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Summary 1

Summary

Modified oligonucleotides have found widespread liaptions as diagnostic and research
tools. The combination of the natural oligonucldes with novel, synthetic building blocks

leads to a large increase in the number of possibiestructs and applications. Our work
aimed at the design and synthesis of structural BDiNWics. We decided to study the

properties of several polyaromatic building bloekDNA-duplexes. These non-nucleosidic
base surrogates should be suitable for arrangeimeamt interstrand stacking mode and for an
increase in DNA hybrid stability. We focused ourdst on electro-donor and electro-acceptor

building blocks: tetrathiafulvalene, anthraquin@mel perylene diimideScheme L
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Scheme 1AQ, TTF and PDbuilding blocks used for our study.

In the first part of the work, four isomeric anthunone building blocks (AQ) differing in the
site of linker attachment were synthesized andrpm@ted into oligodeoxynucleotides. The
site of linker attachment was found to have a strnoffluence on the stability. Effectively, a
pair of the 2,6-isomer shows an increase in stgbhbr DNA duplex. On the other hand,
hybrids containing a pair of the 1,4-, 1,5- an8-ispmers led to a substantial reduction in
stability. Molecular models suggest that the pesiteffect of the 2,6-isomer is a result of
interstrand stacking interaction between the twihraguinones. All anthraquinone building
blocks act as fluorescence quenchers if placed sigpto two pyrenes. These anthraquinone
derivatives can be useful building blocks for diasgic tools or for applications in DNA-

based nanomaterials.
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In the second part, a tetrathiafulvalene derivabivéding block (TTF) was synthesized and
incorporated into DNA. Its spectroscopical propestand its behaviour on DNA stability
were investigated. TTF-modified oligonucleotidesnfostable hybrids and photo-induced
electron transfer was demonstrated by fluorescanoenching in TTF/pyrene modified
heterohybrids. Finding shown in this study représesetting for the development of TTF-

oligonucleotide based redox-active and optical @ens

In the third part of the thesis, a perylene diimimelding block (PDI) was synthesized and
incorporated into DNA. Oligonucleotides containinge or two non-nucleosidic perylene
diimide building blocks form stable duplexes. Flesgence spectroscopy shows that two PDI
opposite to two pyrene units are a powerful quentirepyrene excimer. It was interesting to
observe that a strong flurophore like the PDI ia pinesence of DNA and water environment
is not fluorescent. On the other hand, in the preseof another fluorophore like the pyrene
which is able to form excimer, the PDI is able teench completely the signal of this
excimer. Highly effective excimer quenching is imjamt for many types of DNA based

molecular probes. The present system may helpeinléisign of future diagnostic tools.
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Chapter 1. Introduction

DNA or deoxyribonucleic acidis a nucleic acid that contains the genetic infatran for the
development and functioning of living organismseTiain role of DNA in the cell is the
long-term storage of information. The revelationtioé structure of DNA was one of the

biggest scientific challenges of the twentieth aent

1.1 History of DNA

F. Miescher a Swiss biologist discovered nucleic acid 1869 He isolated various
phosphate-rich chemicals by threating wounded sddduring the Franco-Prussian War,
which he called nucleihln 1879 A. Kossel a German biochemist found that nucleic acids
consist of nitrogen-containing bases, such as thgmtytosine and uradilE. Fischer
received in1902the Nobel Price for basic research on sugars, @syiaric acid, enzymes,
nitric acid and ammoniaP. Levenedentified the base, sugar and phosphate nucleotiile

in 1929* O. Avery C. MacLeod and M. MacCarty published the first experiment
demonstrating that DNA was a genetic materiall@8#4° In the late1940s E. Chargaff
found that the proportions of purines, adenine 4A)l guanine (G) was always equal to the
proportion of pyrimidines, thymine (T) and cytosi@€)° In 1952 R. Signerprovides a
sample of very pure DNA which gave X-ray diffracti@f high quality’ In 1953 the
molecular biologists). D. Watsonan american anél. H. Crick an Englishman, proposed
that the two DNA strands were coiled in a doubléixtfeIn this model each nucleotide
subunit along one strand is bound to a nucleotidrusit on the other strand by hydrogen
bonds between the base portions of the nucleotiles.fact that adenine pairs only with
thymine (A-T) and guanine pairs only with cytosii@ C) determines that the strands will be
complementary Kigure 1.). In 1955 Chargaff and Davidsompublished a set of three
volumes on “The Nucleic Acids”, describing in gredstail their physical properties and

characterisation. 11959 RNA polymerase was discovered by Severo OchoaAatitur
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Cornberg’ In 1961, Jacob and Monod proved that messenger RNA transfers the genetic
informations'® The Nobel Price in Medicine was awarded\atson Crick andM. Wilkinsin
1962 for their accomplishments. It is ih977 that DNA sequencing was discovered and
published byMaxamandGilbert.*! In 1990the the Human Genome Poject started with the
goal to identify all of the approximately 30000 gsnin human DNA, to determine the
sequences of the 3 billion chemical base pairsrtteke up the human DNA and to store this
information in databases within 15 years.1997 Dolly, a sheep, was cloned successfully
and theE. coligenome was sequenced. The Human Genome Projead en2003 with the

completion of the human genetic sequence.

Figure 1.1 DNA double helix modef?
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1.2 Structure of the DNA Double Helix

DNA is a long polymer of repeating units called leatides with a backbone made of sugars
and phosphate groups joined by ester bonds. Therar major nucleobases : adenine (A),
thymine (T), guanine (G) and cytosine (C). Two loérh are called puring®\, G) and the
two other one pyrimidines (T, C). These nucleobaseslinked at the C(1’) position of a
pentose sugar (forming nucleosides) and the phtsm@sder is attached at the O(3’) and the
O(5’) positions of this sugar. Two DNA single stdanare able to form a DNA duplex by
Watson-Crick base-paring-igure 1.9. This base-paring takes place because purines for

hydrogen bonds to pyrimidines with A bonding ordyTt, and C bonding only to G.

O R N -
< ]
H
Adenine and Thymine Guanine and Cytosine

Figure 1.2Watson-Crick base pairs for A-T and G-C.

As the DNA strands wind around each other, theydegaps between each set of phosphate
backbones, revealing the sides of the bases insligre are two of these grooves twisting
around the surface of the double helix: one grotive,major groove, is 22 A wide and the
other, the minor groove, is 12 A widEigure 1.3.*®* The narrowness of the minor groove

means that the edges of the bases are more adeesslie major groove.
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Major groove

Figure 1.3 Structure of B-DNA showing the location of the mragind minor groove¥.

DNA can adopt three types of major conformationsDA, B-DNA and Z-DNA Figure
1.4).

B-DNA has a right-handed conformation. In fully hgted form, DNA duplexes will
commonly exist in the B-form. This form has 10 lsaper turn with a wide major groove and
a narrow minor groove. The distance between neigtibg base-pairs is 3.3-3.4 A. The
bases are located near to the axis and thee@@sugar pucker is typical for a B-duplex.
The dislocation of the base-pairs from the axisesabetween 0.2 and 1.8 A,

A-DNA has also a right-handed conformation and sually observed when DNA is
dehydratedn vitro. The helix contains 11 bases per turn and the mgagmve is narrow and
deep and the minor groove is broad and shallow. diknce beetween the neighouring
base-pairs is 2.9 A and the axis is pushed away fhe base pair. This dislocation base-pairs
from the axis is 4.5 A which is very different froBaDNA. The sugar puckering mode C3'-

endois observed for a A-DNA conformation.
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Z-DNA has a left-handed conformation and can beéat under high salt concentration with
G/C DNA sequences. In Z-DNA, the purines are igraconformationwhile pyrimidines are

in an anti conformation maintaining Watson-Cricls&aairing. The number of bases per turn
is 12 and the major groove is shallow and the mgroove is narrow and deep. The distance
between the neighbouring base pairs is 3.7 A. Tigarspuckering mode is C2nadoin
pyrimidine and C3endoin purine where the dislocation of the base-p&iosn the axis
varies between 2 and 3 A.

Figure 1.4 A-DNA (left), B-DNA (middle), Z-DNA (right)*®

1.3 Stabilisation of DNA by Two Major Interactions

In DNA duplex conformations, the helix is stabilizby two major interactions: the hydrogen
bonds and the stacking interactions between thieotige bases.
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1.3.1 Hybroden Bonds

A hydrogen bond is an attractive inter- or intraewnllar force that exists between two partial
electric charges of opposite polarity: the bondsexibetween a hydrogen atom and an
electronegative heteroatom. The hydrogen bond shraeaker than the ionic or the covalent
bonds but stronger than most other intermolecwdarels. Hydrogen bonds can be formed
between two molecules and the resulting assocatebe quite stable. Hydrogen bonds have
an important role in the structure of nucleic acilee Watson-Crick hydrogen bonds are
responsible for the A-T and G-C pairing in the dxgdf Numerous experimental and

theoretical works have been devoted to the study @maracterisation of nucleic acid

hydrogen bond&” 23

1.3.2#-7t Stacking Interactions

Stacking in supramolecular chemistry refers toaalstd arrangement of aromatic molecules,
which interact throught-n stacking interactions. One of the most populamegdas of a
stacked system refers to the DNA base-pdtigufe 1.5. Stacking also occurs in proteins
where two aromatic rings have overlappittgrbitals. The exact nature of such interactions
(electrostatic or nonelectrostatic) is a mattedetfate but there are several known factors that
can contribute to the stacking between the DNA Ipasies®*

The first of them is the Van der Waals interactiavisich correspond to the sum of the
dispersion and repulsion energies and is varieth Wit(r = distance between the nuclear
positions of the atoms). The second factor is tleetmstatic interactions between partial
atomic charges where eletronegative atoms likeogetn or oxygen polarize the electron
density of heteroaromatic molecules such as nuakss and so these atoms and
neighbouring atoms are associated with partial Etamarges. These reactions vary with r
according to the Coulomb’s lawv:~ qqj / rj where gand g are the magnitude of the charges
and f their separation. The third interaction correspaadthe electrostatic interactions
between the charge distribution asociated to thie@bplanen-electron density. The nuclei of
aromatic molecules have a characteristic chargeildison with a positively charged-
framework which is sandwiched between two regiofisnegatively chargedr-electron
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density. The interactions vary asand strongly depend on geometry. The fourth efette
electrostatic interactions between charge distidbutassociated with the out-of-plane
electron density and the partial atomic chargess érm varies roughly with*rand is, thus,
quite sensitive to geometry. This contributionakatively high if large partial atomic charges
are involved. The last contribution concerns theraction of aromatic residues and solvent.
It is also called solvation-driven force or hydropit effect, solvation effect, desolvation,
solvophobic force. The contribution of this interan to ther-n stacking remains a matter of
a controversial debatd®iedrich et al.found a strong linear relationship between the fre
enthalpy and the solvent polarf?’ The most polar solvent which is water was the bmrst
apolar bonding. In a different approa&@ellman et alfound no significant solvent-induced

interactions®

Figure 1.5.3D representation of a B-DNA double helix showing
n-n stacking interactions between base pairs alongxtrss®

1.4 Different DNA Architectures

DNA is not only able to form a simple double helX\A is also able to form different kinds

of 2D branched structures and also triplexes odauydexes.
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1.4.1 Branched DNA

During the last 10 years, there was an importaotease interest in the use of DNA for
engineering purposés Effectively, DNA is an excellent system for stuatyimolecular self-
assembly and nanoconstructiinOne particular interest is to design DNA motifsgimw
large, ordered two-dimensional arrays. This is wahyariety of simple branched structures
have been developedFigure 1.§.>* One of these branched motifs is a linear polyraer,
partial DNA duplex which has the possibility to eetended along the same axis by strand
complementarity. DNA molecules are joined by stignds and can yield longer lines. The
second branched structure is a three-way junctibitiwconsists in three different strands
forming three partial duplexes. The resulting dtrites is a three branched structure. The third
branched junction is a four-way junction (also eadla Holliday junction) which consists of

four different strands forming four partial duplexe

Figure 1.6Linear polymer (left), three way junction (middid four-way junction (right).

1.4.2 DNA Triplexes

Triple helical DNA structuresHigure 1.7 have been a subject of vast research in the5f8ast
years>>>*In this structure, one strand binds to a B-DNAethelix through Hoogsteen and
reverse Hoogsteen hydrogen bonBg@re 1.§. Hoogsteen base pairing takes place in the

pyrimidine binding motif when the homopyrimidineiplex-forming oligonucleotide is
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parallel to the duplex (BGC or T-AT base triplets). The reverse Hoogsteasebpairing
appears in the purine binding motif when the honnimyutriplex-forming is antiparallel to the
duplex (G-GC, A-AT or T-AT base triplets). Effeatiy, the triplex formation is most of the
time limited to homopurine/homopyrimidine region$§ @ DNA duplex. Since triplex
formation takes place in a highly specific manrignas found wide interest as a method of
selectively targeting DNA for gene-based diagnostid pharmaceutical applicatiotfs®

H
(e} \“N Q /,H/ \H/ \R
) o
%
N

/ N

R
Figure 1.7 Structure of a DNA triple heli¥ Figure 1.8 T-AT Hoogsteen base pair (top)

and T-AT reverse Hoogsteen base pair (bottom).

1.4.3 DNA Quadruplexes

DNA oligonucleotides that have repetitive tractsggafinine bases linked by hydrogen bonds
(Figure 1.9 can form four-stranded inter- and intramolecujaadruplex structures that may
be important for a number of biological processed diease-related mechanisffié! In
particular G-quadruplex DNA formed from telomeragsence repeat&iure 1.10 may be
important for telomere maintenance and DNA repicatind is a potential target for novel
anti-cancer drug&** These structures can be further stabilized byast®n between 06 of
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guanine with cations, paritcularly monovalent metahs. G-quadruplexes are highly
polymorphic and a large number of different struesuhave been observéd.

ﬁ .
I N N H—N G 4

G N—H"" \‘/\

Y

Z—

Figure 1.9Hydrogen bonds formed in GGGG  Figure 1.10Structure of a DNA quadruplex
quadruplex. formed by telomer repeafs.

1.5 Chemical Modification of Nucleotides

Chemically modified nucleotide building blocks habeen a great importance for the
understanding of the mechanisms and stereocheragcts of numerous biochemical
reactions and processes nucleic acids are invah&Nucleotide modifications can occur at
three different places: on the nucleobases, orsulgar backbone or on the phosphate linker
(Figure 1.12.

O Base <=—— — nucleobase

<~ sugar backbone

s _ phosphate linker

Figure 1.11Sites of possible modifications of nucleotides.
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The modification of the bases leads to the extengfdhe genetic code, to the analysis of the
interactions between DNA/RNA and proteins, to thedg of the physical properties of

natural bases and to the improvement of bindingentées in diagnostic applicatiof%s*°

The modification of the phosphate can be done twsRNase H activity and to increase

biological activity™®> The two main modified groups for this applicatiomse the
phosphorothioate and the phosphorodithioBigure 1.13.>*

B \

O\:P‘{o 5 S\\P‘\“O

S O—| 0 g o_l o B
O 0

Figure 1.12Phosphorothioate (left) and phosphorodithioatgh(i

The modification of the sugar backbone shows arontapt interest for the development of
diagnostic probes and tools in molecular biologyvesl as in antisense and antigene
therapy>®>® Modification of the sugar backbone can completdignge the thermodynamic
stability, the helical properties and the selettivof base pairing. For exemple, sugar

backbone modified nucleotides can be a 4-, 5- meéabered ringRigure 1.13.>+°°

§ § 3
e (@) B O B
] %
(I) O=P—0- O=p—0
0=pP-0- $

$
$
Figure 1.13A 4-membered ring sugar (left), a 5-membered singar (middle) where
the phosphate is linked at the 2’ position andnagBrbered ring sugar (right).
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1.6 New Modified DNA Building Blocks

1.6.1 Non-nucleosidic Base Surrogates

In the past, most of the efforts on modificatiomatleic acids was focused on the sugar-base
analogues. Modified oligonucleotides have foundespkard applications as diagnostic and
research tool’® The generation of defined molecular architectimgsising nucleoside-like
building blocks is a research topic of increasinigiiest®®® The repetitive and well-defined
structural features of nucleic acids and relatquesgyof oligomers renders them valuable
building blocks for the nanometre-sized structifeShe combination of nucleotides with
non-natural building block leads to a large inceeimspossible constructs and applicati®hs.
® The use of these nucleic acids is famous for finan properties : for their ability of self-
organisation, for their chemical and physical digbifor the construction of one-, two- or
three-dimensional structuf@s because they are amenable to a large varietyhemical,
physical and biological processes and because thedified building block can be easily
incorporated. In our group of research we focusadnon-nucleosidic building blocks

because it is a domain that was not so explorethtomoment.

