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Abstract

Oligonucleotides are short fragments of DNA composed of a low number of
nucleotides (typically between 10-100nt) which are of great interest because their
applications in molecular biology, biomedicine and nanotechnology. As a result of
their ability to base pairing, oligonucleotides can be used as primers, hybridization
probes in biosensors, agents for controlling gene expression, structural material in
nanotechnology or as substrates for a variety of biochemical and biophysical
studies. Chemical modification of oligonucleotides as well as conjugation to different
functional molecules allows for modulation of both therapeutical and
biotechnological properties.

This thesis is focused in the nucleic acid chemistry field and the main
objective is the synthesis of modified oligonucleotides for obtaining structures with
therapeutical and/or biotechnological interest.

Oligonucleotides capable to form structures other than the canonical DNA
double helix have received considerable attention in the last years. The ability of
triplex forming oligonucleotides (TFOs) to bind specifically to certain duplex DNA
regions provides a strategy for site-directed modification of genomic DNA. Besides,
G-quadruplexes are four-stranded DNA structures stabilized by stacking of guanine
tetrads which have been found in telomeres and some promoters and play a role in
regulation of transcription and translation. In addition, they are also interesting for
nanotechnological devices.

In this context, the first part of the research work was addressed to
synthesize parallel stranded oligonucleotide clamps carrying LNA (locked nucleic
acid) residues and study the stability of the triplex formed with DNA and RNA target
sequences by melting experiments.

Secondly, a novel strategy to obtain parallel clamps using the non-templated
chemical ligation of two oligonucleotides by 5’-5’ linkages was developed. For this
purpose, several protocols for introduce azido and alkyne moieties in the 5’-end of
different sequences were developed so that the modified DNA strands could form a
parallel hairpin after their chemical ligation by click chemistry. Cu (I)-catalyzed
azide-alkyne cycloaddition reaction was also used to synthesize novel unnatural
aminoacids during a FPI predoctoral short-term staying in the Medicinal Chemistry
Department at Goteborg University.

Then, a system composed of four DNA strands whose 5’ ends are covalently
attached was designed to form a monomolecular parallel G-quadruplex. This novel
molecule was used to study the effects of some nucleobase modifications in
quadruplex structure. The effect of 8-amino-guanine substitutions in quadruplex
stability was studied by NMR and CD thermal denaturation experiments.



Finally, modified oligonucleotides for nanotechnology applications were
prepared. Synthesis of oligonucleotide conjugates carrying Cu(II) complexes to
construct arrays of electrochemical oscillators was performed. Initial
electrochemical characterization of the conjugates was carried out during a FPI
predoctoral short-term staying, in the Centre for Nanoscale Science at the
University of Liverpool.
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Resumen

Los oligonucledtidos son fragmentos cortos de DNA que estan compuestos
por un numero relativamente pequefio de nucleétidos (normalmente entre 10 y
100) y tienen un enorme interés por sus aplicaciones en biologia molecular,
biomedicina y nanotecnologia. Como resultado de su habilidad para hibridarse con
cadenas complementarias los oligonucleétidos son usados como cebadores
(primers) en reacciones de amplificacion, sondas de hibridacion en biosensores,
agentes de control de la expresidon génica, material estructural para nanotecnologia
0o como base para una gran variedad de estudios bioquimicos y biofisicos. La
modificacion quimica de los oligonucleétidos asi como su conjugacion con diferentes
moléculas funcionales permite modular sus propiedades terapéuticas vy
biotecnoldgicas.

Esta tesis se enmarca en el campo de la quimica de los acidos nucleicos vy el
principal objetivo es la sintesis de oligonucledtidos modificados para la obtencién de
estructuras con interés terapéutico y/o biotecnoldgico.

Los oligonucleétidos capaces de formar estructuras diferentes a la doble
hélice canonica de ADN han recibido una atencién considerable en los ultimos afios.
La habilidad de los oligonucleétidos formadores de triples hélices (OFT) para unirse
especificamente a ciertas regiones de un duplex de ADN proporciona una estrategia
para modificar el ADN en una region determinada del genoma. Por otro lado, los G-
quadruplexes son estructuras de DNA de cuatro cadenas formadas por el
apilamiento de tétradas de guaninas. Dichas estructuras han sido observadas en los
teldmeros y en las secuencias promotoras de algunos genes y parecen desempefiar
un importante papel en la regulacion de la transcripcion y la traduccion. Ademas
presentan también propiedades interesantes para el uso en dispositivos
nanotecnoldgicos.

En este contexto, la primera parte del trabajo de investigacidon consistié en
sintetizar horquillas de cadenas de ADN paralelas modificadas con acidos nucleicos
bloqueados o LNA (locked nucleic acids) y estudiar la estabilidad de las triples
hélices formadas con sus secuencias diana (de ADN y ARN) mediante ensayos de
desnaturalizacion térmica.

En segundo lugar, se desarrolld una estrategia para obtener horquillas
paralelas de ADN consistente en la unién quimica de dos oligonucledtidos por sus
extremos 5’ sin usar ninguna cadena “molde” (template). Con este propoésito se
desarrollaron diversos protocolos para introducir el grupo azida y alquino en el
extremo 5’ de diferentes secuencias de tal manera que estas cadenas de ADN
modificadas pudieran formar una horquilla paralela después de su unidon mediante
quimica “click” (click chemistry). Ademas, la cicloadicién 1,3-dipolar entre azidas y
alquinos catalizada por Cu(I) se utilizd también para sintetizar aminoacidos no
naturales durante una estancia breve FPI en el departamento de Quimica Medicinal
de la Universidad de Géteborg.

il



Posteriormente, se disefid un sistema compuesto por cuatro cadenas de ADN
con sus extremos 5’ unidos covalentemente capaces de formar un quadruplex
paralelo monomolecular. Esta nueva molécula se ha empleado para estudiar los
efectos de alguna nucleobase modificada en la estructura del quadruplex. El efecto
de sustituciones de 8-amino-guaninas en la estabilidad de los quadruplexes se
estudioé por RMN vy dicroismo circular.

