Chapter 5) tedthe idea of exploring the nature of
interactions of fluorene in an interstrand inteikacinode and with the neigbouring bases
but with a completely different connection betwdleam. The choice fell on a derivative
which would connect the fluorene moiety to the lexie through the quarternary carbon
9. By having this as the anchor point connecting thvo adjacent nucleotides a

completely different arrangement could possiblyabkieved.

6.3 Results and Discussion

Synthesis of the phosphoramidite building block

The synthesis of the bisphenylfluorene derivativarts out with the commercially
available bisphenolfluorenel. After reaction with the 2'-chloro-ethanol the
corresponding dioR is achieved and subsequently protected with DM@@ing the
compound 3 and finally the mono-protected alcohol is furthezacted to the
corresponding phosphoramididewhich in turn is needed in order to incorporat® in
oligonucleotide on the automated synthesizer.
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Scheme 6.1Synthesis of the bisphenylfluorenephosphoramidite

Sequence and melting temperature

The incorporation into oligonucleotides was achtewe 1, 2-dichloroethane and the
standard protocol for oligonucleotide synthesis wasd except the coupling time was
extended to 2 minutes instead of 25 seconds fostdredard phosphoramidites. In order
to study this fluorene derivative as a placehofdera natural nucleotide, in the standard
21mer an A-T basepair was replaced by a diphemoykine “base-pair” so that the two

modifications are placed opposite each other irctmext of the double helical structure.
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Hybrid Oligo Sequence Tm

D1-Vi Ref-1 (3") ACG TGA GAG CTACTG GCT CGA (5) 69.5°C
Ref-2 (57) TGC ACT CTC GAT GAC CGA GCT (3)

D2-VI ON1-VI | (3) ACGTGAGAGC VACTGGCTCGA (5) 65.7°C
ON2-VI | (57) TGCACTCTCG VT GAC CGA GCT (3)

Table 6.1Sequences used in this study and melting temperdatermined by monitoring 260 nm band

Melting profile of the hybrid

A melting profile was recorded for hybriB2-VlI and the melting temperature was
compared to the fully natural reference hybidd-VI. The modified hybrid exhibits a

destabilization of 3.8°C compared to the non-medifnybrid in contrast to the fluorene
derivatives in the previous chapter (Chapter 5)e ®iriking feature again is the

extremely sharp transition and that there is alslyluno hysteresis observed. The
modification does not disturb the overall coopematmelting process although bringing
some destabilization probably due to the lackinghefhydrogen bonds and furthermore
the lack of interstrand interactions. The intrastranteraction with the adjacent bases

seems to sustain the cooperativity.
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o D2-VI, 1st cooling ramp
o D2-VI, heating ramp
D2-VI, 2nd cooling ramp
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Figure 6.1 UV-Vis melting profile monitored at 260 nm showimgo cooling and one heating ramp of
hybrid D2-VI. Conditions: Singlestrand concentration: 1 uM, 108 NaCl, 10 mM phosphate buffer,
heating/ cooling rate: 0.5°C/min.

Temperature dependent circular dichroism spectra

The circular dichroism spectra shows the charattenmelting process observed already
by the UV-Vis melting profile going from the dupler the B-form to the separated
single strands. The melting temperature is in agesg with the determined one and also
the drastic change in CD intensity going from 6Q8C70°C (melting temperature was

determined to be 65.7°C) supports the high coopésabf the melting process.

Looking at the main absorption band of the fluoreeeivative at about 315 nm in the
region separated from the main absorption bandhe@fatural bases one can observe a

negative CD signal which is probably of inducedunat The lack of an exciton coupled
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circular dichroism signal (compared to the modiima of chapter 5) and the occurrence
of an induced signal hints for the two oppositdgcpd chromophores being independent
of each other and that they are not electronicatiypled together. Only the chiral
environment of the DNA duplex causes the appearamiceghis induced signal.
Furthermore the melting of the duplex between 6ah@d 70°C is accompanied by the

disappearance of the induced signal caused byubeehe moieties.