1.6.2 Interstrand Stacking Building Blocks

In our group, we first decided to study the propsrbf some polyaromatic building blocks
arranged in an interstrand stacking mode. Theddibgiblocks were the phenantreRgthe
phenantrolineQ.®”°® The phenantrene or the phenantrolifggre 1.14 can serve as base
surrogates without destabilising the DNA duplexattering its overall B-DNA structure.
Another building block was also incorporated far stacking properties and this molecule

was the pyrens (Figure 1.15.%°
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Figure 1.14Molecular model showing DNA duplex with two inteesnd
stacked phenantrene (left) and the correspondiaganttirene building
block P (middle) and the phenantroline building bla@Kright) "%

Figure 1.15Molecular model showing DNA duplex with two inteesnd
stacked pyrenes (left) with a stacking view of tive pyrene moieties
(middle) and the pyrene building blogKright) >
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1.6.3 Fluorophores and Quenchers in DNA

A fluorophore, is a component of a molecule whigluses a molecule to be fluorescent. A
florophore will absorb energy of a specific wavejgnmand reemit energy at a different (but
equally specific) wavelength. The amount and wawgle of the emitted energy depend on
both the fluorophore and the chemical environménhe fluorophore. In DNA duplexes, the
pyrene building bloclS that we used for its stacking properties is alsoréscent. Pyrene is
not only fluorescent but has also the ability tonfoexcimer Figure 1.16.°° It was also
proved that the pyrene and the phenantrene arerfgram exciplex in DNA duplexé&d:"

- 500

J 400

350 4 ':'.-fJ 450 S00 S50 G0

Wavelength

Figure 1.16Fluorescence emission spectra of single stramnak)bl

and duplex (red) containing pyrenes in oppositétjons *°

Quenching refers to any process which decreasedlubesscence intensity of a given
substance. A variety of processes can result imaueg, such as excited state reactions,
energy transfer, complex formation and collisiomglenching. The behaviour of the
phenantroline building block which is important for the stabilisation of DNA svatudied

In opposite position to two pyrene units in DNA teyes. A reduction in the signal of the
pyrene excimer was observed (signal divided by wRich is due to the presence of the
phenantroline building block The change in geometry can be one factor of &dsation in
the signal. Another possiblity can be that the pinémline is intercalated between the two
pyrene units and the last explanation can be tl@mphenantroline is able to quench pyrene

monomer and/or pyrene excimer.
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1.7 Electron-Acceptor and Electron-Donor Molecules

1.7.1 Electron-Acceptor Molecules

An electron acceptor is a chemical entity that ptelectrons transfered to it from another
compound. It is an oxidizing agent that, by virtfats accepting electrons, is itself reduced
in the process. Anthraquinones (AQ) are known tgded electron-acceptor molecufeand

can act as fluorescence quencHérglectrochemical measurements show that AQ can be
reduced twice, reversibl\Figure 1.17.” They are investigated as photo-activated nucleases
and they can serve as molecular entities for supleoalar assembli€§:”® Anthraquinones

are also known as potential anticancer agentstaltreir property to intercalate into DNA.

81
I AQ
P
AQ ' r

Figure 1.17The AQ molecule (left) and the cyclic voltammetifyAQ in THF/TBAPF; (right).”

Another electro-acceptor molecule is the peryleiimide (PDI) Figure 1.18.2% PDI are
colorants that have received considerable attemticactademic as well as industrial dye and
pigment researct®* PDI were initially applied for industrial purposas red vat dyes. More
recent applications of perylene bisimide pigments ia the field of electronic materials
among which PDI is the best n-type semiconductamilable to dat&>®® The n-type
semiconductivity is related to the high electrofinity of perylene bisimide dye¥.PDI is
also a fluorescent dye with high fluorescence quantield and photostabili#§ which

constituted a fertile soil for research on lightticed energy and electron transfer

OO
p2afe%e
o

Figure 1.18Perylene diimide derivative (PDI).

processe& %!
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1.7.2 Electron-Donor Molecules

An electron donor is a chemical entity that donakestrons to another compound. It is a
reducing agent that, by virtue of its donating &tats, is itself oxidized in the process. One
of the famous electron-donor molecule is the teiaftilvalene (TTF)Kigure 1.19.%2

+ + +
S S e S S e S S
=0 —— =] — 1]
s s +e S s +e s s
TTF © TTF*® TTF %

Figure 1.19TTF molecule showing two reversible oxidation peses?

TTF is a planar molecule which allowsrt stacking of its oxidized derivatives. It has athig
symmetry, which promotes charge delocalizationteyg minimizing coulombic repulsions,
and has the ability to undergo oxidation at mildepdials to give a stable radical cation.
Electrochemical measurements show that TTF carxlakzed twice reversiblyKigure 1.19
and 1.20.%

Figure 1.20Cyclic voltammetry of TTF showing reservible prese
with E',,=0.34 V; E,,,=0.78 V vs Ag/AgCl in acetonitril&:

TTF and its derivatives were originally preparedsaeng electron-donor molecules for the
development of electrically conducting materidi€® TTF and its derivatives offer new and
in some cases little-exploited possibilities at thelecular to the supramolecular lev&i§®
TTF is an important building block in supramolecuthemistry, crystal engineering and in
systems able to operate as machifiémportant goals have been achieved in the useréf T
at the macromolecular level (TTF-containing oligosy@olymers and dendrimer§y:%®
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1.7.3 Donor-Acceptor Systems with TTF

In an electron-donating process, an electron-ddremsfers an electron to an electron-
acceptor. During this process the electron donooxislized and the electron acceptor is
reduced. An example of a donor-acceptor systenmésdendrimeéf* containing TTF and
anthraquinone units shown Figure 1.21'% This molecule undergoes amphoteric redox
behaviour as a consequence of the presence oflébeom-donating TTF moiety and the
electron-accepting anthraquinone system. Theses typle donor-acceptor systems are
specially attractive since the incorporation obsgern-acceptor group will enable the study

of intra-molecular charge-transfer interactionshivita dendritic microenvironmefht> %’

B

L% kg%k

o o) o 0
( o o
TTF TTF 'I'I'F TTF

Figure 1.21A polyester dendrimer containing anthraquinoneg)l TTF units®

A second exemple of donor-accepting system is d dyatem involving a TTF unit as a non-
fluorescent donor and a perylene dicarboximide JRIDIt as an fluorescent acceptbigure
1.22. Depending on the oxidation state of the TTIE, ¢mission fluorescence of the dyad in
solution can be reversibly modulated by either tetecor energy transfer. This dyad could
therefore be considered as a new kind of redox entde switch with delayed optical

response®
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Figure 1.22A donor-acceptor dyad system involving TTF and.BPI

1.7.4 Anthraquinone, TTF and Perylene diimide incoporated into DNA

Anthraquinones were most of the time incorporatedintercalated into DNA for its
electronic properties. Long-charge transport in Dil#plex was studied with anthraquinone
linked at the 5" end of a DNA straritf Electrochemistry of DNA duplex containing an
anthraquionylmethyl group at the 2’-sugar positéiiggre 1.23 was studied by cyclic
voltametry™'® Anthraquinone conjugates were incorporated intoADBy phophodiester
linkage to facilitate triplex formatioh* DNA cleavage was examined with porphyrin-
anthraquinone hybrids as intercalattr.

NH
LA
(@)

U(2'AQ) =

Figure 1.23Anthraguinone moiety attached at the 2’ positiba sugar
Sequence : dACAU(2’AQ)GCAGTGTTGAY?

So far as we know, tetrathiafulvalene was justipocated one time into oligoribonucleoside
and it was used for a system containing redox-aailvonucleoside and oligoribonuceloside
(Figure 1.29.13
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Figure 1.24Synthesized sequence 5-UsUsUs(U-TTF)sUsUst33'.

Many reports describe the incorporation of peryldimide into DNAM4*" Oligonucleotide
conjugates possessing PDI linkers have been repddeform a variety of structures
including duplexes Rigure 1.25, triplexes, capped hairpins as well as novel cttmes
possessing several PDI chromophores connected btordied oligonucleotided®*?°
Perylene diimide is an electron-acceptobut also a well stacking entity, especially in DNA
as non-nucleosidic base surrogates. Incorporafidwm perylene units in opposite positions
in DNA duplex show an increase in stabilifibut a strongly reduced fluorescence of the PDI

probably due to the quenching by water.

Figure 1.25Modeling of a DNA duplex containing two perylenits in opposite positions?
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1.8 Aim of the Work

Our worked aimed at the design and synthesis attstral DNA-mimics. We decided to

study the properties of some polyaromatic buildbigcks in DNA-duplexes. These non-
nucleosidic base surrogates should be suitableafi@ngement in an interstrand stacking
mode and for an increase in DNA stabilization. Weuked our study on one electro-donor
and two electro-acceptor building blocks: tetrdillizalene, anthraquinone and perylene
diimide (Figure 1.2§.

0
O X XN 0 NS _s s " oowmt
PAMO” > | — 1 >""opwmr SI >=<SI
- Z ~ "0 S S___,OPAM
0
AQ TTF

Iafafa
~ O
o O

PAMO ODMT
PDI

Figure 1.26 AQ, TTF and PDbuilding blocks used for our study.

The first part of our work was the synthesis ané thcorporation of four different
anthraquinone isomers into DNA. We were interestedhe influence of the geometrical
attachment of the linkers on hybrid formation andheir use as fluorescence quenchers. The
second part of the work aimed at the synthesista@dncorporation of a tetrathiafulvalene
derivative into DNA. Its spectroscopical properta®l its behaviour on DNA stability were
carried out. The third part of our work was devdigthe synthesis and the incorporation of a
perylene diimide building block into DNA. PDI wasad for its interesting stacking system
which should have a positive effect on DNA stapiliiVe also observed its behaviour
opposite to the pyrene moiety that we are usimmuingroup which is also a good fluorophore

and able to form excimer in DNA.
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Homogeneous duplexes containing all these threklibgi blocks were our first interest,

especially the effect on duplex stabilisation ahé effect of the non-nucleosidic base

surrogate Figure 1.27.

5" AGC TCG GTC AXC GAG AGT GCA X =TTF, AQ, PDI
3’ TCG AGC CAG TXG CTC TCA CGT

Figure 1.27Homogeneous duplexes containing TTF, AQ or PDI.

Heterogeneous duplexes were also studied as patetdnor-acceptor systems in DNA
duplexes Figure 1.28§. Redox properties of these moieties can haveastieg results on
DNA and some applications with TTF-, AQ- or PDI-taning oligonucleotides attached to

gold surfaces are feasible.

5"AGC TCG GTC AXC GAG AGTGCA X =TTF
3 TCG AGC CAG TYG CTC TCA CGT Y = AQ, PDI

Figure 1.28Heterogeneous duplexes containing TTF, AQ or PDI.

Finally, anthraquinones are known to be good quenatmolecules and perylene diimide is
known to be a strong fluorophore in organic sohsgioWe decided to study the properties of
these two molecules and at the same time alsoehavibur of the TTF moiety on pyrene

monomer and pyrene excimer fluorescergyre 1.29.

5" AGC TCG GTC ASC GAG AGT GCA 5" AGC TCG GTCSSC GAG AGT GCA

3 TCG AGC CAG TXG CTC TCA CGT 3 TCG AGC CAG TXG CTC TCA CGT
or

X =TTF, AQ, PDI 3’ TCG AGC CAGXXG CTC TCA CGT

Figure 1.29Duplexes containing one or two AQ, TTF or PDI

units opposite to one or two pyrene units.
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Chapter 2. Anthraquinones as Artificial DNA Building Blocks

Published inN. Bouquin, V. L. Malinovskii and R. Handt. J. Org. Chem2008§ in press

2.1 Abstract

Synthesis and properties of oligodeoxynucleotidwgaining anthraquinone-derived building
blocks with flexible linkers are described. Stagtifrom the 1,4-, 1,5-, 1,8- and 2,6-
dihydroxy-anthraquinone isomers, the correspongihgsphoramidites were prepared and
incorporated into oligonucleotides. The site okén attachment was found to be of critical
importance for hybrid stability. While the 2,6-isemled to a significant stabilization, all
other isomers had a negative effect on duplex Igialfpectroscopic studies showed that the
anthraquinones behave as fluorescence quenchedel$/of anthraquinone-modified double

stranded hybrids are proposed.

2.2 Introduction

The use of chemically modified nucleic acids isagidly growing area. Oligonucleotides
containing unnatural building blocks are commonlsed in the areas of diagnostics,
supramolecular chemistry and materials rese¢drthAmong the many modifications,
building blocks lacking a sugar or a sugar-like etypiare increasingly used as versatile
components. In particular, polyaromatic compoundsdich often possess interesting
electronic and spectroscopic properties, were fotmdntegrate well into DNA without
compromising hybrid stability. Typical modificatisnof this kind include stilberi&’!
phenanthren&;*? pyrenel’**® perylend?®?* or phenanthrolin€>2® One of the primary
reasons for the positive effect of the modificatian stability is their tendency to develop

stacking interactions among themselves or withningeobase%°*"?"?8|Anthraquinone and
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its derivatives are well-known intercalat&®3” They are a frequently found motif in DNA
targeting drug&®3>*Not surprisingly, conjugation of anthraquinoneotigonucleotides has
served as a common strategy for the developmerttigsf affinity oligonucleotide§®*4
Furthermore, the low reduction potential of antlwagne derivatives opens possibilities for
charge transport through DNf&A*! and electrochemical DNA sensili§>>¥ In addition,
anthraquinone derivatives can act as fluoresceneadhpers®’*>>® they are investigated as
photo-activated nucleas®s” and they can serve as molecular entities for snplecular
assemblie§® On this background, we investigated the use dfraguinone as an elemental
building block for the construction of DNA-like stitures. In particular, we were interested
in the influence of the geometrical attachmenthef linkers on hybrid formation and in their
properties as fluorescence quenchers. Here, wertrépe synthesis of four isomeric
anthraquinone phosphoramidites, their incorporaiimo oligonucleotides as well as the

properties of the resulting oligomers.

2.3 Results and Discussion

Synthesis of the Phosphoramidite Building Blocks ahOligonucleotides.Incorporation of
anthraquinone-derived with different geometrie® iBNA should give us indications about
the effect of the sites of attachment of the lisken duplex stability. Thus, the four
dihydroxy-anthraquinone%-4 (the 1,4-, 1,5-, 1,8- and the 2,6-isomers) weresehdor the
study. Representative for all four isomers, the tlsgsis of the 1,4-substituted
phosphoramidite building block is shownScheme 2.lintroduction of the linkers was done
by treatment with 2-chloroethanol in the presenteatassium carbonate and potassium
iodide following a similar method described in thiteraturel®™ The obtained bis-
hydroxyethylated compounds8 were converted to the mono-protected derivatB42 by
reaction with 4,4'-dimethoxytrityl chloride. Phoggtation under conventional conditions
yielded the phosphoramidite derivativE316. Structures of all anthraquinone derivatives are
shown in Table 2.1 The phosphoramidites were subsequently incoredrainto
oligonucleotides using the phosphoramidite procef§fif*! Deprotection (conc. N&i 50°C),
followed by HPLC purification yielded oligonucledés 17-26. The correct molecular

weights of all oligomers were verified by mass spmuetry Table 2.7.
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Scheme 2.1Synthesis of the 1,4-substituted anthraquinoresphoramidite building block3.

OH
O OH o o
KI, K2COg, CI(CH,),0H

(LI e
38%

O O
O OH ~"0oH
1 5
DMTCI,
Pyridine

35%

EtN(iPr),, PAMCI

(1 e
53%

Table 2.1 The 1,4-, 1,5-, 1,8- and 2,6-substituted anthraane intermediates and phosphoramidites.

1,4-isomer 1,5-isomer 1,8-isomer 2,6-isomer
1 2 3 4
R]_: R2=H R]_: R2=H R]_: R2=H R]_: R2=H
5 6 7 8
R]_: RZ: R]_: RZ: R]_: RZ: R]_: RZ:
(CH,),OH (CH,),OH (CH,),OH (CH,),OH
9 10 11 12

Rj_:(CHg)gODMT
R2=(C HZ)ZOH

13
R]_:(CHz)zo DMT
R2=(C Hz)zo PAM

Rj_:(CHg)gODMT
R2=(CH2)ZOH

14
R]_:(CHz)zo DMT
R2=(C Hz)zo PAM

Rj_:(CHg)gODMT
R2=(CH2)ZOH

15
R]_:(CHz)zo DMT
R2=(C Hz)zo PAM

Rj_:(CHg)gODMT
R2=(CH2)ZOH

16
R]_:(CHz)zo DMT
R2=(C Hz)zo PAM

OR,

OR, O

1,4-isomer

OR;, O OR,

o)
1,8-isomer

1,5-isomer

(0]

SO0h
R,O

o)
2,6-isomer
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Influence of Anthraquinone Building Blocks on Hybrid Stability. The effect of the four
non-nucleosidic building blocks on duplex stabilityas analyzed by thermal denaturation
experiments. As shown ihable 2.2 incorporation of a pair of 1,4-, 1,5- or 1,8-deatives in
each strand1©*20, 21*22 and23*24) results in a considerable decrease in hybridilgtab
All three regio-isomeric modifications reduce theltimg temperature ) by approximately
5°C (AT =-5.4°C, -5.2°C and -5.5°C, respectively).