Finalmente, se prepararon oligonucleétidos modificados para aplicaciones en
nanotecnologia. Se sintetizaron conjugados de oligonucledtidos con complejos de
cobre (II), propuestos para construir osciladores electroquimicos. Su
caracterizacion electroquimica inicial se llevo a cabo durante una estancia breve FPI
en el Centro para la Ciencia a Nanoescala de la Universidad de Liverpool.

v
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CHAPTER 1

Introduction






1.1. DNA: structure and function

Deoxyribonucleic acid (DNA) is the biomolecule responsible for storage,
transmission and translation of genetic information and is often compared to a code
since it contains the instructions to construct the components of all living
organisms. The DNA segments that carry this genetic information are called genes,
but other DNA sequences have structural purposes, or are involved in regulating
the use of this genetic information.

Chemically, DNA is a polymer consisting in two strands held together in the
shape of a helix (Figure 1.1.A) made from repeating units called nucleotides, each
of which contains a sugar/phosphate backbone and a nitrogenated base (Figure
1.1.B). The sugars in DNA are 2-deoxyriboses and are joined together by
phosphate groups that form phosphodiester bonds between the third and fifth
carbon atoms of adjacent sugar rings. The four nitrogenated bases found in DNA
are adenine (A), cytosine (C), guanine (G) and thymine (T) and the DNA double
helix is stabilized by hydrogen bonds between these bases. Each type of base on
one strand forms bonds with just one type of base on the other strand. Thus,
adenine forms hydrogen bonds with thymine and guanine with cytosine. (Figure
1.1.C). This complementary base pairing is critical for all the functions of DNA in
living organisms. It is the sequence of these four nucleobases which encodes the
genetic information.

Figure 1.1. A) B-DNA duplex. B) Chemical structure of the backbone of a DNA
strand. C) Watson-Crick hydrogen bonds between A-T and C-G.

The sequence of bases is copied into messenger RNA (mRNA) by RNA
polymerase in a process called transcription. This mRNA is then decoded by a
ribosome that reads its sequence and translates it into proteins. This process is
called translation and is determined by a set of rules known as genetic code, which



defines a correspondence between tri-nucleotide sequence of mRNA (codons) and
amino acids carried by transfer RNA (tRNA).

One major difference between DNA and RNA (ribonucleic acid) is the sugar,
with the 2’-deoxyribose in DNA being replaced by the alternative pentose sugar
ribose in RNA, and uracil, a base that pairs with adenine and replaces thymine
during DNA transcription.

In a DNA double helix the direction of the nucleotides in one strand is
opposite to their direction in the other strand: the strands are antiparallel. The
asymmetric ends of DNA strands are known as 5’ and 3’ ends, with the 5' end
having a terminal phosphate group and the 3' end a terminal hydroxyl group.

Three different forms of duplex have been observed (figure 1.2), the most
common in functional organisms being the B-form. In this helix, spaces between
strands are unequally sized and are known as major and minor groove. Both are
targets for DNA-binding drugs. A-form occurs under non-physiological conditions in
partially dehydrated samples of DNA (e.g., those employed in crystallographic
experiments) while in living cells is adopted in hybrid pairings of DNA and RNA
strands, as well as in some enzyme-DNA complexes [1,2]. The A-DNA form is a
wider right-handed spiral, with a shallow, wide minor groove and a narrower,
deeper major groove than the B-DNA.

Intriguingly, the first resolved DNA crystal presented a left-handed double
helix, in contrast to A- and B-form, and was named Z-DNA due to the zig-zag
arrangement of its backbone [3] The major and minor grooves, unlike A- and B-
DNA, show little difference in width. Z-DNA is believed to be formed transiently and
provide torsional strain relief during negative supercoiling generated in transcription
processes [4]. In addition other biological roles have been suggested after the
discovery that certain classes of proteins bound to Z-DNA with high affinity and
great specificity [5-8].

A comparison between the different conformations of a DNA double helix is
shown below.



Figure 1.2. Different conformations of a DNA duplex.

The remarkable conformational flexibility of nucleic acids allows for the
formation of a great variety of structures besides the double helix such as triplex,
G-quadruplex or i-motifs (Figure 1.3).

Figure 1.3. Non canonical DNA structures. A) Triple helix. B) Quadruplex. C) i-motif.

In a DNA triplex, the triplex-forming oligonucleotide binds to a polypurine-
polypyrimidine region of dsDNA in the major groove through specific hydrogen
bonds (Figure 1.3.A).

G-rich and C-rich DNA strands can form unusual structures. The G-rich
strand can adopt a four stranded G-quadruplex structure [9] involving planar G-
quartets (Figure 1.3.B) while the C-rich strand can form the so-called i-motif
(Figure 1.3.C) with intercalated C:C+ base pairs [10].

These DNA structures have received considerable attention in the last years
for their biological relevance. The ability of triplex forming oligonucleotides (TFOs)
to bind specifically to certain duplex DNA regions provides a strategy for site-
directed modification of genomic DNA. On the other hand quadruplexes have been
found in telomeres and some promoters and play a role in regulation of



transcription and translation. They are also interesting for nanotechnological
devices. The description of these structures and properties will be described in
more detail in different chapters in this thesis together with a study of modified
oligonucleotides capable of forming triplex and quadruplex structures.

1.2. Oligonucleotides and their applications

Oligonucleotides (ODNs) are short fragments of DNA composed of a low
number of nucleotides (typically between 10-100nt) which hybridize like their larger
relatives and are valuable models to investigate the physical and biological
properties of DNA that would be intractable otherwise.