— 90T
—— 80T
70C
60C

20

10

CD (mdeg)

-10

-20 i

-30
200 250 300 350

Wavelength (nm)

Figure 6.2 Temperature dependent circular dichroism spectafnthe hybrid D2-VI. Conditions:
Singlestrand concentration: 5 uM, 100 mM NacCl, 1d phosphate buffer.
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Figure 6.3 Zoom of the temperature dependent circular dignoispectrum of the hybridD2-VI.
Conditions: Singlestrand concentration: 5 uM, 10@0 MaCl, 10 mM phosphate buffer.
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Figure 6.4 Proposed model of the formed dup@®-VI with the incorporated modifications in green and
blue

6.4 Conclusion and outlook

The length of the linker used in this study wasdanaon molecular modelling, the crucial
feature which did not allow observing an increasttbility and which did not lead to an
intermolecular communication as seen by CD speubms by the lack of an exciton
coupled signal between the oppositely placed chptroes. Also fluorescence
measurements indicate by the occurrence of temperaindependent emission
wavelength (no excimer) that the two modificati@me just simple not in reach of each
other manifested in the decreased stability exdubity the duplex formed. The extension
of the linker length could be the key to get the hromophores to communicate with

each other.
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6.5 Experimental Section

Synthesis of the non-nucleosidic building blockf@eng to Scheme 6.1)

9,9 -Bis(4-hydroxyethoxy-2-ol-phenyl) fluorgig

1.00 g (2.85 mmol) 9,9-Bis-(4-hydroxyphenyl)-fluoeewas dissolved in 20ml of DMF-.
To this solution 1.95 g (5.86 mmol, 2eq) of,C&; and 0.58ml (8.56 mmol, 3eq) of 2-
chloroethanol was added. The solution was heatddrueflux at 90°C overnight. After
cooling to roomtermperature the DMF was evaporateder reduced pressure and the
remaining solid was taken up in 150 ml of water 408@ ml of CHCl,. The organic
phase was washed with brine and dried over Mg$®e compound was then purified by
column chromatography on silica gel (EtOAc:Hexarf 8esulting in 600 mg (48 %) of

a white solid.

IH-NMR (300 MHz, -DMSO): 3.66 (4H, g, J=5.3 ), 3.91 (4H, t, J= 5481 (2H, t, J=
5.5), 6.81 (4H, d, J=8.9), 7.00 (4H, d, J= 8.8307(2H, t, J= 6.2), 7.38 (4H, t, J=6.8),
7.90 (2H, d, J=7.0).



Chapter 6 171

0O DOMS~ ONO T Two O Oo~NDOoONO

1IN

e L B A A B
8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5
(ppm)

9,9 —(4-hydroxyethoxy-2-ol-phenyl-4-hydroxyetho)rdimethoxytrityl) fluoren€?)

500 mg (1.14 mmol) ot was dissolved in 30 ml of THF and 12 ml of pyrelir388 mg
(1.14 mmol, 1leq) of 4,4-dimethoxytrityl chloride svdissolved in 8ml of THF and added
dropwise over two hours to the reaction mixturecam temperature. The solution was
then stirred at roomtemperature overnight. The esdly were then evaporated under
reduced pressure and the remaining solid was tagen 200 ml of EtOAc. The solution
was twice washed with citric acid (10 %) and oncghwsaturated NaHC{and
afterwards dried over MgSOAfter removal of the EtOAc the compound was pedf
via column chromatorgraphy (EtOAc: Hexane 1:1 t@A&t: Hexane 2:1 with 1 % of
triethylamine) yielding 300 mg (36 %) of a whitdido

'H-NMR (300 MHz, Q-DMSO): 3.22 (2H, t, J=4.5), 3.66 (2H, g, J=5.3/B(6H, s),
3.91 (2H, t, J=4.9), 4.1 (2H, t, J= 5.1), 4.82 (1H]= 5.6), 6.78-6.90 (8H, m), 6.97-7.07
(4H, m), 7.15-7.34 (9H, m), 7.34-7.44 (6H, m), 7(2H, d, J= 7.4).
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O-2-Cyanoethyl-O{9,9—(4-hydroxyethoxy-2-ol-phenyl-4-hydroxyethoxy4,
dimethoxytrityl) fluorene -N,N-diisopropyl phosphoridite(3)

200 mg (0.27 mmol) of2 was dissolved in 10 ml of GBI, and 235 pL of
diisopropylethyl amine. 72 mg (0.3 mmol, 1.1eq) RAMCI| was added dropwise at
roomtemperature. After 2 hours stirring at roomterafure the volume of the reaction
mixture was reduced and directly applied to colwwhromatography on silica (GBI, +

1 % triethylamine) yielding 80 mg (79 %) of a whitam.