Table 2.2 Melting temperatures of hybrids containing ecu&ils of isomeric anthraquinone building

blocks.
oligonucleotide T[°C] ATn[°C]

17 (5") AGC TCG GTC ATC GAG AGT GCA 714 i
18 (3) TCG AGC CAG TAG CTC TCA CGT ‘
19 (5) AGC TCG GTC AH,,C GAG AGT GCA 66.0 54
20 (3) TCG AGC CAG H,G CTC TCA CGT ‘ '
21 (5) AGC TCG GTC AH,sC GAG AGT GCA 66.2 59
22 (3) TCG AGC CAG TH;sG CTC TCA CGT ‘ '
23 (5) AGC TCG GTC AH,4C GAG AGT GCA 65.9 55
24 (3) TCG AGC CAG TH1gG CTC TCA CGT ‘ '
25 (5 AGC TCG GTC Al,C GAG AGT GCA 76.6 +592
26 (3)) TCG AGC CAG THxG CTC TCA CGT ' '

o o o~ o o o

(0] O\/\Ofi— 7570/\/0 O

H14 ' ' H15
7;70\/\0 0 ONO{i O
SO SAG
CO0 o |
o) (e}
H18 H26

Conditions: 1.QuM oligonucleotide concentration (each strand), M phosphate buffer (pH 7.4)
and 100 mM NacCl. a) Difference in, Telative to the reference dupl&x*18.
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On the other hand, incorporation of a pair of ttfi&omer in opposite positions results in a
significant increase in stabilihy;AT, +5.2°C). Circular dichroism (CD) spectral analysfs
anthraquinone duplexekd* 20, 21*22, 23*24 and 2526 are consistent with an overd}

conformation Fig. 2.1).

Figure 2.1 CD spectra of hybrids7*18, 19+ 20, 21*22, 23*24 and25* 26.

10

nideq
N

6 | | | | !
240 260 280 300 320

Wavelength nm

Conditions: 1.0uM oligonucleotide concentration (each strand), 1@ phosphate buffer (pH 7.4)
and 100 mM NacCl.

Due to the well-known property of anthraquinonesnigrcalate into DNA, we calculated
possible models containing the building blocks mimaterstrand stacked arrangement. The
minimization process was done welmberforce field®? considering the two anthraquinone
moieties and one base pair on each side. Aftermmaition, the remaining natural bases
were attached using B-DNA parameters (see expetahsaction) The hybrid models thus
obtained are depicted figure 2.2 As can be seen, only the 2,6-linked anthraquisare
arranged in a face-to-face stacking mode. Stackinghe anthraquinones in the hybrids
containing the other isomeric building blocks seemgh less favourable. While this would
be in agreement with the large differences obseiveliplex stabilities, alternative structures
can, of course, not be excluded. In fact, a reaawgstal structure of a bis-alkoxy-
anthraquinone reveals that crystal packing is kt&bi by intermolecular C-HD non-

classical hydrogen bonds whereaswmstacking interactions were obserJ&.
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Figure 2.2 Amberminimized models of DNA hybrids containing isoneeenthraquinone building
blocks as indicated. Anthraquinones are shown acefhilling representation.

~\

duplex 23*24 (1,8-isomers) duplex 25*26 (2,6-isomers)

We subsequently studied the effect of mixed pairsyhich the most stable 2,6-isomer was
placed opposite to one of the other isomeric bogdslocks. Tm values are shownTiable
2.3. For all hybrids 2520, 2522 and 25*24) a decrease in stabilitAT, respectively -
2.8°C, -0.8°C, -5.3°C) compared to the unmodifiagldx is observed. The decrease in
stability, however, is relatively small for hybri@s*20 and25*22 (AT, values of -5.4°C and
-5.2°C, seélable 2.2 for the respective hybrids with identical anthuisgpne modifications),
which further illustrated the stabilizing effectstbe 2,6-isomer. In agreement with previous
observations with non-nucleosidic phenanthrene dingl blocks a significant
destabilization was observed with all regio-isomemthraquinones if placed opposite to a
thymidine [Table 2.4. Anthraguinones had no stabilizing effect on DW#&h an abasic site
(Table 2.5. This is surprising since several reports existthe literature describing a

significant structural stabilization of abasic sitsntaining DNAI?®64-5]
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Table 2.3 Melting temperatures in hybrids containing mixedrs of anthraquinones.

oligonucleotide T[°C] ATL[°C]

17 (5) AGC TCG GTC ATC GAG AGT GCA 71.4 -

18 (3) TCG AGC CAG TAG CTC TCA CGT '

25 (5") AGC TCG GTC AH,,C GAG AGT GCA 63.6 o8
20 (3) TCG AGC CAG TH1,G CTC TCA CGT ' '
25 (5) AGC TCG GTC AH,,C GAG AGT GCA 70.6 .08
22 (3) TCG AGC CAG TH1sG CTC TCA CGT ' '
25 (5) AGC TCG GTC AH,sC GAG AGT GCA 66.3 .53
24 (3) TCG AGC CAG TH1gG CTC TCA CGT ' '

Conditions: 1.0uM oligonucleotide concentration (each strand), 1@ phosphate buffer (pH 7.4)
and 100 mM NacCl.

Table 2.4 Hybridization data of the anthraquinone buildibpcks in opposite position to a

thymidine.
oligonucleotide T AT
[°C] [°C]
17 (5 AGC TCG GTC ATC GAG AGT GCA 71.4 -
18 (3) TCG AGC CAG TAG CTC TCA CGT
17 (5) AGC TCG GTC ATC GAG AGT GCA 62.7 -8.7
20 (3) TCG AGC CAG H,G CTC TCA CGT
17 (5) AGC TCG GTC ATC GAG AGT GCA 61.7 -9.7
22 (3) TCG AGC CAG HsG CTC TCA CGT
17 (5) AGC TCG GTC ATC GAG AGT GCA 63.6 -7.8
24 (3) TCG AGC CAG HsG CTC TCA CGT
17 (5) AGC TCG GTC ATC GAG AGT GCA 63.8 -7.6
26 (3)) TCG AGC CAG THxG CTC TCA CGT

Conditions : 1.QuM oligonucleotide concentration (each strand), I Phosphate buffer (pH 7.4)
and 100 mM NacCl.
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Table 2.5 Hybridization data of the anthraquinone buildisigcks in opposite position to an abasic

site.
oligonucleotide T AT
[°C] [°C]

28 (5 AGC TCG GTC APC GAG AGT GCA 62.6 -8.8
18 (3) TCG AGC CAG TAG CTC TCA CGT
28 (5") AGC TCG GTC APC GAG AGT GCA 62.6 -8.8
20 (3) TCG AGC CAG H,G CTC TCA CGT
28 (5) AGC TCG GTC APC GAG AGT GCA 61.2 -10.2
22 (3) TCG AGC CAG HsG CTC TCA CGT
28 (5) AGC TCG GTC APC GAG AGT GCA 63.0 -84
24 (3) TCG AGC CAG TH1gG CTC TCA CGT
28 (5) AGC TCG GTC APC GAG AGT GCA 62.7 -8.7
26 (3) TCG AGC CAG THG CTC TCA CGT

Conditions : 1.uM oligonucleotide concentration (each strand), 1@ Phosphate buffer (pH 7.4)
and 100 mM NacCl.

Fluorescence Quenching by Anthraquinone Building Bicks. Anthraquinones have been
described as non-fluorescent quenchers and areefdhe of interest for applications in
diagnostic tool§"% The four different anthraquinone building blocksre investigated for
their influence on pyrene excimer fluorescencesi@wn in Figure 2.3, all four isomers have
a significant quenching effect if placed oppostiéwo pyrene building blocks. Single strand
27 containing two pyrene moieties next to each ostews pyrene excimer fluorescence
with a maximum at 505 nfi? Complementary single stran@§, 22, 24 and 26 with the
different anthraquinone moieties opposite the tyx@ipes lead to a significant reduction (60
to 70%) of the fluorescence signal. The valuesggaren inTable 2.6along with the Tm data
of the different hybrids. The combination of a flaphore with a quencher is used in many
types of molecular probes. Efficient quenching akimer fluorescence is difficult to
achievd®®®! Excimer quenching upon hybrid formation with isteand stacking
modifications opens a new way for the design of Di&ed probes.
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Table 2.6 Quenching of pyrene excimer fluorescence by agthinone building blocks.

oligonucleotide T[°C] AT,[°C] Quenching [%]
27 (5) AGC TCG GTCS SC GAG AGT GCA 64.0 74 60.3
20 (3) TCG AGC CAG H,,G CTC TCACGT ' ' '
27 (5") AGC TCG GTC S SC GAG AGT GCA 64.6 6.8 63.9
22 (3) TCG AGC CAG H;sG CTC TCA CGT ' ' '
27 (5) AGC TCG GTCS SC GAG AGT GCA 64.9 65 69.7
24 (3') TCG AGC CAG H,4G CTC TCA CGT ' ' '
27 (5) AGC TCG GTC S SC GAG AGT GCA 66.3 51 70.8

26 (3") TCG AGC CAG TH,G CTC TCA CGT

Conditions : 1.QuM oligonucleotide concentration (each strand), 10 Phosphate buffer (pH 7.4)
and 100 mM NaCl.

Figure 2.3 Fluorescence spectra of single str@&ydcontaining two pyrene units and of hybrids

betweer27 and complementary strands containing anthraquibariding blocks.

300

Intensity a.u.

400 440 480 520 560 600 640

Wavelength nm

Conditions: 1.0uM oligonucleotide concentration (each strand), 1@ phosphate buffer (pH 7.4)
and 100 mM NacCl.
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2.4 Conclusions

Four isomeric anthraquinone building blocks diffigriin the site of linker attachment were
synthesized and incorporated into oligodeoxynualest The site of linker attachment was
found to have a strong influence on the stabiltybrids containing a pair of the 1,4-, 1,5-
and 1,8-isomers led to a substantial reductionhef Tm value &£T, -5.4°C, -5.2°C and -
5.5°C, respectively). On the other hand, the 2p83r resulted in a considerable increase in
stability (AT, +5.2°C). Hybrids containing mixed pairs of isonsegnthraquinones show
moderate to significant destabilization. Molecutandels suggest that the positive effect of
the 2,6-isomer is a result of interstrand stackmegractions between the two anthraguinones.
In the case of the other isomers investigated, siabking interactions seem much less
favourable. All anthraquinone building blocks ad fiuorescence quenchers. If placed
opposite to two pyrene building blocks, excimerfiescence is quenched by 60-70%. The
anthraquinone derivatives described here represimnis, useful building blocks for

diagnostic tools or for applications in DNA-basethamaterials.

2.5 Experimental part

General.- Reactions were carried out under &mosphere using anhydrous solvents. Flash
column chromatography was performed using silida6gg63-32 uM,ChemieBrunschwig
AG). If compounds were sensitive to acid, the silias pre-treated with solvent containing
1% EgN. All NMR spectra were measured at room tempeeatom aBruker AC-300
spectrometerH-NMR spectra were recorded at 300 MHz. Chemiciisstd) are reported in
ppm relative to the residual undeuterated solv&D(ls: 7.27 ppm). Multiplicities are
abbreviated as follows = singlet,d = doublet = triplet, q = quadrupletm = multiplet.**C-
NMR spectra were recorded at 75 MHz. Chemical slafe reported in ppm relative to the
residual non-deuterated solvent (CRG17.00 ppm)3'P-NMR spectra were recorded at 122
MHz. Chemical shifts are reported in ppm relatige86% HPO, as an external standard.
Electron impact mass spectra (EI-MS) was performed.
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General method for bis-hydroxyethylation of dihydeg-anthraquinones(5-8). A solution

of 5.0 g (20.0 mmol) of dihydroxy-anthraquinone wdissolved in 100 ml of DMF.
Potassium carbonate (27. 7 g, 200 mmol) was adu#uetmixture. The mixture was stirred
for 2h at 120°C. 2-Chloroethanol (27 ml, 400 mmatd potassium iodide (6.65 g, 40.0
mmol) were added to the mixture. The mixture wasest at 120°C overnight, then cooled to
room temperature and concentrated. Water (100 i) added to the residue and the mixture
was extracted with C¥l, + isopropanol (3:1). The organic phase was wastgaih with
water, dried with magnesium sulfate and evaporateder reduced pressuréhe crude
product was purified by CC (silica gel: AcOEt + 104€0H).

1,4-Bis[(hydroxyethyl)oxy]anthraquinong5). Yield: 2.54 g (38%)H-NMR (CDCk, 300
MHz): 3.99 (t, 4 H), 4.29 (t, 4 H), 7.37 (s, 2 H)74 (dd, 2 H), 8.18 (dd, 2 HY¥C-NMR
(CDCl3, 75 MHz): 61.16, 73.34, 124.23, 126,90, 127.114.03, 134.37, 154.79, 184.36. EI-
MS: m/z = 328 (M+); MW = 328.09; {gH1¢0%s.

1,5-Bis[(hydroxyethyl)oxy]anthraquinong6). Yield: 1.82 g (27%)*H-NMR (CDCk, 300
MHz): 4.02 (t, 4 H), 4.31 (t, 4 H), 7.30 (dd, 2H),70 (t, 2 H), 7.93 (dd, 2 H}*C-NMR
(CDCls, 75 MHz): 60.77, 72.11, 119.34, 120.17, 120.7%.28, 136.96, 159.36, 182.8. El-
MS: m/z = 328 (M+); MW = 328.09; {gH1¢0%s.

1,8-Bis[(hydroxyethyl)oxy]anthraquinong7). Yield: 1.93 g (29%)*H-NMR (CDCk, 300
MHz): 4.03 (t, 4 H), 4.32 (t, 4 H), 7.34 (dd, 2 H),68 (t, 2 H), 7.91 (dd, 2 H}*C-NMR
(CDCl3, 75MH,): 60.77, 72.53, 119.61, 120.17, 121.20, 134.4/.03 159.00, 182.82,
184.15. EI-MS: m/z = 328 (M+); MW = 328.09; §811¢0s.

2,6-Bis[(hydroxyethyl)oxy]anthraquinong8). Yield: 1.98 g (30%)'H-NMR (CDCl, 300
MHz): 4.04 (t, 4 H), 4.29 (t, 4 H), 7.29 (dd, 2 H)/4 (d, 2 H), 8.26 (d, 2 H). EI-MS: m/z =
328 (M+); MW = 328.09; &H160s.

General method for 4,4-dimethoxytrityl (DMT) protéion of bis[(hydroxyethyl)-
oxylanthraquinones(9-12) The diol (1.0 g, 3.0 mmol) was dissolved in abs®byridine (8
ml). 4,4’-Dimethoxytrityl chloride (1 g, 3.0 mmot)issolved in absolute pyridine (8 ml) was

added dropwise. After strirring at room temperatime6 hours, saturated aqueous sodium
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bicarbonate solution was added. After extractiothvwdichloromethane and concentration
under reduced pressure, the product was purified®ysilica gel: AcCOEt + 1% TEA).

1,4-({[(4,4-Dimethoxytrityl)oxy]ethyl}oxy)-[(hydrayethyl)oxy]-anthraquinone (9). Yield:
0.66 g (35%)H-NMR (CDCl, 300 MHz): 3.78 (s, 6 H), 3.98 (m, 4 H), 4.28 @), 6.83
(m, 4 H), 7.18 (m, 2 H), 7.28 (m, 3 H), 7.37 (mHX% 7.48 (m, 2 H), 7.73 (m, 2 H), 8.18 (m, 2
H).

1,5-({[(4,4-Dimethoxytrityl)oxy]ethyl}oxy)-[(hydrayethyl)oxy]-anthraquinone(10). Yield:
0.59 g (31%)'H-NMR (CDCk, 300 MHz): 3.79 (s, 6 H), 4.01 (m, 4 H), 4.31 @nH), 6.84
(m, 4 H), 7.15 (m, 1 H), 7.30 (m, 4 H), 7.42 (mK{% 7.50 (m, 2 H), 7.70 (m, 2 H), 7.95 (m, 2
H).

1,8-({[(4,4-Dimethoxytrityl)oxy]ethyl}oxy)-[(hydrayethyl)oxy]-anthraquinone(11). Yield:
0.70 g (37%)'H-NMR (CDChk, 300 MHz): 3.78 (s, 6 H), 3.82 (m, 4 H), 4.26 @), 6.85
(m, 4 H), 7.15 (m, 1 H), 7.30 (m, 4 H), 7.38 (1} 7.48 (m, 2 H), 7.62 (m, 2 H), 7.88 (m, 2
H).

2,6-({[(4,4'-Dimethoxytrityl)oxy]ethyl}oxy)-[(hydrayethyl)oxy]-anthraquinone(12). Yield:
0.49 g (26%)H-NMR (CDCh, 300 MHz): 3.78 (s, 6 H), 4.05 (m, 4 H), 4.28 @), 6.82
(m, 4 H), 7.20 (m, 1 H), 7.28 (m, 4 H), 7.35 (i} 7.46 (m, 2 H), 7.74 (m, 2 H), 8.25 (m, 2
H).

General method for the phosphitylation of monoproted anthraquinones9-12 The
alcohol (0.50 g, 0.79 mmol) and ethyldiisopropylaen{0.25 g, 2.0 mmol) were dissolved in
10 ml of dichloromethane. 2-Cyanoethyl-diisopropyliaochloridophosphite (0.225 g, 0.95
mmol) dissolved in 5 ml of dichloromethane was atideopwise. The reaction was strirred at
room temperature for 2 hours. The resulting mixtwes directly applied on a silica column
for purification (eluent: ACOEt + 1% TEA).