The development of automated synthetic procedures for the obtention of
oligonucleotides has triggered the extensive use of these molecules in a high
variety of applications ranging from molecular biology to biomedicine and
nanotechnology. As a result of their ability to base pairing, oligonucleotides are
used as primers, hybridization probes in biosensors, agents for controlling gene
expression, structural material in nanodevices or as substrates for a variety of
biochemical and biophysical studies.

1.2.1. Oligonucleotides as therapeutic agents

When a cell uses the information in a gene, the DNA sequence is copied into
a complementary RNA sequence (transcription) known as messenger RNA or mRNA.
This mRNA is then used to make a matching protein sequence in a process called
translation.

There are different strategies to modulate the gene expression with
oligonucleotides depending on the therapeutic target (Figure 1.4). In the antigene
strategy oligonucleotides bind to DNA forming a triple helix, thus blocking
transcription to mRNA. When the target is the mRNA, the strategy is known as
antisense. In this case, formation of the oligonucleotide-mRNA complex inhibits
translation to proteins. Another possibility to interfere with translation is the use of
ribozymes, oligonucleotides that bind specifically to mRNA causing its degradation.
There are also oligonucleotides called aptamers that can bind very specifically to
proteins (in a similar way as antibodies do) and modify their activity.

A particularly interesting case is the RNA interference (RNAi), a system
within living cells that helps to control which genes are active and how active they
are. Small interference RNA (siRNA) are 21-23 bp short RNA duplexes that are
incorporated into the RNA-induced silencing complex (RISC), which targets
messenger RNA, cleaves it and prevents translation. The selective and robust effect
of RNAi on gene expression makes it a valuable research tool, both in cell culture
and in living organisms because synthetic dsRNA introduced into cells can induce
suppression of specific genes of interest.



Figure 1.4 shows a schematic representation of the different therapeutic
approaches based on oligonucleotides.
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Figure 1.4. Scheme of the different oligonucleotides-based therapeutic strategies.

Although only two DNA-based pharmaceuticals have been approved by
regulatory agencies (e.g. Vitravene, an antisense ODN formulation developed by
ISIS Pharmaceuticals for the treatment of cytomegalovirus retinitis and Macugen,
an ophthalmological anti-VEGF aptamer by Pfizer/ Eyetech Pharmaceuticals),
numerous candidates are in advanced stages of human clinical trials and are
extremely promising drugs for therapy for a wide range of diseases including cancer
[11,12], AIDS [13], diabetes [14,15] or cardiovascular disorders [16].

Limited successes in the development of DNA-based drugs can be attributed
to their poor cellular uptake and biological stability with the consequent
unpredictable pharmacokinetics. Simultaneous advances in chemical synthesis and
derivatization strategies to generate modified oligonucleotides with enhanced
delivery, targeting and biostability properties have yielded promising results for
clinical applications. Furthermore, recent developments in human genomics,
transcriptomics, and proteomics will provide an additional impetus for the
advancement of DNA-based therapeutics by supplying novel targets for drug
design, screening, and selection.



1.2.2. Oligonucleotides as tools in DNA-templated synthesis

The hybridization properties of DNA can be exploited to direct chemical
reactions in a sequence-specific manner. In 2001, Liu and co-workers showed that
complementary DNA oligonucleotides can be used to assist certain synthetic
reactions, which do not efficiently take place in solution at low concentration [17].
The scheme of figure 1.5 shows the basis of a DNA-templated synthesis, where a
DNA duplex is used to accelerate the reaction between chemical moieties displayed
at the extremities of the two DNA strands.

w-ﬁ% — )

Scheme 1.5. Depiction of a DNA-templated synthesis approach. A and B
substrates are linked to complementary oligonucleotides to yield the C product in a
DNA-templated fashion.

The close proximity conferred by the DNA hybridization drastically increases
the effective molarity of the reaction reagents attached to the oligonucleotides,
enabling the desired reaction to occur even at concentrations which are several
orders of magnitude lower than those needed for the corresponding conventional
organic reaction.

This approach is useful in those reactions that cannot easily be performed by
conventional synthetic methods, such as heterocoupling reactions between
substrates that preferentially homocouple. These unique features of effective-
molarity-controlled reactivity may expand the accessibility and structural diversity
of libraries of synthetic small molecules and heteropolymers beyond what is
possible with current approaches.

1.2.3. Oligonucleotides as useful tools in nanotechnology

DNA is a unique material for nanotechnology since it is possible to use base
sequences to encode instructions for assembly in a predetermined fashion at the
nanometer scale. The unique molecular recognition properties of DNA can be used
to create self-assembling DNA complexes with useful properties. Thus, DNA has
been used for the creation of two-dimensional periodic lattices as well as three-
dimensional structures in the shapes of polyhedra [18-20].

Figure 1.6.A. shows a model composed of nine DNA sequences programmed
to combine into a specific pattern. The single stranded overhangs located at the
ends of double helical domains (known as “sticky ends”) allow self-assembling into
a highly ordered periodic two-dimensional DNA nanogrid, as can be seen in the AFM
image of figure 1.6.B.



A number of three-dimensional molecules have been made of DNA duplexes
tracing the edges of a polyhedron, e.g. an octahedron [21] or a cube [22], with a
DNA junction at each vertex. In figure 1.6.C a model of a DNA tetrahedron
described by Goodman et al. [23-25] is shown. Each edge of the tetrahedron is a
20 base pair DNA duplex, and each vertex is a three-arm junction.

A few years ago a method named “DNA origami” was developed by
Rothemund to create two and three dimensional shapes by DNA folding [19]. The
process involves the folding of a long single strand of viral DNA aided by multiple
shorter strands in various places, resulting in various shapes including a smiling
face like the one presented in figure 1.6.D.