'H-NMR (300 MHz, Q-DMSO): 0.93 (4H, t, J=7.2), 1.07-1.16 (12H, m}¥2(2H, q,
J=7.1), 2.72 (2H, t, J=5.8), 3.22 (2H, t, J=4.4%4833.61 (2H, m), 3.72 (6H, s), 3.8-3.97
(2H, t, J= 5.1), 4.00-4.15 (4H, m), 6.78-6.90 (8h), 6.97-7.07 (4H, m), 7.15-7.34 (9H,
m), 7.34-7.44 (6H, m), 7.91 (2H, d, J= 7.4).

3p.NMR (121.5MHz, CDG)): 147.73
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Oligonucleotide synthesis

Nucleoside phosphoramidites were purchased f8%&C (Proligo Reagents) with dG
(dmf), dC (ac) and dA (bz). OligonucleotideN1-VI and ON2-VI were prepared via
automated oligonucleotide synthesis using standpltbsphoramidite (Activator:
Ethylthiotetrazole 0.3 M in Acetonitrile) on a 3®NA/RNA synthesizer Applied
Biosystems Oligonucleotides Ref-1 and Ref-2 were ordered fromMicroSynth
Switzerland. For the unnatural building block, whigere coupled using 0.1 M solutions
in 1,2-dichloroethane, coupling times were incrdase 120 seconds instead of 25
seconds used for the natural nucleosides. Cleafrage the solid support and final
deprotection was performed manually by treatmetth 80 % NHOH solution at 55°C
overnight. All oligonucleotides were purified bywegse phase HPLC (Instrument: LC-10
AT from Shimadzuwvith a UV detector, column: LiChrospher 100 RR-A§m,MercK);
eluent A= (EfNH)OAc (0.1 M, pH 7.4); eluent B= 80% MeCN + 20%ught A,
gradient 5-60% B over 38 min.
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For the determination of oligonucleotide stock solu concentrations, small samples
were diluted to 10 % and the absorbance at 260 asimeasured on a Nanodrop ND-
1000 Spectrophotometer froithermo ScientificEpsilon values were calculated using
15300, 11700, 7400 and 9000 for A, G, C and T,eetsyely, and 4600 for the fluorene
building block as determined from UV-Vis absorptigmectra of the corresponding diol

derivatives in THF.

Molecular mass determination of the oligonucleotide was performed with a Sciex
QSTAR pulsar (hybrid quadrupole time-of-flight masspectrometer, Applied
Biosystems ESI-MS (negative mode, GAN/H,O/TEA) data of the compound3N1
andON2 are presented in Table 6.2.

Oligo Duplex Bruttoformula | Calc. found
# aver.
mass

ONL- VI (3") ACG TGA GAG CPA CTG GCT CGA (5)) CaoH33:1N710128P20 7554.8 7554.9

ON\2- VI (57) TGC ACT CTC GPT GAC CGA GCT (3) CaoH33:Nec0125P20 7505.8 7505.2

Table 6.2Mass spectrometry data (brutto formula, calculatestage mass, found mass)