1,4-({[(Diisopropylamino)(2-cyanoethyl)phosphinogthyl}oxy)-({[(4,4’-dimethoxytrityl)-
oxylethyl}oxy)-anthraquinone(13). Yield: 0.35 g (53%)'H-NMR (CDCk, 300 MHz): 1.17
(m, 12 H), 2.64 (t, 2 H), 3.58 (t, 2 H), 3.59 (mH2, 3.69 (m, 2 H), 3.79 (s, 6 H), 3.86 (M, 2
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H), 4.35 (m, 4 H), 6.83 (m, 4 H), 7.24 (m, 1 HR2F (m, 4 H), 7.39 (m, 4 H), 7.50 (m, 2 H),
7.65 (m, 2 H), 7.87 (m, 2 H'P-NMR (CDCE, 122 MHz): 149.11.

1,5-({[(Diisopropylamino)(2-cyanoethyl)phosphinoxathyl}oxy)-({[(4,4 -dimethoxytrityl)-
oxylethyl}oxy)-anthraquinone(14). Yield: 0.39 g (60%)*H-NMR (CDCk, 300 MHz): 1.18
(m, 12 H), 2.64 (m, 2 H), 3.59 (m, 4 H), 3.70 (mHR 3.79 (s, 6 H), 3.89 (m, 2 H), 4.33 (m,
4 H), 6.84 (m, 4 H), 7.24 (m, 1 H), 7.28 (m, 4 A%0 (m, 4 H), 7.51 (m, 2 H), 7.66 (m, 2 H),
7.87 (m, 2 H)**P-NMR (CDCE, 122 MHz): 149.10.

1,8-({[(Diisopropylamino)(2-cyanoethyl)phosphinoxsthyl}oxy)-({[(4,4’-dimethoxytrityl)-
oxylethyl}oxy)-anthraquinone(15). Yield: 0.35 g (53%)'H-NMR (CDCl, 300 MHz): 1.18
(m, 12 H), 2.64 (m, 2 H), 3.59 (m, 4 H), 3.70 (MR 3.79 (s, 6 H), 3.89 (m, 2 H), 4.33 (m,
4 H), 6.84 (m, 4 H), 7.24 (m, 1 H), 7.28 (m, 4 AY0 (m, 4 H), 7.51 (m, 2 H), 7.66 (M, 2 H),
7.87 (m, 2 H)*’P-NMR (CDCE, 122 MHz): 148.86.

2,6-({[(Diisopropylamino)(2-cyanoethyl)phosphinoxathyl}oxy)-({[(4,4 -dimethoxytrityl)-
oxylethyl}oxy)-anthraquinone(16). Yield: 0.25 g (38%)*H-NMR (CDCk, 300 MHz): 1.19
(m, 12 H), 2.65 (m, 2 H), 3.55 (m, 2 H), 3.61 (h)23.78 (s, 6 H), 3.79 (m, 2 H), 4.01 (m, 2
H), 4.33 (m, 4 H), 6.84 (m, 4 H), 7.22 (m, 1 HR2F (m, 4 H), 7.34 (m, 4 H), 7.46 (m, 2 H),
7.73 (m, 2 H), 8.25 (m, 2 H}*P-NMR (CDCE, 122 MHz): 148.86.

Synthesis and analysis of oligonucleotidesCyanoethyl phosphoramidites from
Transgenomi¢Glasgow, UK) were used for oligonucleotide systheOligonucleotide47-
27 were prepared via automated oligonucleotide swhey a strandard synthetic procedure
(‘trityl-off mode) on a 394-DNA/RNA synthetizerApplied BiosystemsCleavage from the
solid support and final deprotection was done Ineatment with 33% aqueous KHt 55°C
overnight. All oligonucleotides were purified bynioexchange HPLC Tficorn column
SOURCE 15Q 4.6/100 PE 100 15 juMerck L-6250 Intelligent Pump eluent A =
NaoHPO, (20 mM), pH 11.5; eluent B = MAPO, (20 mM) + NaCl (2 M), pH 11.5; gradient
0-60% B over 30 min at 25°C. ESI-MS (negative mod&H;CN/H,O/TEA) of
oligonucleotides was performed with StiexQSTAR pulsar (hybrid quadrupole time-of-
flight mass spectrometeApplied Biosystemsdata of oligomersl7-26 and 28 are given
Table 2.7
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Thermal denaturation experimentsvere carried out on &arian Cary-100 BieUV/VIS
spectrometer equiped with Yarian Caryblock temperature controller and data were
collected withVarian WinUV software at 260 nm (cooling-heating-cooling cyciesthe
temperature range of 10-90°C, temperature gradiedis5°C/min). Experiments were carried
out for 1.0 uM oligonucleotide concentration (eatdfand), 10 mM phosphate buffer and 100
mM NaCl at pH 7.4. Data were analyzed witaleidagraph softwarérom Synergy software
Melting temperature () values were determined as the maximum of the diesivative of

the smoothed melting curve.

Fluorescence datawere collected for 1.0 uM oligonucleotide solugofiL.0 uM of each
strand in case of double strands) in phosphateb( mM) and NaCl (100 mM) at pH 7.4
on aVarian Cary Eclipsdluorescence spectrophotometer equipped withrgan Caryblock
temperature controller (excitation at 354 nm, etwh and emission slit width 10 and 5nm,

respectively).

CD spectrawere recorded on 3ASCO J-71%pectrophotometer using quartz cuvettes with

an optical path of 1 cm.

Modeling: structures of DNA hybrids containing anthraquieamits were minimized using
the Amberforce field Hyperchem 7. Initial energy minimization was carried out witho
stacked anthraquinones. Subsequently, two natass pairs were added on both ends of the
anthraquinones. After minimization, the remainiragunal bases were attached using B-DNA

parameters.
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Table 2.7. Mass spectrometry data (molecular formula, Galerage mass, and obtained).

Oligo. Molecular calc. found
formula mass

17  (5)AGCTCG GTCATC GAG AGT GCA  CooHasNeiOraPo0 64713 6470.4
18  (3) TCG AGC CAG TAG CTC TCACGT  CoogHasN7OndP0 63822 6383.9
19  (5) AGC TCG GTC A1.C GAG AGT GCA  CpHasNeiOPo  6557.1  6557.5
20  (3) TCG AGC CAG H.iG CTCTCACGT  GuHwN7OndPr  6459.0  6459.4
21  (5)AGC TCG GTC Ad1iC GAG AGT GCA  CoiHosNeiOoPo0  6557.1  6557.0

22  (3) TCG AGC CAG HisG CTCTCACGT  CoiHosN7Onds  6459.0  6458.5
23  5)AGC TCG GTC M;sC GAG AGT GCA  GiHosNgiOoPo  6557.1  6556.3
24  3)TCG AGC CAG HG CTC TCA CGT GuHN7OP0  6459.0  6458.4
25  5)AGC TCG GTC AC GAG AGT GCA  GiHxsNeiOPo0  6557.1  6556.0
26  3) TCG AGC CAG HG CTC TCA CGT GuHN7OP0  6459.0  6458.4

28 57 AGC TCG GTC ApC GAG AGT GCA GooH25N510121P20 6347.1 6949.0
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Chapter 3. TTF-Modified DNA

Published in N. Bouquin, V. L. Malinovskii, Xavier Guégano, iSKia Liu, Silvio Decurtins

and R. Haner, submitted.

3.1 Abstract

A non-nucleosidic tetrathiafulvalene (TTF) buildibtpck and its incorporation into DNA are
described. TTF-modified oligonucleotides form sgallouble strands. Exciton coupling
reveals a high degree of structural organizatiothe modified region of a hetero-duplex
formed by TTF and perylene diimide-containing sti@nPhoto-induced electron transfer is
demonstrated by fluorescence quenching in TTF/@yraendified hetero-hybrids. The results
presented are important for the development of xeuive, oligonucleotide-based

diagnostics or optical sensors.

3.2 Introduction

Ever since its first descriptidl, tetrathiafulvalene (TTF) has taken an eminent iol¢he
field of materials sciences. Due to their specifi@onor properties, TTFs have been
incorporated into a number of macrocyclic, molecalad supramolecular systems in order to
create multifunctional materials with desired stmue, stability and physical propertiég!

As a consequence, they are frequently used as diitsrin donor-acceptor (D-A) ensembles
which are of prime interest due to their potengéipplications in molecular electronics and
optoelectronic§? In addition, their tendency to formstacked aggregates renders them
attractive objects for the construction of supraenaolar assemblies with applications in
liquid crystalline materials and organoggfs:* DNA represents a highly developed, yet very
practical scaffold for the construction of complessemblie§™ Due to the existence of well-
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developed and versatile methdads oligonucleotide synthesis, the use of modifractleic
acids has become an attractive way for the geoeratf functionalized nanostructurg¥.
During the past decade, non-nucleosidic aromatitrdnarbons, such as phenanthréh&’!
pyren&®?" and perylen&®3? have been developed as building blocks for madiifiacleic
acids?®**® They were explored as hairpin replacem&it§! as units for conformational
control in DNA*“® or as replacements of the natural nucleotides taiaing helical
organizatiort*”*® Further efforts aim at the development of advanietttional building
blocks with a high level of structural organizatidmterest in TTF-oligonucleotide conjugates
is documented in patents describing the use ofxradtve labels for the development of
oligonucleotide-based sensét8.So far, however, a single report on the prepanasfcsuch a
construct exists, in whicNeilandsand coworkers describe the introduction of pyrioaidl F
nucleosides into a phosphorothioate oligoribonuied® Due to the interesting electronic
properties of TTF and its excellent stacking prapsr we have explored the generation of
TTF-modified DNA. Here, we present the synthesis @ion-nucleosidic TTF building block
(F, see Table 1), its incorporation into oligonucides, as well as the properties of several
modified hybrids.

3.3 Results and Discussion

Synthesis of the tetrathiafulvalene phosphoramiditéding block is shown irscheme 3.1
Starting from the known 2,3-bis(2-cyanoethylthigy-®is(pentylthio)tetrathiafulvalene
(1),*Y bis-diol 2 was prepared by treatment with sodium in ethaabbwed by alkylation
with 2-chloroethanol. Reaction with 4,4’-dimethaovitgl chloride gave the mono-protected

intermediate3, which was subsequently converted into the phaghialite derivativel.

Building block4 was used for the synthesis of modified oligonuiitiess. Despite the known
susceptibility of TTF towards strong acids and axit$, the standard phosphoramidite

protocol®?

was successfully applied. Although some fragmenmabof the TTF-modified
oligonucleotides was observed during ammonia deptioin, oligomers7-9 were easily

purified by reverse phase HPLE’!
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Scheme 3.1Synthesis of TTF phosphoramidite 4; DMT = 4,4ndthoxytrityl, PAM = 2-cyanoethyl
N,N-diisopropyl-phosphoramidite.

a0 Na, EtOH SN
CSHH/SISHSIS N 2-chloroethanol C5H11/S/\[S SIS OH
CSHll\S S S S CN 73% CSHll\S S S S OH
S N
1 2
DMTCI,
Pyridine
35%
7N S\
OPAM  PAMCI, EtN(iPr),, OH

ODMT 85% ODMT

CSH”/SISHSIS CH,Cl, CSHM/SISHSIS
CsHig” ™S 57 g T CHung s 5T
4 3

The effect of TTF incorporation on duplex stabilisas analyzed by thermal denaturation
experimentsTable 3.). Incorporation of one TTF moiety in each straddplex7*8) results

in a considerable increase in stabili§yT(, = + 4.9°C) in comparison to the unmodified
duplex5*6. The increase in stability can be due to stackimegractions between the TTF
units with the neighbouring nucleobases as wetbdasydrophobic interactions of the pentyl
chains. Cooperativity of the melting process in tiaural and the modified part of duplex
7*8 was shown by monitoring the denaturation procds29% as well as at 330 nm

(hyperchromicity of TTF absorptiofigure 3.)).

The circular dichroism (CD) spectrum of the dupi8 (Figure 3.2 is consistent with an
overall B-conformation with a maximum at 280 nm and a mimmat 251 nm, indicating
that the TTF units are structurally well integratetb aB-type DNA. Despite the high duplex
stability, no signs of exciton coupling were degekcin the TTF region from 300 - 400 nm. A
weak CD signal was observed, which is explainectiiyal induction by the nucleic acid

environment. This signal disappears upon duplexinge(Figure 3.2 inset).
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Table 3.1 Hybridization data of TTF-modified DNA duplex.

hybrid Tm[°C] ATm[C]

(5') AGC TCG GTC ATC GAG AGT GCA 725
(3) TCG AGC CAG TAG CTC TCACGT

(5) AGC TCG GTC AFC GAG AGT GCA —
(3) TCG AGC CAG TFG CTC TCA CGT

+4.9

Q
\ _O—DNA
SN
/\/\/SIS SIS O \O'
\/\/\ S S O°
S S O\P/\
F 4 "O—DNA

Conditions: 1.0uM oligonucleotide concentration (each strand), 1@ phosphate buffer (pH 7.4)
and 100 mM NacCl.

Figure 3.1 Thermal denaturation experiments with hyb&t6 and7*8 at 290 and 330 nm.

60 50

® 5% at290 nm
®  7*8at290 nm

= 5% at330 nm
*  7*8at330nm

50

30

Hyperclhiromicity %
Hyperchromicity %

ok "
10 IR L
fog Baga v a

e A ! ! ! ! ! P e I ! S | ! !

10 20 30 40 50 60 70 80 90 10 20 30 40 50 60 70 80 90

0 peggle’

Wavelength nm Wavelength nm

Conditions: 5.0uM oligonucleotide concentration (each strand), 1@ phosphate buffer (pH 7.4)
and 100 mM NacCl.
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Figure 3.2 Temperature-dependent CD spectrum of TTF-moddigalex7* 8.

mdeg

Wavelength (nm)

Conditions: 5.QuM oligo concentration (each strand), 10 mM phosplatffer (pH 7.4) and 100 mM

NaCl; inset shows enlarged view of the region f00-400 nm.

The structural and electronic effects resultingrfrdTF modification were further studied in
mixed DNA hybrids Table 3.2. Non-nucleosidic perylene diimide (PDI, buildibtpck E)

or pyrene $) units were placed opposite TTF. PDI was seledigel to its high sensitivity
towards conformational changes in CD spectros&Spyand pyrene for its diverse
fluorescence propertiéd! TTF modified strands form stable hybrids with @ther modified
strands. Tm values are generally somewhat lower tha one of the reference duples6
(72.5°C,Table 3.}, except for the PDI/TTF-mixed hybrit 10, which has a comparable Tm
(72.1°C). In the same duplex, CD spectroscdpgure 3.3 revealed strong exciton coupling
of the PDI chromophores. This shows that the PDitsuare oriented in a twisted
conformation and that a well-ordered helical stuzetis maintained in the modified region of
the duplex®®!
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Table 3.2 Hybridization data of mixed DNA hybrids.

hybrid Tm [°C]
9 (5) AGC TCG GTCFFC GAG AGT GCA .
10 (3) TCG AGC CAGEEG CTC TCA CGT '
9 (5) AGC TCG GTCFFC GAG AGT GCA s
11 (3) TCG AGC CAGSSG CTC TCA CGT '
12 (5) AGC TCG GTC ASC GAG AGT GCA co.3
8 (3) TCG AGC CAG TFG CTC TCA CGT '
13 (5)) AGC TCG GTCSSC GAG AGT GCA 6.7
8 (3) TCG AGC CAG TFG CTC TCA CGT '

SO
? / () ¥ ?

DNA—O— P (6] (O P O—DNA

E

HN Q NH
° 7 b g 9
DNA-O—P—0 S O—P—O-DNA

O- O

Conditions: 1.0uM oligonucleotide concentration (each strand), 1@ phosphate buffer (pH 7.4)
and 100 mM NacCl
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Figure 3.3 Temperature-dependent CD spectra of dupéx.

Wavelength (nm)

Conditions: 2.5uM oligonucleotide concentration (each strand), 1@ phosphate buffer (pH 7.4)
and 100 mM NaClAe (mor'dm’ém).

As expected for a neutral form of tetrathiafulvagrr>>®*"'no fluorescence was observed
for single stranded TTF-modified oligonucleotid&s &) nor duplex7*8. On the other hand,
the low oxidation potential of TTF may, in prinaplfavour fluorescence quenching
photo-induced electron transfer, as recently agpheconstruction of switchable fluorescent
system$*%5"l Indeed, quenching of pyrene fluorescence by TTE wleserved in hybrids
12*8 and13*8 containing one and two pyrenes, respectivElgyre 3.4andTable 3.3. The
fluorescence spectrum daf3 shows pyrene excimer emission with a maximum &t 5.
This signal was decreased by 85% in dudl&s8, which is considerably more than observed
by a non-modified complementary strand (dupl&Ex6). A slightly lower - but still
significant - quenching effect (~70%) was obseruedhe case of monomer fluorescence
(duplex12*8). These data show that TTF can act as a quendctien\a DNA duplex.
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Figure 3.4 Normalized fluorescence spectra of pyrene matiiagle strand$2 and13 and the
respective hybrids formed with an unmodified sirgfland ¢) and a TTF-containing strané)(

0.8

o
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1

Intensity

o
~
|

0.2

370 420 470 520 570 620 670
Wavelength (nm)

Conditions: 1.0uM oligonucleotide concentration (each strand), 1@ phosphate buffer (pH 7.4)
and 100 mM NaClA, at 354 nm.