Figure 1.6. A) Model of a DNA tile used to make a two-dimensional periodic
lattice. B) Atomic force microscopy (AFM) image of a 2D DNA nanogrid. Extracted
from reference [26]. C) DNA tetrahedron described by Goodman et al. [23]. D) AFM
image of a DNA origami. Extracted from reference [19].

Through the conjugation of synthetic oligonucleotides of predetermined
sequences with different materials (e.g. nanoparticles, streptavidine...), the exact
spatial positioning of these latter can be designed, which is leading towards
fabrication of electronic nanodevices or biosensors [27] (Figure 1.7.A.). In addition
the controlled metallization of oligonucleotide strands [28-31] provides also an
important step toward the assembly of functional nanocircuits (Figure 1.7.B).
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Figure 1.7. A) Schematic representation of the design of biomolecules
microarrays using a DNA-anchoring platform [27]. B) Scheme for resistive
detection of nanoparticle-labelled DNA microelectrode arrays [31].

For example, a DNA array detection method has been reported by Mirkin et
al. in which the binding of oligonucleotides functionalized with gold nanoparticles
leads to conductivity changes associated with target-probe binding events [31].

1.2.4. Oligonucleotides and chemical modifications

Chemical modifications have been extensively used to improve outstanding
problems which limit the use of oligonucleotides as therapeutic agents, such as
serum stability or nuclease resistance, bioavailability and cell uptake, specificity,
affinity, biodistribution and cell targeting.

Figure 1.8 shows a representation of the different positions in the
oligonucleotides structure where modifications can be introduced.
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Figure 1.8. Different positions where modifications can be introduced in an
oligonucleotide: backbone, sugar and nucleobases as well as derivatization or
conjugation at the 3’ or 5'.



- Backbone modifications

Among the first modifications made to oligonucleotides were alterations of
the phosphodiester backbone to stabilize these molecules towards enzymatic
degradation and improve their cell membrane permeability.

Modifications such as phosphorothioates [32,33] or phosphoramidates [34]
were conceived in order to change electrostatic properties of the negative
phosphate backbone of natural DNA. Phosphonoacetate and thiophosphonoacetate
were explored by Caruthers and co-workers [35,36] and showed very high nuclease
resistance when incubated with snake venom phosphodiesterase or DNase 1.

More drastic changes such as the complete replacement of the
phosphodiester linkage is also common such as amide [37], guanidine [38],
methylthiourea [39] or acetal linkages [40].

- Sugar-phosphodiester backbone modifications

An important class of modified oligonucleotides is one in which the sugar-
phosphodiester backbone has been replaced entirely, such is the case of peptide
nucleic acids (PNAs) introduced firstly by Nielsen in 1991 [41] and extensively
reviewed in the literature [42-44]. PNA's backbone is composed of repeating N-(2-
aminoethyl)-glycine units linked by peptide bonds and since it contains no charged
phosphate groups, its hybridization with complementary DNA strand is stronger
than between DNA/DNA strands of a natural duplex due to the lack of electrostatic
repulsion. This increased target affinity compared to unmodified oligonucleotides
can be of great help for applications based on sequence-specific detection of
DNA/RNA including diagnostics, forensic science, in vivo imaging and
biodistribution.

For example work carried out by Spoto et al. used PNA capture probes to
lower detection limits and increase sensitivity in a surface plasmon resonance
sandwich DNA hybridization assay [45].

In addition PNAs are not easily recognized by either nucleases or proteases,
which makes them resistant to enzyme degradation and useful for in vivo
applications.

- Sugar modifications

Modifications in the sugar moiety of oligonucleotides have also been
developed. One of the most notable examples is the locked nucleic acids (LNA)
described in 1998 by Wengel and colleagues [46,47]. LNA nucleotides contain a
methylene bridge that connects the 2’-oxygen of ribose with the 4’-carbon and their
insertion into DNA or RNA strands increase the strength of base-stacking interaction
[48,49].This exceptional hybridization affinity toward complementary DNA/RNA has



been exploited in antisense therapy [50,51]. In next chapter, the effect of these
modifications on the stability of triple helices will be addressed.

Morpholino derivatives have also been examined as antisense agents and
triplex forming agents by different authors [52-54]. In these oligonucleotide
analogs the deoxyribose rings are replaced with six-membered morpholino rings
commonly linked through phosphorodiamidate groups although other linkages
between morpholino units have been developed as is the «case of
morpholinoamidine [55] or oxalyl diamide morpholino analogs [56].

Substituents in the 2’ position of pentose sugar have been extensively used,
especially in siRNAs [57,58], to increase their resistance to endonucleases and
serum stability and enhance mRNA targeting efficiency. Some examples of these
modifications are 2’-0O-Methyl (2'-OMe), 2’-O-Methoxyethyl (2’-MOE), 2'-fluoro (2'-
F) or 2’-amino (2'-NH,).

Replacement of the 4’-oxygen of nucleosides by other atoms such as 4’-thio
[59] or 4'-selenonucleotide [60] has also been established.

- Nucleobase modifications

Modifications to the nucleobases have been explored to increase the stability
of duplexes and triple helices.

Some examples include 5-methylcytosine [61], 8-oxoadenine [62], 8-
aminopurines [63,64], 5-halopyrimidines [65], 5-propynylpyrimidines [66,67], 7-
deaza-purines [68,69], 7-deaza-xanthine [70], isoguanine [71], etc. A high number
of nucleobase modifications have been extensively reviewed in the literature
[57,72,73].