Thermal denaturation experiments (1 uM singlestrand oligonucleotide concentration,
10 mM phosphate buffer pH 7.4, 100 mM NaCl) wergied out on Varian Cary 100
Bio UV-Visible spectrophotometer equipped with arida Cary temperature controller
and data were collected with Varian WinUV softwatevarious wavelength as indicated
in each case. Cooling- heating- cooling cycleshm temperature range of 90°C to 20°C
and a heating/ cooling rate of 0.5°C/ min were uged data points every 0.5°C were
recorded. Data were analyzed with KaleidaGraph fwaoe from Synergy Software
Temperature melting values{(Twere determined as the maximum of the first dee

of the melting curves. If necessary the curves sareothed with a window of 5 in order

to get a reasonable maximum of the first derivative

Temperature dependent UV-VIS spectrawere collected from 90°C to 20°C on a

Varian Cary 100 Bio UV-Visible spectrophotometeruiggped with a Varian Cary
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temperature controller. All experiments were cakrieut at a 1uM singlestrand
oligonucleotide concentration in 10 mM phosphatédrujpH 7.4) and 100 mM NacCl.

Temperature dependent fluorescence spectravere recorded from 90°C to 20°C on a
Varian Cary Eclipse fluorescence spectrophotometguwipped with a Varian Cary
temperature controller (excitation wavelength &r8, excitation and emission slitwidth
as well as the detector voltage were varied acogrth the experiment as indicated). All
experiments were carried out with a singlestrandceotration of 1 uM. Data were

analyzed with KaleidGagraph 4 software fr@ynergy Software

Circular dichroism spectra were recorded on dASCO J-715 spectrophotometer
equipped with a PFD-350S temperature controllelreAperiments were carried out with
a singlestrand concentration of 5 uM (if not indggch in 10 mM phosphatebuffer (pH
7.4) and 100 mM NacCl.
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Chapter 7: Interactions between structurally
different pyrene derivatives

7.1 Abstract

Putting two different pyrene derivatives in oppestosition in the context of a DNA
duplex results in the formation of stable strucsur@omparison of the homo pairs with
the hetero pairs shows distinct differences in thaxima of the excimer emission

wavelength and hints for a ground state complex.

7.2 Introduction

As there are different pyrene derivatives useduingsoup the question arose what would
happen with two different pyrene derivatives plaopgosite each other in the context of
the DNA duplex. This chapter tries to get some sd&ad answers to this question.

7.3 Results and discussion

The oligonucleotides used in this study each contaie pyrene incorporation and the
pyrene derivatives used are two bisalkynpyrenevddvies (1,6 and 1,8) and one
carboxamidepyrene derivative (1,8). In table 74 different oligonucleotides as well as

the corresponding incorporated pyrene derivativeshown.

Hybrid Oligo # Duplex Tm (°C)
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Ref-1 (3)ACG TGAGAG C TACTG GCT CGA (5)
D1-VII Ref-2 (5) TGCACTCTC G AT GAC CGA GCT (3) 70.7
ON1-VII (3)ACG TGAGAG C XA CTG GCT CGA (5)
D2-VII ON2-VII (5) TGCACTCTC G XT GAC CGA GCT (3) 73.8
ON3-VII (3)ACG TGAGAG C YA CTG GCT CGA (5)
D3-VII ON4-VII (5) TGCACTCTC G YT GAC CGA GCT (3) 695
ON5-VII (3)ACG TGAGAG C SACTG GCT CGA (5)
D4-VII ONG6-VII (5) TGCACTCTC G ST GAC CGA GCT (3) 67.8
ON1-VII (3) ACG TGAGAG C XA CTG GCT CGA (5)
D5-VII ONB-VII (5) TGCACTCTC G ST GAC CGA GCT (3) 69.0
ON5-VII (3)ACG TGAGAG C SACTG GCT CGA (5)
D6-VII ON2-VII (5) TGCACTCTC G XT GAC CGA GCT (3) 68.1
ON3-VII (3)ACG TGAGAG C YA CTG GCT CGA (5)
D7-VII ONG6-VII (5) TGCACTCTC G ST GAC CGA GCT (3) 67.9
ON5-VII (3)ACG TGAGAG C SACTG GCT CGA (5)
DS-VII ON4-VII (5) TGCACTCTC G YT GAC CGA GCT (3) 68.1
0 noadN o
*O*I‘D*O\/\/N N\/\/O*P*O*
Oi (o) o o
?
Z2ana
aSa T
70—%— Vi
e
H = .
—o-p-o, / \ o-P-o—