Table 3.3 Quenching properties of TTF-modified oligonucldet in pyrene containing hybrids.

oligonucleotides ® qu?nn%ing
12 (5') AGC TCG GTC ASC GAG AGT GCA 0.014 -
13 (5") AGC TCG GTCSSC GAG AGT GCA 0.094 -
12 (5") AGC TCG GTC ASC GAG AGT GCA 0.008 35 6
6 (3)TCG AGC CAG TAG CTC TCA CGT ) '
12 (5') AGC TCG GTC ASC GAG AGT GCA 0.004 70.5
8 (3) TCG AGC CAG TFG CTC TCA CGT ’ '
13 (5') AGC TCG GTCSSC GAG AGT GCA 0.062 46.0
6 (3)TCG AGC CAG TAGCTCTCACGT ' '
13 (5') AGC TCG GTCSSC GAG AGT GCA 0.014 85.1

8 (3)TCG AGC CAG TFG CTC TCACGT

Conditions: see Table 3.1; quinine sulphate wad asestandard for quantum yielg) determination.
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3.4 Conclusions

In conclusion, a non-nucleosidic tetrathiafulvaldnalding block suitable for incorporation
into DNA has been described. TTF-modified oligomatides form stable hybrids, which
were characterized by thermal denaturation, flummese and CD spectroscopy. Exciton
coupling revealed a high degree of structural aggdion in the modified region of a hetero-
duplex formed by TTF and perylene diimide-contagngtrands. Furthermore, photo-induced
electron transfer was demonstrated by fluorescaneenching in TTF/pyrene modified
hetero-hybrids. The finding presented here may methe development of optical sensors or

redox-active, oligonucleotide-based diagnostics.

3.5 Experimental part

General - Reactions were carried out under &imosphere using anhydrous solvents. Flash
column chromatography was performed using silida6@e(63-32 uM,Chemie Brunschwig
AG). If compounds were sensitive to acid, the silias pre-treated with solvent containing
1% EgN. All NMR spectra were measured at room tempeeatom aBuker AC-300
spectrometerH-NMR spectra were recorded at 300 MHz. Chemiciisstd) are reported in
ppm relative to the residual undeuterated solve€mGls: 7.27 ppm)**C-NMR spectra were
recorded at 75 MHz. Chemical shifts are reportedojpm relative to the residual non-
deuterated solvent (CDEI77.00 ppm).*'P-NMR spectra were recorded at 122 MHz.
Chemical shifts are reported in ppm relative to 839BO, as an external standard. Electron

impact mass spectra (EI-MS) was performed.

Synthesis of 2,3-Bis(2-hydroxyethylthio)-6,7-bis(p#yl-thio)tetrathiafulvalene (2). A
solution of sodium (0.17 g, 7.35 mmol) in ethari?d (nl) was added to a suspension of the
cyanoethyl-protected compoudd0.85 g, 1.47 mmol) in anhydrous degassed eth@&Gdail)
under nitrogen. After being stirred at room tempeefor 4 hours, the red-brown mixture
was treated with 2-chloroethanol (1.78 g, 22.05 mm&fter a few minutes, the solution
turned orange and a precipitate started to forne. Mixture was then stirred overnight after
which it was treated with water (50 ml) and exteaictvith dichloromethane. The extract was



TTF-Modified DNA 56

washed with water, dried with magnesium sulfate emacentrated. The resulting solid was
chromatographed (silica gel: GEl,/EtOAc, 8:2) to give compound with a yield of 73%
(0.60 g, 1.08 mmol)H-NMR (CDCk, 300 MH,): 0.90 (t, 6H), 1.36 (m, 8H), 1.65 (m, 4H),
2.81 (t, 4H), 3.01 (t, 4H), 3.76 (t, 4H); EI-MS: mm# 560 (M), CyoH3202Ss, MW = 560.02;

R (CH.CIl/EtOAC, 4:1) = 0.15.

Sythesis of 2-{2-[(4,4 -Dimethoxytrityl)oxy]ethylthio}-3-(2-hydroxyethylthio)-6,7-
bis(pentylthio)-tetrathiafulvalene (3). The diol2 (0.50 g, 0.89 mmol) was dissolved in 7.5
ml of absolute pyridine and 4,4’-dimethoxytrityllohide (0.30 g, 0.89 mmol) in 2.5 ml of
absolute pyridine was added dropwise. After strgrat room temperature for 6 hours, a
solution of sodium bicarbonate (25 ml) was addede Trude product was isolated by
extraction with dichloromethane and dried with megjom sulfate and concentrated. To
avoid decomposition of the product on silica géle tcolumn was prepared with 1%
triethylamine containing solvent. The crude wasifigd by chromatography (silica gel:
hexane/EtOAc, 2:1) to give compouBdvith a yield of 35% (0.27 g, 0.31 mmotH-NMR
(CDCls, 300 MH,): 0.87 (t, 3H), 0.90 (t, 3H), 1.30 (m, 8H), 1.68,(4H), 2.76 (t, 2H), 2.82
(t, 2H) 2.87 (t, 2H), 3.02 (t, 2H), 3.34 (t, 2H)62 (t, 2H), 3.79 (s, 6H), 6.83 (m, 4H), 7.19
(m, 1H), 7.28 (m, 2H), 7.31 (m, 4H), 7.43 (m, 2H);:MS: m/z = 862 (M); Cs1Hs5004Ss,
MW = 862.15;R: (hexane/EtOAc 2:1) = 0.4.

Synthesis of 2-{2-[(Diisopropylamino)(2-cyanoethylphosphinoxy]ethylthio)-3-{2-[(4,4 -
dimethoxytrityl)oxy]-ethylthio}-6,7-bis(pentylthio) tetrathiafulvalene (4). The alcohol3
(0.26 g, 0.30 mmol) and ethyldiisopropylamine (@ 0.75 mmol) were dissolved in 7.5
ml of absolute dichloromethane. 2-Cyanoethyl N,Mapropylchlorophosphoramidite (0.078
g, 0.33 mmol) dissolved in 2.5 ml of absolute dichmethane were added dropwise. The
reaction was strirred at room temperature for 210lihe crude product was directly purified
by chromatography (silica gel: hexane/EtOAc, 2:P4t+riethylamine). The fractions were
combined, evaporated under high vacuum to furnishpound4 with a yield of 85% (0.27 g,
0.25 mmol).*H-NMR (CDClk 300 MH,): 0.88 (t, 3H), 0.90 (t, 3H), 1.16 (m, 12H) 1.38,(
8H), 1.64 (m, 4H), 2.59 (m, 2H), 2.79 (t, 2H), 2@22H) 2.96 (t, 2H), 2.99 (t, 2H), 3.32 (t,
2H), 3.61 (m, 4H), 3.79 (s, 6H), 3.80 (m, 2H), 6(88 4H), 7.19 (m, 1H), 7.28 (m, 2H), 7.31
(m, 4H), 7.43 (m, 2H)*’P-NMR (CDC}, 122 MH,) : 148.46. EI-MS: m/z = 1063 (W
CsoHs7N20sP S, MW= 1062.26 R (hexane/EtOAc, 2:1) = 0.9.
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Synthesis and analysis of oligonucleotides Cyanoethyl phosphoramidites from
Transgenomig¢Glasgow, UK) were used for oligonucleotide systheOligonucleotides, 6
were obtained fronMicrosynth(Switzerland) and were used without additionalifmation.
Oligonucleotides/-9 (Table 3.4 were prepared via automated oligonucleotide ®githby a
standard synthetic procedure (‘trityl-off mode) an394-DNA/RNA synthesizer (Applied
Biosystems). Cleavage from the solid support andl fileprotection was done by a treatment
with 33% aqueous NHat 55°C overnight. Oligonucleotidés9 were purified by reverse
phase HPLC (LiChrospher 100 RP-18urh, Merck,Bio-Tek instrument Autosampler 560
eluent A = (ESNH)OAc (0.1 M, pH 7.4); eluent B = 80 % MeCN and2@luent A; gradient
5-80% B over 20 min at 25°C. ESI-MS (negative mod&HCN/H,O/TEA) of
oligonucleotides was performed witl5aiexQSTAR pulsathybrid quadrupole time-of-flight
mass spectrometefpplied BiosystemsOligomers10®® and11-13?* were synthesized as
described.

Thermal denaturation experiments were carried out on &arian Cary-100 Bio-UV/VIS

spectrometer equiped with a Varian Cary-block teramoee controller and data were
collected with Varian WinUV software at 260 nm (tog-heating-cooling cycles in the
temperature range of 10-90°C, temperature gradiedi5°C/min). Experiments were carried
out for 1.0 uM oligonucleotide concentration (eattand) or 5.0 UM (cooperative melting
experiment), 10 mM phosphate buffer and 100 mM N&tQIH 7.4. Data were analyzed with
Kaleidagraph software from Synergy software. Meltitemperature (Tm) values were
determined as the maximum of the first derivatif/éhe smoothed melting curve.

Fluorescence datawere collected for 1.0 uM oligonucleotide solugsofl.0 uM of each
strand in case of double strands) in phosphateb(® mM) and NaCl (100 mM) at pH 7.4
on a Varian Cary Eclipse fluorescence spectrophetenequipped with a Varian Cary-block
temperature controller. Pyrene fluorescence: etxaitaat 354 nm, excitation and emission slit
width 5 nm and 5 nm respectively, PMT detectoragét at medium sensitivity, 600 V.

CD spectrawere recorded on a JASCO J-715 spectrophotomsteg guartz cuvettes with
an optical path of 1 cm.
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Temperature dependent UV-vis spectngere collected in the range of 220-450 nm at 10-
90°C with a 10 °C interval oNarian Cary-100 BidJV/VIS spectrophotometer equipped
with a Varian Caryblock temperature controller. All experiments wegeried out for 5.0
UM oligonucleotide concentration (each strand)hogphate buffer (10 mM) and NaCl (100
mM) at pH=7.4. The cell compartment was flushechwi to avoid the water condensation
at low temperature.

Table 3.4 Mass spectrometry data (molecular formula, Galerage mass, and obtained).

Oligo. Molecular formula Calc. Found
aver.mass
7 (5') AGC TCG GTC AC GAG AGT GCA Co18H275N510120P20Ss 6790.0 6790
8 (3') TCG AGC CAG FG CTC TCA CGT GiH27N710124P20Ss 6692.0 6689
o) (5') AGC TCG GTCFFC GAG AGT GCA  CuoiH20N76011P20S16 7099.9 7098
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Chapter 4. Highly Efficient Quenching of Excimer Fuorescence

by Perylene Diimide in DNA

Published inN. Bouquin, V. L. Malinovskii and R. Han&hem. Comm2008 accepted.

4.1 Abstract

Single stranded DNA containing adjacent pyrenesgise to strong excimer fluorescence.
Pairing with a complementary strand containing tperylene diimide building blocks
opposite to the pyrenes results in powerful querghiThe efficieny of the process is
attributed at least partly to interstrand staclohgyrene and PDI units.

4.2 Introduction

Fluorescence labeling of biopolymers has becoméndispensable tool in many areas of
biomedical research® The functionalization of proteins, nucleic acidsda other
biomolecules with fluorescent dyes enables theircsiral and functional elucidatidr, their
cellular localizatiorf” as well as their quantitatiorf:° The use of two or more fluorescent
labels brings additional benefits.Interaction of the dyes through fluorescence rasoe
energy transfer (FRE¥) can be used for applications such as signal aicgion**°
wavelength shiftinif or fluorescence quenchifigthe combination of a fluorophore with a
guencher is used in many types of molecular praibegeneral, these probes are designed to
fluoresce in the presence of a target molecule, redse in the absence of the target
fluorescence is suppressed by the nearby quefith@he sensitivity of the probe critically
depends on the degree of signal suppression ialibence of the target. Since quenching is
often not complete the use of multiple quenchessteen proposetf'® Especially in the
case of pyrene excimer fluorescence, entire quegcisi difficult to achievé??° Excimer
signals offer advantages, such as a |8tpkesshift and long fluorescence lifetim&sNot

surprising, interest in excimer forming oligonudiele probes is high?>*®We described the
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generation of excimers by non-nucleosidic pyrenddimg blocks in single and double
stranded nucleic acidd?’*"*° During our search for building blocks that allowoper
control of the fluorescence in such hybrids we fbdhat 3,4,9,10-perylenetetracarboxylic
diimide (PDI, building blockE, seeTable 4.} is a highly efficient quencher of pyrene
excimer fluorescence. PDI and its derivatives havéong-standing history in dye and
pigment research. More recently, they have attdacmgnificant interest as electronic
materials. Excellent chemical stability and highaguum yields render them attractive for
applications in highly florescent materid?s'? Since PDI derivatives have a remarkable
propensity to form self-assembled dimers and aggesg they have been widely used as
building blocks for supramolecular architectut&€$*** PDI-modified oligonucleotide were
shown to adopt a variety of structures, includingldx, hairpins, triplex, quadruplex, as well
as larger structure§*¥4°*%|t was noted that fluorescence of PDI is signifitameduced
upon attachment to DNAR*®*°However, to the best of our knowledge perylenmidie has
not been described as a fluorescence quencher.wereport the use of PDI as a highly

potent quencher of pyrene excimer fluorescence.

4.3 Results and Discussion

The PDI-building block was prepared according tce tpublished procedure (see
Experimental parScheme 4)1*° Modified oligonucleotides were prepared by conicerl
means’’ Melting temperatures (Tm) are showrTiable 4.1 In comparison to the unmodified
duplex1*2, hybrid 3*4 containing one PDI in each strand showed a rerb&kacrease in
hybrid stability ATm = 11.3°C), which is in agreement with the litera and can be
attributed to favorable stacking properties of geeylene diimide&® Addition of a second

PDI in each strandbf 6) resulted in a further stabilization of the dup{(&'m = 13.5°C).

The fluorescence spectra of single stralds, as well as hybrids3*4 and 56 were
measured. No significant emission was observEgju(e 4.1, rendering PDI rather
uninteresting as a fluorescent building block ia durrent context. Circular dichroism (CD)
spectra of both hybrids are consistent with anal’/8DNA conformation. For both hybrids,
3*4 and5*6, exciton coupled CD (EC-CBJ>* was observedFigure 4.9. Bisignate signals
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for the perylene band are centered at 531 Am 052 and 525 nmA = 77), respectively,

revealing a twisted arrangement of the PDI units.

Table 4.1 Melting temperatures of DNA hybrids containing tand four perylene diimide-derived
building blocks.

oligonucleotide Te°Clt AT.[°C]
1 (5)AGC TCG GTC ATC GAG AGT GCA 18 ]
2 (3) TCG AGC CAG TAG CTC TCA CGT ’
3 (5" AGC TCG GTC AC GAG AGT GCA 841 +11.3
4 (3) TCG AGC CAG TEG CTC TCA CGT ’ ’
5 (5" AGC TCG GTCEEC GAG AGT GCA 86.3 +13.5
6 (3) TCG AGC CAGEEG CTC TCACGT ) ’
(0
afe%,
DNA /—F O\j O-DNA

'Conditions: 1.0uM oligonucleotide (each strand), 10 mM phosphatiiebupH 7.4) and 100 mM
NaCl.

Figure 4.1 Fluorescence spectra of PDI containing singlensts3, 4 and hybrid3* 4.
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Conditions: 1uM oligonucleotide concentration (each strand), 20 phosphate buffer (pH 7.4) and
100 mM NaCl; excitation at 505 nm.
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Figure 4.2 CD spectra of hybrid3*4 and5*6.
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Conditions : 1uM oligonucleotide concentration (each strand), M Rhosphate buffer (pH 7.4) and
100 mM NacCl.

Figure 4.3 Fluorescence spectra of single strdrahd of hybrid7*6.
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NaCl; excitation: 354 nm.
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Analysis of hetero-duplices (i.e. hybrids formedabperylene- and a pyrene-modified strand,
seeTable 4.2 led to a rather unexpected finding: duplex foiorais accompanied by highly
efficient quenching of the pyrene fluorescenéegre 4.3. The excimer signal of the

pyrened®s4-57

in 7 is completely suppressed by oligonterwhich has two PDI building
blocks opposite to the pyrenesdditionally, it is important to note that the meck hybrids
7*4 and7*6 possess high thermal stabilities. The stabiliaffgct of a PDI building block is
comparable to the one found in the hybrids comagironly PDI modifications (se€&able

4.1).

Table 4.2 Fluorescence quenching by perylene diimide with onevo incorportations in opposite

positions to two pyrene building blocks in DNA hids.

oligonucleotide THec)t Qu%’

7 (5) AGC TCG GTCSSC GAG AGT GCA

(5') AGC TCG GTCSSC GAG AGT GCA

,
2 (3) TCG AGC CAG TAG CTC TCA CGT 64.6 46
7 (5) AGC TCG GTCSSC GAG AGT GCA - -

4  (3)TCG AGC CAG TEG CTC TCA CGT :

7 (5) AGC TCG GTCSSC GAG AGT GCA ee 066
6  (3) TCG AGC CAGEEG CTC TCA CGT : :

ale
HN Q NH o
DNA o—/_/ © © L\—o—

S

'Conditions: 1uM oligonucleotide (each strand), 10 mM phosphatffebupH 7.4) and 100 mM
NaCl. “Quenching effect, measured as the ratio of thenmcisignals: Q% = 100% x {1l -
[F(hybrid)/F(single strand)]}.