- Oligonucleotide derivatives and conjugates

The conjugation of oligonucleotides to different functional molecules is a
valuable tool that allows for modulation of both therapeutical and biotechnological
properties. Such conjugate groups confer a variety of important properties, these
include fluorescent emission to allow sensitive detection [74], altered
hydrophobicity or bioaffinity [75], enhanced cellular uptake [76], resistance
towards degradation [77], novel electrochemical properties [78] and the ability to
coordinate metal ions [79], to mention just a few.

Examples to overcome problems associated with delivery and localization of
oligonucleotides in cells include conjugation and/or binding to cholesterol [75],
liposomes [80], lipoplexes [81], lipids [76], poly(ethylene glycol) [82],
nanoparticles [83], antibodies [84], peptides [85], aptamers [86] or dendrimers
[87].
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Recently, considerable attention has been paid to cellular transfection of
antisense oligonucleotides with a high diversity of nanoparticles (NPs). Among the
most polular choice for NP material is gold due to its high affinity for thiolated
oligonucleotides [88,89] but other NPs have been developed such as nanosized
bioceramic nanoparticles coated with cationic polymers [90].

A common strategy to enhance ability of oligonucleotides to target and
accumulate within desired cells is the conjugation to cell surface receptors. Thus,
some studies have reported receptor-mediated cell internalization of
oligonucleotides based on molecular recognition processes. For example, McNamara
et al. observed gene silencing specifically in prostate cancer cells expressing the
prostate-specific membrane antigen in their surface using siRNAs conjugated to an
aptamer against this receptor [91].

Dendrimers are also used to deliver ODNs into cells. These molecules are
highly branched, typically symmetric around a core, and often adopt a spherical
three-dimensional morphology. Their physical characteristics include encapsulation
ability and make these macromolecules good candidates as ODN delivery vehicles
[87,92,93].

Other molecules that have shown promise in transfection of ODNs are cell-
penetrating peptides (CPPs), such as HIV Tat47-57, transportan, Antp43-58 and
oligoarginines, which have been recently reviewed [85,94,95]. Their cationic nature
has been suggested to promote ODNs transfection through cellular endocytosis-
mediated uptake.

Another field where conjugation of ODNs plays a relevant role is nano and
biotechnology. DNA-based biosensors rely on highly specific recognition events
(hybridization) to detect target analytes. In a classical DNA-based sensor an
immobilized ssDNA sequence act as the probe to detect specific DNA sequence. This
DNA probe can be either chemically or enzymatically labeled with radioactive
material [96], fluorescent compounds [74], nanoparticles [97] or ligands such as
biotin [98], to facilitate the triggering of a detectable signal. In other cases DNA act
simply as an anchoring platform, as mentioned before (Figure 1.7), in which cases
ODNs are conjugated to molecules able to recognize a desired target [27].
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1.3. Objectives

This thesis is focused on nucleic acid chemistry. The main objective is the
synthesis of modified oligonucleotides for triple helix studies and for obtaining
structures with therapeutical and/or biotechnological interest.

The second chapter covers the study of triplex-stabilizing properties of
chemically modified oligonucleotide hairpins. The synthesis of parallel stranded
duplexes carrying LNA residues is described and the stability of the triplex formed
with their DNA and RNA target sequences are analyzed by melting experiments.

The third chapter focuses in the development of a novel strategy based on
click chemistry for the obtention of such structures. For this purpose, azido and
alkyne moieties are introduced in the 5’-end of different homopurine and
homopyrimidine sequences so that the modified DNA strands could form a parallel
hairpin after their chemical ligation by click chemistry.

As mentioned before, conjugation of oligonucleotides with different
functional molecules allows modulation of some of their properties. In the fourth
chapter derivatization of oligonucleotides with molecules that are able to coordinate
copper ions and the study of their electrochemical properties is addressed.

Finally, the last chapter includes the study of quadruplex-forming sequences
modified with 8-aminoguanine substitutions. A molecule composed of four
oligonucleotide strands whose 5’ ends are covalently attached is employed as a
system to study the effect of these nucleobase modifications in quadruplex
structure and stability.

12
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Carrying LNA Derivatives






2.1. DNA triplexes

The formation of triple-stranded DNA was demonstrated by Rich and
coworkers in 1957 from biophysical experiments on synthetic oligonucleotides in
which 2:1 mixtures of poly(U) and poly(A) were found to form a specific three-
stranded structure [1,2]. Interest in these structures increased dramatically in the
late 1980s with the realization of the potential use of triplex-forming
oligonucleotides (TFOs) as antigene agents [3-5] and tools in biomolecular research
[6-9].

In a classical DNA triplex, the triplex-forming oligonucleotide binds to a
polypurine-polypyrimidine region of dsDNA in the major groove through specific
hydrogen bonds. Depending on the orientation and base composition of this third
strand, triplexes are classified as parallel or antiparallel.

Homopyrimidine TFOs bind parallel to the duplex purine strand via
Hoogsteen hydrogen bonds to form T-AT and C*-GC triplets (Figure 2.1.A), whereas
purine-rich TFOs bind in an antiparallel orientation by reverse Hoogsteen bonding
and form G-GC, A-AT and T-AT triplets (Figure 2.1.B).
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Figure 2.1. A) Chemical structures of parallel triplets T-AT and C*-GC. B) Chemical
structures of antiparallel triplets A:-AT, G:GC and T-AT.
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Formation of parallel triplexes requires conditions of low pH, necessary for
protonation of cytosines at N3 to form proper Hoogsteen bonding in C*-GC triplets.
Because of this limitation, pyrimidine TFOs do not usually bind DNA duplex at
physiological pH without further modification. Both triplex motifs are strongly
stabilised by the presence of divalent metal cations, which are able to screen the
charge repulsions between the negatively charged phosphodiester backbones.