Table 7.1 Oligonucleotide sequences used in this study aratidization data (Tm, °C) of different
oligonucleotides duplexes containing pyrene baseldibhg blocks. All measurements were carried dut a
pH 7.4 in phosphatebuffer and 100 mM NacCl.
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Comparing the thermal stability of the differentbhigs compared to the all natural
reference duple1-VII one can see that the hybi®-VIl which contains the same
pyrene derivative (X) opposite each other leads tsignificant stabilizationD3-VII
shows only a slight destabilizing effect abd-VII shows a destabilizing effect of the
pyrene modifications. When looking at the mixed rpathe stabilizing effect is
comparable for all four hybrid®5-VII to D8-VII. The melting profiles for all hybrids
showed no hysteresis and a sharp transition waegdxs for the homo duplexes (Figure
7.1) as well as for the hetero duplexes (Figurg. 7.2
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Figure 7.1Melting profiles of the homo hybrids showing twooting ramps and one heating rarij2-VI|
(top left),D3-VII (top right) andD4-VIl (bottom)
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Figure 7.2Melting profiles of the homo hybrids showing twooting ramps and one heating rarijg-VII
(top left),D6-VII (top right) andD7-VII (bottom)

The UV-Vis absorption spectra showed the hypercioosffect upon heating of the
absorption band at around 260 nm correspondingemticleobases and the change of
the absorption bands of the alkynylpyrenes goignfithe interstrand stacked mode to
the monomeric absorption at elevated temperaturas. hybrid containing the two
carboxamide pyrenes shows the broad absorption Wwhrudh also shows a hyperchromic
effect upon heating and an isosbestic point isebwisible for this hybrid.

The spectra of the hetero hybrids show the samavi@hof the change in the relative

intensites of the absorption bands of the alkyryyepe upon heating although of weaker
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intensity. Due to the small exctinction coefficienf the carboxamide pyrene its

absorption band is dominated by the absorptioh@fikynyl pyrene.
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Figure 7.3Temperature dependent UV-Vis absorption of the hbgiwidsD2-VII (top left),D3-VII (top
right) andD4-VII (bottom)
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Figure 7.4 Temperature dependent UV-Vis absorption of therbetgbridsD5-VII (top left),D6-VII (top
right) andD7-VII (bottom)

The fluorescence properties of the homo hybridsl@ady known is characterized by the
excimer formation between two carboxamide pyrerssny an emission maximum at

502 nm and the excimer between the 1,6-alkynylpy@n528 nm and between the 1,8-
alkynylpyrene at 521 nm (Figure 7.5).
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Figure 7.5Normalized emission spectra of the homo hybridgita#on wavelength: 370 nm

The properties of the heterohybrids concerningeimession wavelength of the excimer
emission surprisingly resulted in energies notgseeted between the emission of the
hybridsD4-VII and ofD2-VII/D3-VII but shows an even lower energy of their excimer

emission maxima (Figure 7.6 and Table 7.2).
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Figure 7.6 Normalized emission spectra of all the hybrids.iE&tion wavelength: 370 nm

Hybrid D4-VII D3-VII D2-VII

D7-Vil | D5-VIl | D8-VIl | Dé-VIl
Emission 502 nm 521 nm 528 nm -1 -1 - -

maxima

Table 7.2Maxima of emission wavelength of the homo hybrigidlow) and of the hetero hybrids (green)

In order to get an idea about the origin of thisremore red-shifted excimer emission the
corresponding excitation spectra were recordedimction of the emission wavelength.
Although varying in intensity the excitation spectre for all emission wavelengths the

same when normalized (Figure 7.7 and Figure 7.8).
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Figure 7.7 Emission wavelength dependent excitation spectrg/lofid D5-VII (top left) andD6-VII (top
right) and normalized excitation spectrad®-VII (bottom left) and6-VII (bottom right).
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Figure 7.8 Emission wavelength dependent excitation spectrg/fid D7-VII (top left) andD8-VII (top
right) and normalized excitation spectradi-VII (bottom left) and8-VII (bottom right).