The observed quenching effect can not simply bdagxgd by the nearby located guanines,
which are known for their quenching properfi@sControl experiments showed that the
unmodified oligonucleotid@, containing two guanines, has a quenching effettie order of

46% (or roughly 23% per guanine base). We assuatethle quenching effect is a result of
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the formation of a non-fluorescent complex betwdenpyrene and PDI units and/or energy
transfer from pyrene to PDI. Due to a good speadvarlap of PDI absorbance and pyrene
excimer emissiorfFigure 4.5, energy transfer can readily take place. On tierohand, a
single PDI unit in the complementary strand (hybidt4d) has a relatively moderate
guenching effect (~10% increase compared to theodifrad complementary strang).
Thus, the quenching caused by oligonteis not simply explained by the sum of the
individual contributions. Reduction of the excimsignal can take place by electronic
quenching of the excited monomer or of the excinflditionally, it may be due to
inhibition of excited dimer formation by steric énterence with the PDI units. An interesting
observation in this regard is the change in excdbmality in the CD spectra{gure 4.9.
While the PDI-modified hybrid8*4 and5*6 both show a negative chirality, the couplet of
the perylene signal in the mixed hybiitié is of opposite chirality. The switch indicates a
fundamental change in the way the perylenes inteha@ddition, the amplitude of the CD
signal is significantly reduced in the mixed hyb¢kl= 30 in7*6 vs. 95 and 77 ii3*4 and
5*6). Since exciton coupling is considerably distadependent] to r?)°? this suggests a
larger separation of the perylenes in hybrth than in 3*4 and 5*6, suggesting an
interstrand stacking arrangement of the pyrenepamglene units. Stacking interactions are
further supported by UV/VIS absorption spectrag(re 4.9, which show bathochromic
shifts for both the pyrene (16 nm) and the perylg&ié nm) absorption bands. Concluding,
thus, that the pyrene and PDI residues are arramgeah interstrand stacking mode, four
possibilities (-SSEE-, -SEES-, -SESE-, -ESSE-)texd$ these, only the alternatingipper-
like arrangement of pyrene and PDI units (-SESE-) mpaiible with the observations (i.e.

no excimer signal, separation of PDI units and pgfEDI stacking interactions).

Figure 4.4. CD spectra of hybrid3*4, 5*6, 7*6 at 30°C.
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Figure 4.5 Normalized absorbance spectra of PDI-containirand6 and fluorescence spectra of

pyrene monomer and excimer in oligonucleotilesnd?, respectively.

Intensity a.u.
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Figure 4.6 UV/VIS spectra of hybrid*6 and the corresponding single strands.
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Conditions: 2.5uM oligonucleotide concentration (each strand), 1@ phosphate buffer (pH 7.4)
and 100 mM NacCl.

The efficiency of the quenching process is addéilynllustrated inFigure 4.7 in which the
thermal denaturation of hybritt6 is monitored by the emission at 500nm. Below 5Ghe,
excimer signal is entirely absent. An increase led temperature above this value is
accompanied by a very sharp transition and maxirfluarescence is obtained after melting

of the duplex. Temperature-dependent fluorescemoesthe same behaviourkigure 4.8
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Figure 4.7. Temperature-dependent fluorescence of hybr&l
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Conditions: 2.5uM oligonucleotide (each strand), 10 mM phosphatiebypH 7.4) and 100 mM
NaCl (T, = 74.7°C).

Figure 4.8 Temperature-dependent fluorescence of hybt&l
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Conditions: 2.5uM oligonucleotide concentration (each strand), 1 phosphate buffer (pH 7.4)
and 100 mM NacCl.
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4.4 Conclusions

In conclusion, pyrene excimer fluorescence is effity quenched by a pair of non-
nucleosidic perylene diimide (PDI) building blocks a DNA duplex. Two factors may
account for the quenching effect. Firstly, an eberglspectral overlap between PDI excitation
and pyrene excimer emission allows efficient endrggisfer. Secondly, pairs of pyrene and
PDI units were found to interaeta interstrand stacking. Thus, the PDI building bledan
physically interfere with the formation of the pgeeexcimer leading to a non-fluorescent
pyrene-PDI complex. Of course, the observed quegchmay also be the result of a
combination of these factors. Highly effective emer quenching is important for many types
of molecular probes. The present system may helpemesign of future diagnostic tools.

4.5 Experimental part

General.- Reactions were carried out under &mosphere using anhydrous solvents. Flash
column chromatography was performed using silida6@g63-32 uM,ChemieBrunschwig
AG). If compounds were sensitive to acid, the silias pre-treated with solvent containing
1% EgN. All NMR spectra were measured at room tempeeatom aBuker AC-300
spectrometerH-NMR spectra were recorded at 300 MHz. Chemiciisstd) are reported in
ppm relative to the residual undeuterated solv&id(ls: 7.27 ppm). Multiplicities are
abbreviated as follows: = singlet,d = doublet = triplet, q = quadrupletm = multiplet.*C-
NMR spectra were recorded at 75 MHz. Chemical shafe reported in ppm relative to the
residual non-deuterated solvent (CRGI7.00 ppm)3'P-NMR spectra were recorded at 122
MHz. Chemical shifts are reported in ppm relative86% HPO, as an external standard.

Electron impact mass spectra (EI-MS) was performed.

Synthesis of the 3-Phthalimidopropan-1-¢l). A mixture of 3-aminopropan-1-ol (2 g,
26,62 mmol) and phthalic anhydride (3.95 g, 26.68ak) was kept at 145°C for 2 hours. The
water which was formed was then removed underwacto give compound. Yield: 99%
(5.43 g, 26.48 mmolfH-NMR (DMSO, 300 MHz): 1.73 (m, 2H), 3.43 (q, 2B)62 (t, 2H),
4.50 (t, 1H), 7.84 (m, 4H). M= 205.07; GiH1:NOs.
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Synthesis of the 3-[(4,4’-Dimethoxytrityl)oxy]propamine (Il). The alcoholl (1 g, 4,87
mmol) was dissolved in 20 ml of absolute pyridimel &,4’-dimethoxytrityl chloride (1.82 g,
5.36 mmol) was added dropwise. After strirring@im temperature for 2 hours, the solution
was diluted with EtOAc/ Hexane 1:1, washed twicthvei sodium bicarbonate solution, dried
with magnesium sulfate and concentrated. The rangasolid was dissolved in methanol (15
ml) together with hydrazine (0.82 g, 16.45 mmolheTsolution was stirred at 40°C for 4h.
Then the precipitate was filtered off and the dilér was reduced to 10 ml. This solution was
diluted with dichloromethane, washed witly RlaCQO;, dried with magnesium sulfate and
evaporated to give product as a yellow oil. To dviécomposition of the product on silica
gel, the column was prepared with 1% triethylamamataining solvent. The crude was
purified by chromatography (silica gel : @, + 3 % Methanol) to give compound.
Yield: 76% (1.40 g, 3.71 mmoljH-NMR (DMSO, 300 MHz): 1.72 (m, 2H), 2.79 (t, 2H),
3.11 (t, 2H), 3.76 (s, 6H), 6.79 (m, 4H), 7.15 (thl), 7.28 (m, 2H), 7.31 (m, 4H), 7.41 (m,
2H). °C-NMR (CDCk, 75 MHz): 34.09, 39.86, 53.57, 55.34, 61.42, 85X18.18, 126.78,
127.89, 128.32, 129.30, 130.15, 136.69, 145.425P5&f (CHCI, / MeOH 8:1) : 0.6. M, =
377.20; G4H27NOs.

Synthesis of the N-{3-[(4,4’-Dimethoxytrityl)oxy]ppyl}-N’-(3-hydroxypropyl)perylene
diimide (Il ). 3,4,9,10-perylenetetracarboxylicdianhydride (&5 mmol) and zinc acetate
(0.56 g 2.55 mmol) were dissolved in 10 ml of abs®lpyridine. 3-aminopropan-1-ol (0.19
g, 2.55 mmol) and compouritl (0.96 g, 2.55 mmol) were dissolved in 5 ml of abs®l
pyridine and were added dropwise. After strirrifg0IC overnight, a solution of sodium
bicarbonate was added. The crude product was ésblay extraction with dichloromethane
and dried with magnesium sulfate and concentrdtedavoid decomposition of the product
on silica gel, the column was prepared with 1%thgimmine containing solvent. The crude
was purified by chromatography (silica gel : &H + MeOH 5%) to give compoundl .
Yield: 40% (1.26 g, 1.02 mmolfH-NMR (CDCk, 300 MHz): 2.05 (m, 4H), 3.23 (t, 2H),
3.69 (t, 2H), 3.70 (s, 6H), 4.35 (m, 4H), 6.73 @), 7.10 (m, 1H), 7.12 (m, 2H), 7.28 (m,
4H), 7.40 (m, 2H), 8.34 (m, 4H), 8.44 (m, 2H), 866, 2H). Rf (CH,Cl, + MeOH 5%) :
0.30. My = 808.28; G1H40N2Os.
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Synthesis of the N-{3-[(Diisopropylamino)(2-cyanbgt)phosphinoxy]propyl)-N'-{3-[(4,4-
dimethoxytrityl)oxy]propyl}perylenediimid€lVV). The alcohollll (0.40 g, 0.50 mmol) and
ethyldiisopropylamine (0.161 g, 1.25 mmol) were sdised in 10 ml of absolute
dichloromethane. PAM-CI (0.13 g, 0.55 mmol) disseavin 5 ml of absolute
dichloromethane were added dropwise. The reactias strirred at room temperature for 2
hours. The crude product was directly purified lyotnatography (silica gel : Hexane /
EtOAc 1:1 +1% triethylamine). The fractions werentmned, evaporated under high vacuum
to furnish compoundV . Yield: 82% (0.42 g, 0.41 mmoPH-NMR (CDCk, 300 MHz): 1.16
(m, 12H), 2.10 (t, 4H), 2.67 (t, 2H), 3.23 (t, 2E3)59 (m, 2H), 3.70 (s, 6H), 3,88 (m, 4H),
4.33 (m, 4H), 6.73 (m, 4H), 7.10 (m, 1H), 7.17 @h), 7.28 (m, 4H), 7.40 (m, 2H), 8.58-
8.66 (m, 8H).>'P-NMR (CDCk 122 MH,) : 147.86.Rf (EtOAc) : 0.95. My = 1008.39;
CooHs7N4O9P.

Scheme 4.1Synthesis of the perylene diimide-derived phosphalite building blockV .

Phtalic anhydride O %) aMdTCI! pyri '3; ng |[|t .
razine, MeOH, reflux
HO " NH, —refux N ) Hy DMTO™™>""NH;
99% o 76% I
O H

Zn(OAC),.2H,0, pyridine,

O NH,(CH,)30H, NH,(CH,)3ODMT,
O O reflux overnight
Dal:
O~ 33%
e}

m ODMT

PAM-CI, EINGPYy, | 65%
CH,Cl,

PAMO ODMT
A%

Synthesis and analysis of oligonucleotidesCyanoethyl phosphoramidites from
Transgenomi¢Glasgow, UK) were used for oligonucleotide systheOligonucleotideg, 2
were obtained fronMicrosynth(Switzerland) and were used without additionalifpation.
Oligonucleotides3-6 (Table 4.3 were prepared via automated oligonucleotide ggishby a
standard synthetic procedure (‘trityl-off mode) an394-DNA/RNA synthetizer (Applied
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Biosystems). Cleavage from the solid support andl fileprotection was done by a treatment
with 33% aqueous NHat 55°C overnight. All oligonucleotides were pigtf by reverse
phase HPLC (LiChrospher 100 RP-18urh, Merck,Bio-Tek instrument Autosampler 560
eluent A = (ENH)OACc (0.1 M, pH 7.4); eluent B = 80 % MeCN and®2@luent A; gradient
5-35% B over 20 min at 25°C. ESI-MS (negative mode&H;CN/H,O/TEA) of
oligonucleotides was performed witl5aiexQSTAR pulsathybrid quadrupole time-of-flight

mass spectrometekpplied Biosystems

Thermal denaturation experimentsvere carried out on &arian Cary-100 Bio-UV/VIS
spectrometer equiped with a Varian Cary-block teraoee controller and data were
collected with Varian WinUV software at 260 nm (tong-heating-cooling cycles in the
temperature range of 10-90°C, temperature gradiedis5°C/min). Experiments were carried
out for 1.0 uM oligonucleotide concentration (eatdfand), 10 mM phosphate buffer and 100
mM NaCl at pH 7.4. Data were analyzed with Kalerdah software from Synergy software.
Melting temperature (Tm) values were determinethasmaximum of the first derivative of

the smoothed melting curve.

Fluorescence datawere collected for 1.0 uM oligonucleotide solugofiL.0 uM of each
strand in case of double strands) in phosphateb( mM) and NaCl (100 mM) at pH 7.4
on a Varian Cary Eclipse fluorescence spectrophetenequipped with a Varian Cary-block
temperature controller (a) pyrene fluorescenceitaxen at 354 nm, excitation and emission
slit width 5 nm and 5 nm respectively, PMT detestoitage at medium sensitivity, 600 V; b)
perylene diimide: excitation at 505 nm, ex. slitrirf@, em. slit. 10 nm, PMT detector voltage
at high sensitivity, 800 V).

CD spectrawere recorded on a JASCO J-715 spectrophotomsieg guartz cuvettes with

an optical path of 1 cm.

UV-Vis datawere collected in the range of 220-700 nm at 3@A&arian Cary-100 Bio-
UV/VIS spectrophotometer equipped withvarian Caryblock temperature controller. All
experiments were carried out for 2.5 puM oligonutitk® concentration (each strand) in
phosphate buffer (10 mM) and NaCl (100 mM) at pH=7.
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Table 4.3 Mass spectrometry data (molecular formula, aalerage mass and found mass).

Oligo. Molecular formula Calc. Found
aver.mass
3 (5) AGC TCG GTC A£C GAG AGT GCA  Cy,uiH265N530124P50 6735.6 6735
4 (3) TCG AGC CAG EG CTC TCACGT  CyodHo6N730126P0 6637.5 6638
5 (5) AGC TCG GTCEEC GAG AGT GCA  CypyH»74NgoO127P50 6990.9 6992
6 (3) TCG AGC CAGEEG CTC TCACGT  CyuyaH275N73012P50 6901.8 6903
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Chapter 5. Formation of a One- and a Two-Dimensiore&DNA

Scaffold Containing Pyrene Units

5.1 Abstract

Two different DNA scaffolds containing pyrene bunlg blocks were constructed for
studying molecular self-assembly. One scaffold miea®f a one-dimensional DNA assembly
along a double strand containing pyrene buildingcks. The second which is a two
dimensional DNA framework, consists in a three-wapction with three branches of
different lenghts and different numbers of pyrenaieties per strand. Here, we report the
synthesis and the spectroscopic properties of $he88A mimics containing multiple pyrene

building blocks.

5.2 Introduction

Self-assembly is often one of the key approachesudsed when debating future methods for
building nanostructures and nanodevite3elf-assembly procedures for the production of
some non-biological systems are commonly used and in some cases found commercial
applications. These include self-assembled monddage the immobilization of compounds
and materials on surface. However, these structarestypically polydisperse and only
nanoscaled in one dimension. Formation of more éexnmonodisperse and two- or three-
dimensional nanostructures consisting of multiplelding blocks requires precise control
over each interaction when the structure undergmsassembly. The self-assembly of
oligonucleotides is a versatile and a powerful tml the construction of objects on the
nanoscale. The strictly information driven pairiog DNA fragments can be used to
rationnaly design and build nanostructures withnpal topologies and geometries. The
geometrical structures of branched nucleic acidecwdes and the effect of a branched point
on the thermodynamic stability of these moleculagehbeen studied in detail in the last few

years®> Many of these branched molecular structures, ssctour- and three-way junctions
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and bulged duplexes, correspond to important bickbgstructures. The main biological
relevance of branched DNA species lies in theippsed role as possible intermediates in
molecular rearrangements, repair and recombinafilmrescence resonance energy transfer
(FRET) has proved to be a powerful technique feestigating the structures of DNA/RNA
molecules, especially when applied to a set oftidahbranched structures with dye attached
to different permuted positiofia* Recently, we reported the synthesis and the piiepesf a
pyrene based building blocks which was incorporated DNA for its stacking properties
and for its capability to form excimer. Pyrene isteong fluorophore and a good intercalator
for DNA that is why we used it for multiple incomation into DNA™** Here, we report the
synthesis and the spectroscopical properties afea and a two-dimensional DNA scaffold.
One scaffold consists of a one-dimensional DNA ma&de along a double strand containing
two pyrene building blocks per strand. The secordclv is a two dimensional DNA
framework consists in a three-way junction withettarbranches of different lenghts and
different numbers of pyrene moities per strand.