2.2. Oligonucleotide hairpins and triplex

Triplexes are usually formed by adding a TFO to a WC duplex DNA. In
addition to this conventional way of forming triplex, there is an alternative
approach based on the use of oligonucleotide parallel clamps. In this molecules TFO
and homopolypurine WC strand are covalently attached by 3'-3" or 5'-5
internucleotide junctions (loop) and the WC polypyrimidine strand is added (Figure
2.2). These hairpins can bind to pyrimidine ssDNA or RNA sequences with greater
affinity and sequence selectivity than those seen for linear ODNs, largely because of
the entropic benefit. In addition, the use of parallel clamps decreases the
susceptibility of oligonucleotides to degradation by cellular nucleases [10-12].

Figure 2.2. Covalent attachment of purine and pyrimidine strands trough a
loop forms a parallel hairpin duplex that targets pyrimidine single strand.

2.3. Triplex modifications

Both TFO and hairpin oligonucleotides need to meet certain requirements if
one wants to overcome problems inherent to all oligonucleotide-based therapies
such as delivery, cellular uptake and stability. Other challenges in using triplex DNA
as a tool in molecular genetics include the need for cytosine protonation in the
pyrimidine motif, the susceptibility of G-rich oligonucleotides to form intermolecular
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complexes in the purine motif or the charge repulsion between the third strand
phosphates and those of the duplex target.

Therefore, a large effort has been made to modify oligonucleotides in order
to overcome these limitations and enhance triple helix stability. Thus, chemical
modifications have been incorporated in the bases (e.g. 5-methylcytosine [13],
deoxyuridine [14], 5-propynyl deoxyuridine [15-17]), in the backbone
(phosphoramidates [18,19], phosphorothioates [20], guanidinium [21], peptide
nucleic acid [22],...) or in the sugar (morpholino [23], 2’-O-methylribose [24,25],
2’-0O-aminoethylribose [26], LNA [27-30], ...). Moreover, some compounds have
been attached to DNA triple helices to modulate their stability such as intercalators
[31] or minor groove binders [32]. The use of modified oligonucleotides for triplex
formation has been exhaustively reviewed [33, 34]. In Figure 2.3. some examples
of these modifications are depicted.
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HO. B HO B HO.. B HO B
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b
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Figure 2.3. Examples of chemical modifications introduced in TFOs. (A) Base
modifications; (B) sugar modifications and (C) backbone modifications (extracted
from reference [33])
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As hairpins used in this work contain LNA modified nucleotides, the
relevance of these modifications and their previous applications in triplex will be
explained in detail in the next section.

2.3.1. LNA

In 1998, novel conformationally restricted nucleotide analogues known as
locked nucleic acid (LNA) were described [27-29]. LNA nucleotides contain a
methylene bridge that connects the 2'-oxygen of ribose with the 4'-carbon. This
bridge results in a locked 3’-endo conformation (Figure 2.4), reducing the flexibility
of the ribose and increasing the local organization of the phosphate backbone. This
pre-organization is believed to increase the strength of base-stacking interaction
[35, 36]. Several studies demonstrate that LNAs have greater affinity for
complementary DNA and RNA sequences [37-42].

A. , B.
O— Base ” ? Base "0 Base
L0 — e -{0 ™ < ON——
7 e oo O
0=P-0O° -F
C2-endo C3-endo LNA (N-type)
(S-type) (N-type)

Figure 2.4. A) The C2'-endo-C3’-endo sugar ring equilibrium present in
nucleic acids. B) The molecular structure of locked nucleic acid (LNA), which shows
the locked C3’-endo sugar conformation.

This exceptionally high hybridization affinity toward complementary
DNA/RNA can be exploited in antisense therapy to target highly structured RNAs
that are usually inaccessible to the conventional unmodified DNA oligonucleotides.
The antisense efficacy of LNA-modified oligonucleotides has been successfully
employed in cancer therapy [43-48]; for inhibiting replication of hepatitis and HIV
mRNA [49-52]; for understanding molecular mechanisms of various biological
processes [53] and as RNA capture probes for in situ detection of mRNA [54, 55].

The hybridization properties of LNA containing oligonucleotides have been
evaluated in different sequence context. The triplex-forming properties of
oligonucleotides containing LNA have been reported elsewhere [30, 56-59]. Except
Petersen and colleagues, who studied an intramolecular dsDNA:LNA triplex [57],
the remaining authors focused on adding a homopyrimidine LNA-modified TFO to an
existing WC duplex. In these studies the partial incorporation of LNA residues in
TFOs has been shown to enhance significantly triple helix formation.
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2.4. Objectives

The aim of this work is studying the triplex-stabilizing properties of parallel
clamps carrying LNA substitutions at the Hoogsteen strand. In our experiments the
homopyrimidine LNA-containing Hoogsteen strand and the natural homopurine WC
strand are covalently attached by 5'-5' internucleotide junctions, and the WC
pyrimidine strand is the target sequence.

In the present chapter the synthesis of parallel stranded duplexes carrying
LNA residues at the Hoogsteen strand is described. The binding properties of these
clamps to their polypirimidine DNA and RNA target sequences are carefully
analyzed by melting experiments and compared with affinity presented by
unmodified hairpins.

2.5. Design of the sequences

Oligonucleotide sequences are based on a triplex characterized previously by
Xodo et al. [60, 61], which had also been studied in our group in the context of 8-
aminopurines substitutions [62-65]. Here, the polypyrimidine Hoogsteen strand was
linked to the Watson-Crick (WC) polypurine strand (Figure 2.5). Clamps are formed
by two strands of eleven bases connected by 5’-5’ through a tetrathymidine loop.

3 5
TCTCCTCCTTC-T T  Hoogsteen pirimidine strand

3AGAGGAGGAA§'T5: WC polypurine target
B O I I R
5TCTCCTCCTTE WC polypirimidine target

Figure 2.5. Structure of the triplex studied.