Circular dichroism experiments performed at 20°€C dth the hybrids show that in the

case of the homo pai32-VIl, D3-VII andD4-VIlI there is exciton coupling observed

especially in the case with the alkynyl derivativebereas the carboxamide derived

pyrene only lead to a very weak bisignate CD sigfé&jure 7.9 left). In the mixed

hybrids there is also exciton coupling observedalbthe hybrids. In the case Bi7-VII

this coupled CD signal is of relative high intepgiEigure 7.9 right).
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Figure 7.9CD spectra of the homo hybrids (left) and of theehehybrids (right) at 20°C.

7.4 Conclusion and outlook

Putting two different pyrene derivatives oppositele other in the context of a DNA
duplex leads to an energy penalty of the overalbilty in comparison to the homo
hybrids but the overall cooperative melting prodesmaintained. The absorption spectra
of the mixed hybrids are dominated by the alkynyiepe derivative which possesses the
larger extinction coeffiecient. The fluorescent gedies of the mixed hybrids show
eximer emission maxima which are not situated betwbe emission wavelength of the
carboxamide pyrene homo hybii#i-VIl excimer and the alkynyl pyrene homo hybrids
D2-VIl andD3-VIl but are even more red-shifted in contrast to ttigeeted exciplex
emission. The excitation spectra hint for a growtdte complex between the two
different pyrene derivatives which are then exeilaand emit at lower energy. The
exaction coupled CD additionally supports the etetdt coupling between the different
pyrene derivatives.

The observation of the different emission wavelerdgpending on the excact nature of
the pyrene derivative forming the ground state demgould be further investigated
using different derivatives of pyrene or appliedd anvestigated for other aromatic

chromophores.
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7.5 Experimental section

OligonucleotidesON1-VII to ON6-VII were already present in the group and before

synthesized and characterized according to [34, 76]

For the determination of oligonucleotide stock $olu concentrations, small samples
were diluted to 10 % and the absorbance at 260 asimeasured on a Nanodrop ND-
1000 Spectrophotometer frofthermo ScientificEpsilon values were calculated using
15300, 11700, 7400 and 9000 for A, G, C and T,eetsgely, and 8600 for the pyrene
carboxamide building block and 20000 for the 1,8alkynyl- and 30000 for the 1,8-
bisalkynyl-pyrene building block.

Thermal denaturation experiments (1 uM singlestrand oligonucleotide concentration,
10 mM phosphate buffer pH 7.4, with varying NaChcentration as indicated in each
case) were carried out on Varian Cary 100 Bio U¥ible spectrophotometer equipped
with a Varian Cary temperature controller and daggie collected with Varian WinUV
software at various wavelengths as indicated irh ezase. Cooling- heating- cooling
cycles in the temperature range of 90°C to 15°Caahdating/ cooling rate of 0.5°C/ min
were used and data points every 0.5°C were recorBeda were analyzed with
KaleidaGraph 4 software fro®ynergy Softwarelemperature melting values{JTwere
determined as the maximum of the first derivati¥¢he melting curves. If necessary the
curves were smoothed with a window of 5 in ordegéb a reasonable maximum of the

first derivative.

Temperature dependent UV-VIS spectrawere collected from 90°C to 20°C on a

Varian Cary 100 Bio UV-Visible spectrophotometeruiggped with a Varian Cary
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temperature controller. All experiments were carieut at a 1 pM singlestrand
oligonucleotide concentration in 10mM phosphatedrufpH 7.4) and 100 mM NacCl.

Fluorescence spectravere recorded at 20°C on a Varian Cary Eclipserélscence
spectrophotometer equipped with a Varian Cary teaipee controller (excitation
wavelength at 370 nm, excitation and emission gliftwas well as the detector voltage
were varied according to the experiment). All expents were carried out with a
singlestrand concentration of 1 uM. Data were arelywith KaleidGagraph 4 software

from Synergy Software

Circular dichroism spectra were recorded on dASCO J-715 spectrophotometer
equipped with a PFD-350S temperature controllelreAperiments were carried out with
a singlestrand concentration of 5 uM in 10 mM plmagebuffer (pH 7.4) and 100 mM
NacCl.
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