5.3 Results and Discussion

The pyrene phosphoramidite was obtained accordmga tprocedure reported in the
literature’®** The building block was incorporated into oligoreatides. Assembly of the
different oligonucleotides involved the standardogbthoramidite procedure. Deprotection
(conc. NH, 50°C), followed by standard HPLC purification Igied oligonucleotides1-8
(Table 5.3.

5.3.1 One-Dimensional DNA Scaffold Containing PyremBuilding Blocks

Here, the idea was to design a scaffold which is tbbbe extented in one dimension along a
double strand. For this study, we used pyrene ewds fluorophore to detect the extension
of the duplex. Pyrene building blocks are placedpposite position to each other along the
douple strand§cheme 5)1 In this case, pyrene moieties should form excimieich can be
observed. Oligonucleotidds5 were used for this one-dimensional DNA scaffdlénd2 are

in normal duplex form]l and3 as well agl and5 are shifted to give an extended duplex.
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5 3 5 3 5 3
------ S S S S S S SRRREE
A
---------------- S S S S Smememsenmeees
3 5' 3 5
0 @
B Oligonucleotides O—IID—O O—IID— O-Oligonucleotides
o- (ol
1 (5) AGC TCAGGT CAC GAGATGTGCA
2 (3)TCGAGTCCAGTGCTCTACACGT
C 1 (5) AGC TCA GGT CAC GAG ATG TGC A
3 (3) GCT CTACACGTTCGAGTCCAGT
4 (5) AGC TCSGGT CAC GAG ASG TGC A
5 (3YGCT CISCACGTTCGAGCCAGT

Scheme 5.1(A) Linear assembly. (B) Pyrene building block) (Different sequences used for this

project.

The effect of the pyrene building block on dupletabdity was analysed by thermal
denaturation experiment3dble 5.). The natural duplef*2 (T, 71.2°C) which is entirely
hybridised and the natural dupléx3 (T, 50.2°C) which is shifted, are used as controls. A
decrease in stability is observed for the hyli& (AT, —8.7°C) compare to the natural
hybrid 1* 3 (Fig. 5.1). Effectively, in this duplex system, two A-T bgsairs were replaced by

four pyrene units and this decrease is due toaitiedf four bases.
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Table 5.1 Hybridization data of different oligonucleotide dexes containing pyrene-based building

blocks.

Oligo# Duplex Tm AT
[°C] [°C]

1 (5") AGC TCA GGT CAC GAG ATG TGC A 71.2 -
2 (3) TCGAGT CCAGTG CTCTACACGT
1 (5") AGC TCA GGT CAC GAG ATG TGC A 50.2 -
3 (3)GCT CTACACGTTCGAGTCCAGT
4 (5") AGC TCSGGT CAC GAG AG TGC A 41.5 8.7
5 (3) GCT CTSCAC GTT CGAGC CAG T

Conditions: 1.0uM oligonucleotide concentration (each strand), 1@ phosphate buffer (pH 7.4)
and 100 mM NacCl. a) relative 13 3.

30 -
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®1*2
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Figure 5.1 Melting curves of different duplex hybrids. Condits: 1.0 uM oligonucleotide
concentration (each strand), 10 mM phosphate bgftér7.4) and 100 mM NacCl.

Temperature-dependent fluorescence experiments aarieved for single strands 5 and

for the 4*5 hybrid (Fig. 5.2. The behaviour of single strandga) and5 (b) are similar in
temperature-dependent fluorescence spectra. Atdowperature we observed the same kind
of monomer and excimer ratio fot and for5 and at high temperature monomer is
predominant and no excimer was observed for sisiggnds4 and5. An explanation of this
phenomenon can be that the two pyrene buildingkisleathin single strand can form static

excimer at low temperature which is not stableigi temperature.
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The temperature-dependent fluorescence spectrumylaid 4*5 (c) shows a important
excimer signal at low temperature which decreasegressively with an increase of the
temperature. After 40°C we observe only monomeissioin which is in agreement with the
thermal melting experiments where we observed,afT41.5°C for the hybridd*5. This
experiment led us to the conclusion that the exdnduplex is formed due to the strong

excimer and low monomer signal for hybdth at low temperature.
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Figure 5.2 Temperature-dependent fluorescence spectra ghesstrandst (a), 5 (b) and of hybrid
4*5 (c). Conditions: 1.uM oligonucleotide concentration (each strand), M pihosphate buffer (pH
7.4) and 100 mM NacCl.

Gel electrophoresis experiments were performec#oifswe really have an extension of the
1*3 and the4*5 duplex or if we only formed the partial duplekid. 5.3. The first
experiment Eig. 5.3 lef) shows that hybrid*2 has a higher mobility than hybrid$3 and
4*5 which show the same migration. This means thateifonly formed the partial duplex
with 1*3 or with 4*5 we should have the same mobility as witt?2. This is not what we
observed, therefore we can claim the presencenaéxtented duplex for hybritt 3 and4*5,

as proposed before. The second experintagt 6.3 righ) was done to compare the mobility
of hybrids1*3 and4*5. We observed the same mobility for both hybridsduveally defined
band is observed for hybrigf5 and a smeared band over the whole gel is obséoveld 3.
An explanation can be that there are different lafdenghts for hybridl*3 but only very
long length for hybridd*5. For the moment we are not able to assign thetheofjthese

extended hybrids.
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Figure 5.3. Nondenaturating 20% polyacrylamide gel of hybrd8, 1*2 and4*5 (left) and of1*3
and4*5 (right). Conditions: Tris borate buffer, pH 7, Md0LOmA, 5h (left) and 300V, 10 mA, 10h

(right).

Circular dichroism (CD) spectral analysis of hybdt is consistent with an overaB-
conformation Fig. 5.4. Temperature-dependent CD spectrum of hy#tial shows that we
have exciton coupled CD below 40°C and above 46f<Chenomenon is no more observed.
This is due to the melting of the duplex arroundGl@Tm = 41.5°C). We have a helical
arrangement which comes from the intense bisigsigteal from the pyrene band centered at
367 nm, with a positive Cotton effect at 385 nntiolwed by a minimum at 349 nm.

10
20
—30
40
50
60

mideq

Wavelength nm

Figure 5.4 Temperature-dependent CD spectrum of dugléx Conditions: 1.QuM oligonucleotide
concentration (each strand), 10 mM phosphate b(ftér7.4) and 100 mM NacCl.
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Temperature-dependent UV-absorbance was achievedylwid 4*5 (Fig. 5.5. Interaction

between pyrene and nucleobases can be observied tamperature-dependent experiments.
Increasing temperatures are associated with araeserin absorbance as well as a blue-shift
in maximum absorbance in the range 300-400 nm, wbicresponds to pyrene absorbance.

The gradual change in temperature leads to anastslpoint at 370 nm.
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Figure 5.5. Temperature-dependent UV-absorbance of the hybBda) showing an isosbestic point
at 370 nm (b). Conditions: 1,0M oligonucleotide concentration (each strand), 1@ phosphate
buffer (pH 7.4) and 100 mM NacCl.
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5.3.2 Two-Dimensional DNA Scaffold Containing Pyrea Building Blocks

Oligonucleotides$-8 were used for a two-dimensional DNA scaffold; sengtrandss, 7 and
8 were used to form a 3-way junctioBoheme 5)2 Our sequences were designed to have
different number of nucleotides X22 complementary bases for hyb6tl7, 2x9 for hybrid
6*8 and 2<6 for hybrid7*8. We decided to place two and two pyrene moiehdté middle
of the long branch, one and one in the middléhefrhedium one and no pyrene in the short
one to avoid destabilization. Three pyrene masetiere furthermore placed at the branch

point of the structure.

5 3
T A
G C
G C
T A
AT
C G
S S
S S
G C
T A
C G
C G
G C
T A
7 | | 6
S S
3 GAGCG S \CGTASCGACG-S'
5'-CTCGCC/ GCAT SGCTGC-3'
8

Scheme 5.23-way junction containg pyrene building blocks.

The stability of the 3-way junctiof*7*8 and of its partial duplexes*7, 78 and6*8 was
investigated Table 5.2andFig. 5.6. For hybrid6*7 a transition of observed with a,Tof
49.5°C. For hybrids7*8 and 6*8 no transitions are observed because the number of
nucleotides for hybridization is probably too smdibr the hybrid6*7*8 a transition is
observed with a J of 47.5°C. This transition is different from thghnid 6* 7 and the melting
curve of6*7*8 is more sharped. This probably means that to kberthree-way form, the
hybridization of 6 and7 with its 12 complementary bases should be thardyiforce to form

the first part of the three-way junction and tBahould hybridize with the partial dupléx7

only when this one is already formed.
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Table 5.2 Hybridization data of different oligonucleotide dexes containing pyrene-based building

blocks.

Oligo# Duplex Tm
[°C]

6 (5) GCA GCSATG CSA CGG ACS SGTACC A 49.5

7 (5) TGG TACSSG TCC GTS GGC GAG

7 (5) TGG TACSSG TCC GTS GGC GAG -3

8 (5") CTC GCCSGC ATS GCT GC

6 (5) GCA GCSATG CSA CGG ACS SGTACC A -2

8 (5") CTC GCCSGC ATS GCT GC

6 (5) GCA GCSATG CSA CGG ACS SGTACC A

7 (5) TGG TACSSG TCC GTS GGC GAG 47.5

8 (5") CTC GCCSGC ATS GCT GC

Conditions: 1.0uM oligonucleotide concentration (each strand), 1@ phosphate buffer (pH 7.4)

and 100 mM NacCl; 0.5°C/min; absorbance measur@d@nm. a) No clear transisiton observed.
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Figure 5.6 Melting curves of different duplex hybrids. Condits: 1.0 uM oligonucleotide
concentration (each strand), 10 mM phosphate b(jftdr7.4) and 100 mM NacCl.

Temperature-dependent fluorescence experiments pexfermed with single strandg 7
and8 (Fig. 5.7). Strand6 (a) contains four pyrene units where two of themadjacent. We
should observe monomer from the two pyrene unit€hvare far in space and excimer from
the two pyrene units which are adjacent. As expkcte strong excimer band with a
maximum emission at 503 nm and a monomer band raaird00 nm are observed. Strand
(b) contains three pyrene units where two of theenaaljacent. We should observe monomer
from one pyrene unit and excimer from the two pgranits which are adjacent. As expected,

a strong excimer band with a maximum of emissiof0&t nm and a monomer band arround
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400 nm are observed. We notice that the signdie@fitonomer o7 is smaller than the signal
of the monomer ob6. This happens becauecontains two pyrenes which show monomer
and7 only one and also because in strarmhe of the pyrene unit is next to a guanine which
is known to have quenching properties. Str8r(d) contains two pyrene units which are far
in space. We should only observe monomer from thesgyrenes. As expected, a monomer
band arround 400 nm is observed. The signal ieratleak because each pyrene unit is next
to a guanine.
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Figure 5.7. Temperature-dependent fluorescence spectra gfesstrandst (a), 7 (b) and8 (c).
Conditions: 1.0uM oligonucleotide concentration (each strand), 1@ phosphate buffer (pH 7.4)
and 100 mM NacCl.

Temperature-dependent fluorescence experiments eareed out for hybrids 6*7, 7*8,
6*8, and6*7*8 (Fig. 5.8. Hybrid 6*7 (a) shows a weak signal of monomer, an important
excimer signal at 511 nm and at high temperatla shift is observed at 500 nm which is
characteristic to the denaturation of a duplex aimimig pyrene moieties I 49.5°C).
Hybrids 7*8 (b) and6*8 (c) don’t show the same behaviour as hyl@id. The signal of
hybrid 7*8 is the sum of the signals @fand8 and the signal of hybrifi*8 is the sum of the
signals of6 and 8. No melting temperature were obtained for these hybrids and the
fluorescence experiments confirm here that weramngle strand forms for hybrid48 and
6*8. Hybrid 6*7*8 (d) shows a weak signal of monomer and an impbgaaimer signal at
510 nm at high temperature a blue shift is obseatet®9 nm (F 47.5°C). The temperature-
dependent spectra of hyb®d7 and6* 7* 8 look similar but we can still notice a difference i
the reduction of the signal with the temperaturéfediively, the signal of hybride*7
decreases from 10°C till 40°C with a important juat0°C and the signal of hybréd 7*8
stay constant till 40°C with then the same impdrjamp at 50°C. The difference of intensity
at 40°C between hybrid®*7 and 6* 7*8 corresponds to 40 units. These results let ukthin
that a three-way junction is formed by hybf7* 8.
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Figure 5.8 Temperature-dependent fluorescence spectra afchy®*7 (a), 7*8 (b), 6*8 (c), and
6*7*8 (d). Conditions: 1.uM oligonucleotide concentration (each strand), 10 phosphate buffer
(pH 7.4) and 100 mM NacCl.

Gel electrophoresis was performed to complete shidy Fig. 5.9. We observed a single
band for6, 7 and8 which correponds to single strands. For hyletid, we observed a single
band which corresponds to a duplex. For hybritl® and6*8, we observed 2 bands which
correspond to 2 single strands beacause no du@exfavmed. Fo6* 7*8, we observed the
band of the three way junction which has a lowelbility than the other hybrids. This

experiment strongly suggests that the 3-way junotvas formed.
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Figure 5.9 Nondenaturating 20% polyacrylamide gel of singfiands6, 7, 8 and of hybrids6*7,
7*8, 6*8 and6* 7*8. Conditions: Tris borate buffer, pH 7, 100V, 10n%A,

Circular dichroism (CD) spectral analysis of hyb6tr*8 is consistent with an overal-
conformation Fig. 5.10. Temperature-dependent CD spectrum of hybtigk8 shows that
we have exciton coupled CD in the pyrene absorpdiera below 40°C. Above 40°C, the
three-way junction starts to melt {T= 47.5°C). We have a helical arrangement that is
illustrated by the intense bisignate signal frora gyrene band centered at 357 nm, with a

positive Cotton effect at 365 nm, followed by a miom at 332 nm.
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Figure 5.1Q0 Temperature-dependent CD spectrum of dup@x*8. Conditions: 1.0 uM
oligonucleotide concentration (each strand), 10 pidsphate buffer (pH 7.4) and 100 mM NacCl.
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Temperature-dependent UV-absorbance was achived hidorid 6*7*8 (Fig. 5.11J.

Interaction between pyrene and nucleobases carbfened in the temperature-dependent
experiments. Increasing temperatures are assoacidtie@dn increase in absorbance as well as
a blue-shift in maximum absorbance in the range /WD nm, which corresponds to pyrene

absorbance. The gradual change in temperature teaasisosbestic point at 368 nm.
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Figure 5.11 Temperature-dependent UV-absorbance of the hy®rict8 (left, full spectrum)
showing an isosbestic point at 368 nm (right). Gomass: 1.0uM oligonucleotide concentration (each
strand), 10 mM phosphate buffer (pH 7.4) and 100 N&(ClI.
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5.4 Conclusions

Two different DNA scaffolds containing pyrene build blocks were constructed for DNA
self-assembly. The one-dimensional framework cogtgyrene moieties shows assembly
along the double strand by fluoresecence expersnantl by gel electrophoresis. For the
moment we are not able to know the length of tkisrded duplex. The design of the three-
way junction was a success. Effectively, the lergjtthe branches and the different numbers
of pyrene units per branch was an advantage fostualy. The long partial duplex seems to
be the driving force of the formation of the thrgay junction. By fluorescence experiments
we were able to follow the formation of partial ¢texes and also the formation of the three-
way junction. Gel electrophoresis experiments eanfour hypothesis. This study might be
useful to guide the future design of DNA nanostiuetwhich is important in order to achieve
sophisticated structures and potential technoldgigplications, such as nanofabricatibig

and organizing nano-electronic devi¢é8°

5.5 Experimental part

General.- Reactions were carried out under &mosphere using anhydrous solvents. Flash
column chromatography was performed using silida6gg63-32 uM,ChemieBrunschwig
AG). If compounds were sensitive to acid, the silias pre-treated with solvent containing
1% EgN. All NMR spectra were measured at room tempeeatom aBuker AC-300
spectrometerH-NMR spectra were recorded at 300 MHz. Chemiciisstd) are reported in
ppm relative to the residual undeuterated solv&D(ls: 7.27 ppm). Multiplicities are
abbreviated as follows = singlet,d = doublet = triplet, q = quadrupletm = multiplet.**C-
NMR spectra were recorded at 75 MHz. Chemical slafe reported in ppm relative to the
residual non-deuterated solvent (CRG17.00 ppm)3'P-NMR spectra were recorded at 122
MHz. Chemical shifts are reported in ppm relatiee86% HPO, as an external standard.
Electron impact mass spectra (EI-MS) was performed.
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Synthesis of the pyrene building block'he required pyrene building block with a three
carbon linker was synthesized according to theiphédl procedure.