The oligonucleotides used in this study are listed in Table 2.6.

Name Sequence
WC-11mer STCTCCTCCTTC®
WC-11mer/2’-OMe >ycuccuccuuc?®
B22 ¥AGAGGAGGAAG’-*-TTTT-CTTCCTCCTCT®
B22-T ¥AGAGGAGGAAG”->-TTTT-CTtCCtCCtCT®
B22-C ¥AGAGGAGGAAG”->-TTTT-CTTcCTcCTcT>
B22-CT ¥AGAGGAGGAAG®->-TTTT-CtTcCtCcTcT*

Table 2.6. Oligonucleotide sequences used in this study. Lower bold case
letters t and ¢ are LNA thymidine and LNA 5’-methylcytosine respectively.
Underlined upper case letters U and C are 2-O-methyl-RNA derivatives.
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Clamp B22 is a control sequence that contains only the natural bases
without modifications. Clamp B22-T contains three LNA thymidine nucleotides and
B22-C contains three 5'-Me-C-LNA bases. In addition, a clamp bearing two T-LNA
and three 5'-Me-C-LNA was prepared (B22-CT) to test whether the stabilizing
properties of the two modifications are additive.

To study the effect of the sugar type of the target on triplex stability, the
polypyrimidine target strand was synthesized with either DNA or 2’-O-methyl-RNA
backbone. A 2’-O-methyl-RNA strand was used as a nuclease-stable model for a
natural RNA target.

2.6. Synthesis of oligonucleotides

Oligonucleotide synthesis has been carried out using the phosphite triester
approach [66, 67]. In this methodology the oligonucleotide chain is synthesized in
the 3’ to 5’ direction by a stepwise addition of nucleotide residues to the 5'-
terminus of the growing chain until the desired sequence is assembled. Each
addition is referred to as synthetic cycle which consists of four main steps, as it is
shown in the figure 2.7.

DMTO B
0

O—COCH,CH,CONH—)

l Detritylation (3 % Cl3C-COgH)
(n-1)
DMTO o B
_k;;j + tetrazole

0
DMTO oupling |
PAEN CN
PN 07N
O
o I'!' o 5 DMTO
NC/\V I o o
O Oxidation
B
I / HoO o
o—Q
Capping

NC\/\/\

—kj AC50, NMI o—Q

—Q

Figure 2.7. Synthetic cycle used in oligonucleotide synthesis.

In each cycle nucleotides residues are incorporated using nucleoside
phosphoramidites as building blocks. These molecules consist of a (2-O-cyanoethyl)
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(N,N-diisopropyl) phosphoramidite group attached to the 3’-hydroxy group of a
nucleoside that has its reactive exocyclic amine and primary hydroxy groups
protected. In the first step 5'-hydroxy group is deprotected (detritylation). Then,
the desired phosphoramidite is activated by a tetrazole catalyst and brought in
contact with the solid support functionalized with a 5’-unprotected nucleoside
(either the first nucleoside or the growing chain). In this step, the 5’-hydroxy group
reacts with the activated phosphoramidite moiety of the incoming building block to
form a phosphite triester linkage. The 5’-hydroxyl groups that remain unreacted
need to be blocked (capping) from further chain elongation to prevent formation of
oligonucleotides with internal base deletions. The last step is oxidization of the
phosphite triester into a stable phosphate triester bond.

For the preparation of a parallel-stranded oligonucleotide (hairpin) at least
one of the strands must be synthesized in the 5’ to 3’ direction so standard
oligonucleotide synthesis can not be employed. As alternative, reverse
phosphoramidites have to be used as building blocks. These molecules differ from
the standard phosphoramidites in that the phosphite group is attached to the 5’ end
and the DMT is protecting the 3’-hydroxyl group (figure 2.8.B).

The parallel clamps used in this work were prepared in three steps. First, the
pyrimidine part was synthesized with the appropriate C, T, LNA-T and LNA 5-
methyl-C phosphoramidites (figure 2.8.A). Second, four additional thymidine
standard phosphoramidites were added until the point of 5'-5’ attachment. This
tetranucleotide loop was used to connect the two strands. From there onward,
synthesis was continued using reversed G and A phosphoramidite monomers
(figure 2.8.B).

A. NHBz % B.
N)j/CHa HNJj/CH3 0o NH-Bz
Y o ) N—""NH N NN
OON ] ]
DMT-O o DMT-O o }N\ N N)\N- dmf }N\ N N)
P-O P-O
)\ 0 9\0 (o} 0 Q (e}
]
P _~_CN /L APy CN ODMT ODMT
N™ ~O N~ O CN CN
G-reversed A-reversed
5'-Me-C-LNA T-LNA phosphoramidite phosphoramidite
phosphoramidite phosphoramidite

Figure 2.8. A) Phosphoramidites used in this work for the introduction of LNA
residues in parallel clamps. B) Reversed phosphoramidites used for the synthesis of
the second part of the hairpins in the 5’ to 3’ direction.

Upon completion of the chain assembly, the oligonucleotides were
deprotected and cleaved from the support by aqueous ammonia treatment.
Oligonucleotides were synthesized without performing final detritylation to facilitate
reverse-phase HPLC purification. All purified products (DMT ON protocol) presented
a major peak (figure 2.9), which was collected.
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Figure 2.9. HPLC profile of the DMT-protected B22-CT sequence. Gradient:
15> 80% B in 20 min (A: 5% ACN in 0.1 M TEAAc pH 6.5; B: 70% ACN in 0.1 M
TEAAc pH 6.5)

Finally oligonucleotides were detritylated, desalted by NAP-10, quantified by
measuring the absorbance at 260nm and analyzed by MALDI-TOF. Masses of the
synthesized oligonucleotides measured by MALDI-TOF and their expected MW
values are listed in Table 2.10.