Synthesis and analysis of oligonucleotideSyano phosphoramidites frofransgenomic
(Glasgow, UK) were used for oligonucleotide synihie®ligonucleotide$-10were prepared
via automated oligonucleotide synthesis by a saethdynthetic procedure (‘trityl-off’ mode)
on a 394-DNA/RNA synthetizeApplied BiosystemsCleavage from the solid support and
final deprotection was done by a treatment with 38W,OH at 50°C for 8 hours. All
oligonucleotides were purified by reverse phase ERLiChrospher 100 RP-18, pm,
Merck, Bio-Tek instrument Autosampler 56@luent A = (ESNH)OAc (0.1 M, pH 7.4);
eluent B = 80 % of MeCN + 20 % of eluent A; gradi&r35% B over 20 min at 25°ESI-
MS (negative mode, GJEN/H,O/TEA) of oligonucleotides was performed withSziex
QSTAR pulsar(hybrid quadrupole time-of-flight mass spectroeneApplied Biosystems
data of oligomerd4-8 are given infable 5.3

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

N° Oligonucleotides Molecular Calc. Found
formula mass
1 (5) AGC TCA GGT CAC GAG ATG TGC A Co15H26Nss0126P21 6784.5 6786
2 (3) TCG AGT CCAGTG CTCTACACGT Co1H271N76013P51 6686.4 6687
3 (3)GCTCTACACGTTCGAGTCCAGT Co1H271N760135P01 6686.4 6688
4 (5) AGC TCSGGT CAC GAG A5G TGC A CaagH20Ngs0126P21 7099.4 7101
5 (3)GCT CTSCAC GTTCGAGC CAG T Coa1H20N750135P51 7001.3 7003
6 (5) GCA GCSATG CSA CGG ACS SGTACC A  GodHasMNgiO14dP2s 8289.8 8292
7 (5) TGG TACSSG TCC GTS GGC GAG GadHooN 76012620 6970.1 6972
8 (5) CTC GCCSGC ATSGCT GC GoH23N560105P16 5437.3 5438

Thermal denaturation experimentsvere carried out on &arian Cary-100 BieUV/VIS
spectrometer equiped with ®arian Caryblock temperature controller and data were
collected withVarian WinUV software at 260 nm (cooling-heating-cooling cyciesthe
temperature range of 10-90°C, temperature gradiedis5°C/min). Experiments were carried
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out for 1.0 uM oligonucleotide concentration (eatdfand), 10 mM phosphate buffer and 100
mM NaCl at pH 7.4. Data were analyzed wialeidagraph softwarérom Synergy software
Melting temperature () values were determined as the maximum of the diesivative of

the smoothed melting curve.

Temperature dependent UV/VIS spectngere collected in the range of 210-500 nm at 10-90
°C with a 10°C interval oNarian Cary-100 Bio-UV/VISpectrophotometer equipped with a
Varian Caryblock temperature controller. All experiments weararied out at 1.0 pM
oligonucleotide concentration (each strand) in phase buffer (10 mM) and NaCl (100 mM)
atpH 7.4.

Fluorescence datawere collected for 1.0 uM oligonucleotide solugofiL.0 uM of each
strand in case of double strands) in phosphateb(® mM) and NaCl (100 mM) at pH 7.4
on aVarian Cary Eclipsdluorescence spectrophotometer equipped withargan Caryblock
temperature controller (excitation at 354 nm, et®mn and emission slit width 10 and 5nm,

respectively).

CD spectrawere recorded on 3ASCO J-71%pectrophotometer using quartz cuvettes with

an optical path of 1 cm.

Gel electrophoresis experiment8IORAD Mini-protean, Power supply EPS 3500 XLjfe
technologis, vertical gel electrophoresis glass plates weesluNon-denaturating 0.75 mm
thick 20% polyacrylamide gels were prepared usiogylamide/bisacrylamide (19:1). A
10X TB buffer was prepared (90 mM Tris buffer, 90 mMibacid) and the pH was adjusted
to 7.0 using concentrated HCI. To 5 ml of this solu 5 ul of ammonium peroxide disulfate
(10% in mQ HO) and 5ul of N, N, N’, N’-tetramethylendiamine (TEMED) wesslded. The
gel was then poured between the plates and polyetefor at least 30 minutes. TB 1x buffer
was used as electrophoresis buffer. The quantitheioaded samples was about 900 pmol
for each oligonucleotide. The oligomers were dri¢dspeed vac and taken up in dlOof
loading buffer (7% glycerol in TB buffer). The salep were then heated to 90°C for 2 min,
cooled down slowly to room temperature and then guutice-water 0°C for 5 minutes.
Bromophenol blue was used as markeig Was dissolved in 1ml formamide; gl%of this

solution was then added tolQoading buffer. After conditioning of the gel flat 100 V)
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the samples were loaded onto the gel and electrepisovas performed at 1) pH 7.0, 10 mA,
100 V and 300V for 5 h at 4 °@igure 5.3 or 2) pH 7.0, 10 mA, 100 V for 5 h at 4 °C
(Figure 5.9. Bands were detected by UV shadowing on a TL&@a254 and 354 nm.
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Chapter 6. Conclusions and Outlook

This work presents a study of three non-nucleosithse surrogates: tetrathiafulvalene,
anthraquinone and perylene diimide which were sgited and incoporated into DNA as
potential electro-donor or electro-acceptor buddbiocks. Another study was performed for
a one- and a two- dimensional DNA scaffold contagnpyrene units.

Four isomeric anthraquinone building blocks diffigriin the site of linker attachment were
synthesized and incorporated into oligodeoxynudest The site of linker attachment was
found to have a strong influence on duplex stabilEffectively, a pair of the 2,6-isomer

shows an increase in stablility for DNA duplex. e other hand, hybrids containing a pair
of the 1,4-, 1,5- and 1,8-isomers led to a sulistareduction in stability. Molecular models

suggest that the positive effect of the 2,6-isoimer result of interstrand stacking interactions
between the two anthraquinones. In the case obttier isomers investigated, such stacking
interactions seem much less favourable. These amnilmone derivatives represent useful

building blocks for diagnostic tools or for applicas in DNA-based nanomaterials.

Non-nucleosidic tetrathiafulvalene building bloakitable for oligonucleotide synthesis under
standard protocol was prepared. TTF-modified oligdeotides form stable hybrids.

Furthermore, photo-induced electron transfer wasahstrated by fluorescence quenching in
TTF/pyrene modified heterohybrids. Finding shownthis study represent a setting for the
development of TTF-oligonucleotide based redoxvacand optical sensors for diagnostic.
Study of electrochemical properties of TTF contagnioligonucleotides attached to gold

surface is under progress.

Oligonucleotides containing one or two incorponasicof non-nucleosidic perylene diimide

building block form stable duplexes. Fluorescemmectroscopy shows that two PDI opposite
to two pyrene units are a powerful quencher foepgrexcimer. It was interesting to observe
that a strong flurophore like the PDI in the presenf DNA and water environment is not

fluorescent. On the other hand, in the presen@mather fluorophore like the pyrene which is
able to form excimer the PDI is able to quench detefy the signal of this excimer.
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A possible further work in our group can be theigief a molecular beacon containing
pyrene and PDI units. Molecular beacon probe asséijze single-stranded hybridization
probes that form a stem-and-loop structuFeg.(6.1). A fluorophore is attached to one end of
the oligonucleotide and a non-fluorescent quenamaety is attached to the other end of the
oligonucleotide. The stem hybrid brings the fludropge and the quencher in close proximity,
allowing energy from the fluorophore to be transddr directly to the quencher through
contact quenching. At assay temperatures, whepriblge encounters a target DNA or RNA

molecule it forms a probe-target hybrid that isgenand more stable than the stem hybrid. At
this moment the fluorescence is restored.

Q000> 00
MOOOOA®O

Figure 6.1 Principle of a molecular beacon.

Effectively, PDI and pyrene moieties are promisinglding blocks. Pyrene is able to form
excimer and PDI is able to quench completly therfdscence of this excimer. So two pyrene

units opposite to two PDI units (same system ashiapter 4) can be used for molecular
beacon type probes.
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Annexes

Annexe 1: Chemical Synthesis of Oligonucleotides

Figure A.1. Nucleic Acid Synthesizer

Oligonucleotide synthesis is a remarkably simplecpss that has far reaching implications.
Oligonucleotide synthesis is extremely useful imolatory procedured=(g. A.J). It is used to
make primers crucial in methods such as PCR rdjgitaViaking a custom oligonucleotide is
additionally useful because they will only bindth@ region of DNA that is complementary to
your custom oligonucleotide sequence. This allowecsic segments of DNA to be
amplified. In addition, custom oligonucleotide dymsis allows other sequences, such as
restriction sites, to be added on to the desirggbolcleotide. Custom oligonucleotides are
generally 15-20 bases in length which can limit hmany additional sequences can be added

on to the desired primer sequence.

Step 1: De-blocking

The first base, which is attached to the solid sups at first inactive because all the active
sites have been blocked or protected. To add thehase, the DMT group protecting the 5'-
hydroxyl group must be removed. This is done byiragléd base, either dichloroacetic acid
(DCA) or trichloroacetic acid in dichloromethaneGM), to the reaction column. The 5'-
hydroxyl group is now the only reactive group oe ttase monomer. This ensures that the
addition of the next base will only bind to thatesiThe reaction column is then washed to
remove any extra acid and by-products (BioSourgé3}
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Step 2: Base Condensation

The next base monomer cannot be added until itbeas activated. This is achieved by
adding tetrazole to the base. Tetrazole cleavesnafof the groups protecting the phosphorus
linkage (IDT, 2000). This base is then added tordaetion column. The active 5’-hydroxyl
group of the preceeding base and the newly actvai®sphorus bind to loosely join the two
bases together. This forms an unstable phosphkede. The reaction column is then washed

to remove any extra tetrazole, unbound base amdgucts (BioSource, 2003).

Step 3: Capping

When the activated base is added to the reactilumecosome does not bind to the active 5'-
hydroxyl site of the previous base. If this groapeift unreacted in a step it is possible for it to
react in later additions of different bases. Thiguld result in an oligonucleotide with a
deletion. To prevent this from occurring, the unhbduactive 5’-hydroxyl group is capped
with a protective group which subsequently prokibitat strand from growing again. This is
done by adding acetic anhydride and N-methylimitato the reaction column (IDT, 2000).
These compounds only react with the 5-hydroxylugroThe base is capped by undergoing
acetylation. The reaction column is then washeretoove any extra acetic anhydride or N-

methylimidazole (BioSource, 2003).

Step 4: Oxidation

In step 2 the next desired base was added to éwops base, which resulted in a unstable
phosphite linkage. To stabalize this linkage a tswhuof dilute iodine in water, pyridine, and
tetrahydrofuran is added to the reaction columnT(IR0O00). The unstable phosphite linkage
is oxidized to form a much more stable phosphatalje.
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Repeat

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

oligonucleotide Fig. A.2. Each cycle is approximately 98/99% efficient TI2000).

DMTrO
Base
o
O\P,OCNE
Detritylation "o -
Base N(@iPr), )
o Coupling
////#—b o
@
Base
o DMTrO
Base
o
O. _OCNE
e} O. _OCNE
o P

Base 6
0 Base
(e]

o

"® Oxidation o\%. <

_____ ~(Solid support)

Cappin @ase

Figure A.2. Chain elongation cycle during automated DNA sgsif

Post Synthesis

After all bases have been added the oligonucletidst be cleaved from the solid support and
deprotected before it can be effectively used. Tikisddone by incubating the chain in
concentrated ammonia at a high temperature for xdanded amount of time. All the

protecting groups are now cleaved, including thenogthyl group, the heterocyclic

protection groups, and the DMT group on the vesy lese (BioSource, 2003).
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Final Product

The final product is a mixture of the sought aftégonucleotide, cleaved protective groups
and oligonucleotides with internal deletions . Timsture of wanted and unwanted species is
what the oligonucleotide synthesis companies serible recipient. To obtain a solution only

containing the desired oligonucleotide, the recipraust desalt the heterogeneous mixture.

Desalting

Desalting is done to purify the solution. It rems\any species that may interfer with future
reactions. The major problematic ingredient in tieéerogeneous mixture is the ammonium
ion. To filter the solution of the ammonium ionsdé different methods can be utilized. They
are ethanol precipitation, size-exlusion chromatphy, or reverse-phase chromatography
(BioSource, 2003).
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Annexe 2 : DNA Single Strands Containing Pyrene Uts

During the project of the two-dimensional DNA-scddf, we made an interesting observation
with the CD-spectra of two single strands contgnoyrene units. Strandsand?2 contain
four and three pyrene units placed at differenttjorss.

Both strands show exciton coupling in the pyrerra &00-400 nm) which is characteristic to
an asociation of some pyrene unigsg( A.2andFig. A.3. Exciton coupling was most of the
time observed for duplexes and we never observeld an intense signal for single strands
before. For single strandand2, we observed a helical arrangement ilustratechbyiritense
bisignate signal of the pyrene band centered atr8d3with a positive Cotton effect at 369
nm, followed by a minimum at 340 nm. The intengifythe signal of single strantin the
pyrene aera is the same as the intensity of theakig the B-DNA region (240-300 nm). For
single stran@®, the intensity of the signal in the pyrene regi®rlower but a band is more

pronounced at 252-254 nm than for single strand

1 5-GCAGC-Py-ATGC-Py-ACGGAC-PYyPy-GTACCA-3'

2 5-TGGTACPyPy-GTCCGTPYy-GGCGAG-3’

mieg

20 1 1 1 1 1 1
250 300 350 400 450 500

Wavelength nm

Figure A.2. Temperature-dependent CD spectrum of single dtran Conditions: 2.0 uM
oligonucleotide concentration (each strand), 10 pitdsphate buffer (pH 7.4) and 100 mM NacCl.
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Figure A.3. Temperature-dependent CD spectrum of single d&tran Conditions: 2.0 uM
oligonucleotide concentration (each strand), 10 pitdsphate buffer (pH 7.4) and 100 mM NacCl.

Thermal melting experiments were performed for lgirggrandsl and2 (Table A.1Fig. A.4
and Fig. A.5. T, values were obtained for single strardand 2 at 245 nm which is
characteristic to pyrene absorption,(T = 68.9°C and }, 2 = 69.4°C). At 350 nm where
pyrene also absorbs, a transition was obtaineddtir but we were not able to see the plateau
and to determine a Tm value. A reduction of salcemtration will probably show nice
transitions for single strandsand2. At 260 nm (DNA absorption) noplvalue was obtained

the curve is pretty linear for single straridand2.

Table A.1 Thermal melting experiments of single strdrahd2 at 245, 260 and 350 nm.

oligonucleotide Tm at 245 nm Tm at 260 nm Tm at 860
1 68.9°C - n. d.
2 69.4°C - n. d.

Conditions: 2.QuM oligonucleotide concentration (each strand), N pmosphate buffer (pH 7.4) and
100 mM NacCl.
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Figure A.4. Thermal melting experiments of single strahdConditions: 2.0uM oligonucleotide
concentration (each strand), 10 mM phosphate bgftér7.4) and 100 mM NacCl.
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Figure A.5. Thermal melting experiments of single strahdConditions: 2.0uM oligonucleotide
concentration (each strand), 10 mM phosphate bgftér7.4) and 100 mM NacCl.

Theses single strands cannot be self-complemefaamguplex or partial duplex formation.
An explanation of this phenomenon could be thakteosdary structure is formed within
single strands which means that pyrene units areagly forming aggregates in an organized
way. Another explanation could be that pyrene uailts stacked on DNA-bases (G for

exemple : PyPy next to G farand2) and then an organized system is formed.
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Other experiments will be achieved to understaedettistance of theses exciton coupling and

why a transition is obtained at 245 and 350 nnsiogle strand. and2.

Some new oligonucleotides have to be synthesizeefaence :

For exemple for single strand 1:
5-GCAGC-Py-ATGC-Py-ACGGAC-PYyPy-GTACCA-3’

* by removing 1 pyrene unit at different places:
5-GCAGCATGCPy-ACGGAC-PyPy-GTACCA-3’
5-GCAGCPYy-ATGCACGGACPyYyPy-GTACCA-3’
5'-GCAGCPyY-ATGC-Py-ACGGACPy-GTACCA-3’

* by removing 2 pyrenes units at different places :
5-GCAGCATGCACGGACPYPy-GTACCA-3
5-GCAGCATGCPy-ACGGAC-Py-GTACCA-3
5'-GCAGC+PyYy-ATGCACGGACPy-GTACCA-3’
5'-GCAGC-PyYy-ATGC-Py-ACGGACGTACCA-3

* by keeping pyrene units and by changing neighbgurases :
5'-GCAGC-Py-ATGC-Py-ACGGAC-PyPy-GTACCA-3’
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Bibliographic software :SciFinder, Beilstein.

Other Engineering skills: advanced level.

LANGUAGES

French : mother tongue.
English : advanced level. Diploma of TOEIC.
German : good level.

PUBLICATIONS

1. N. Bouquin, V. L. Malinovskii and R. HaneAnthraguinones as Artificial DNA
Building Blocks, E. J. Org. Chem2008 in press.

2. N. Bouquin, V. L. Malinovskii, Xavier Guégano, SKia Liu, Silvio Decurtins and R.
Haner, TTF-Modified DNA , submitted.

3. N. Bouquin, V. L. Malinovskii and R. Haneighly efficient quenching of excimer
fluorescence by perylene diimide in DNAChem. Comm2008 accepted.

MISCELLANEOUS

Driving licence : B.
Sport : fitness, tennis and ski.
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