Oligonucleotide Found MW Theoretical MW
WC-11mer 3194 3194
WC-11mer/ 2’-OMe 3453 3454
B22 7950 7952
B22-T 8028 8036
B22-C 8072 8078
B22-CT 8122 8134

Table 2.10. MW of the oligonucleotides used in this study obtained by MALDI-TOF.

2.7. Thermal denaturation studies
2.7.1. Evaluation of triplex stability by thermal melting curves

The stability of a triplex is often measured by thermal denaturation
experiments. Heating a solution of a structured nucleic acid leads to a change on its
structure (denaturation) that it is usually reflected by a change on the absorbance
of the solution. These changes in the absorbance allow the determination of DNA or
RNA secondary structure stability.

Thermal denaturation curves can be obtained using UV spectrophotometry

by recording absorbance at 260 nm as a function of temperature. In this way, the
stability of DNA and RNA triplexes has been the focus of a number of studies [68-
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75]. A typical UV-absorbance melting curve of parallel triplex is shown in figure
2.11.

Normalized absorbance (260nm)

L} t ] t T t T T 1
0 20 40 60 80 100
Temperature (°C)

Figure 2.11. Black line: Classic thermal denaturation profile of a parallel triplex
shows two transitions. Blue line: First derivative of the absorbance signal.

Usually, these structures have two transitions in their melting profiles:
triplex to duplex and duplex to single strands. However these transitions overlap in
some cases and are not easily distinguished. When the Hoogsteen strand and one
WC strand are covalently linked by a loop, just one single transition is observed
corresponding to triplex denaturation to random coil.

The midpoint of each transition is defined as melting temperature or T,, and
its value gives an idea of the stability of the structure so that the higher T, the
higher stability. This parameter can be determined as the maximum of the first
derivative of the absorbance signal (blue line in figure 2.11). T,, of triplexes will
depend on the oligonucleotide strands (length, composition and modifications) and
the solution conditions (pH, salt concentration).

Besides 260 nm, denaturation of some structures should be followed at
other wavelengths, e.g. 295 nm, as in the case in which protonation/deprotonation
of cytosine is involved in structure stability. Thus, melting profiles of our triplexes
are recorded also at 295 nm, as it will be explained in the next sections.
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2.7.2. Thermal stability of the Hoogsteen parallel duplexes

First, samples were dissolved in 0.1 M sodium phosphate/citric acid buffer
containing 1 M NaCl and different pH values, ranging from 5.0 to 7.0. The solutions
were heated to 90°C, allowed to cool slowly to room temperature, and stored at
4°C until UV was measured.

Thermal melting curves of 4 uM solutions of clamps (B22, B22-T, B22-C and
B22-CT) alone, in the absence of the polypyrimidine target, were recorded at 260
and 295 nm at a heating rate of 1°C/min (Figure 2.12).
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Figure 2.12. Melting curves of B22 and derivatives alone, without target.

Depending on the pH we observed two different transitions. At pH 5 we
observed a transition with 15% hyperchromicity (increase in absorbance) at 260
nm that decreased in intensity at higher pH. This transition was assigned to the
denaturation of the parallel duplex, as described previously [64, 76-78]. To confirm
that this transition corresponds to the denaturation of the Hoogsteen parallel
duplex to a random coil, all the melting curves were also recorded at 295 nm.

It has been established that the change of absorbance at 295 nm indicates
the formation of a nucleic-acid structure that requires protonation / deprotonation
of cytosines [79]. As 295 nm corresponds to a negative peak of the differential
spectrum between protonated and non-protonated cytosines, the melting profile
recorded at 295 is expected to be inverted. Accordingly, when buffer of low pH are
used a melting curve with hypochromicity (decrease in absorbance) is obtained, as
expected for a parallel duplex.

At pH above 6, a new transition appears at higher temperatures. We suggest
that above this pH the structure rearranges and short intermolecular antiparallel
duplexes can be formed with the central part of the oligonucleotides (like a 7mer
duplex between -AGGAGGA- and -TCCTCCT-) in the way shown in figure 2.13.
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TCTCCTCCTTCTTTGAAGGAGGAGA

I N it
TCTCCTCCTTCTTITGAAGGAGGAGA

Figure 2.13. Proposed model for the rearrangement of the parallel clamps to
form short intermolecular WC duplex.

This effect is mainly observed in clamps carrying LNA modifications,
probably because LNA can enhance hybridization of complementary sequences.
These transitions are only observed at 260 nm. The absence of hyperchromism or
hypochromism at 295 nm seems to be a general phenomenon for many WC duplex
transitions. Thus, the fact of no transitions are observed at 295 nm indicates the
presence of an antiparallel Watson-Crick duplex.

Table 2.14 shows the collection of all T, values obtained from clamps
thermal melting curves. The first value corresponds to the first transition and is
only observed at low pH. The second one corresponds to the second transition and
is only observed above pH 6.

clamp pH 5.0 pH 5.5 pH 6.0 pH 6.5 pH 7.0

B22 52/-- --/-- --/55 --/55 --/56
B22-T 74/-- 52/-- 40/-- --/75 --/70
B22-C 76/-- 54/-- 45/-- --/77 --/75
B22-CT >90/-- 64/-- 51/-- --/80 --/80

Table 2.14. Melting temperatures (°C) of transitions observed with B22 and
derivatives alone, without target.

The melting temperatures for clamps carrying the LNA were much higher
than those for the unmodified sequence. At pH 5.0 the increase in melting
temperature is 24 °C for B22-C and 22 °C for B22-T. The B22-CT clamp, with the
highest LNA content, is the most stable especially at pH 5 (more than 40 ©°C
difference). These results show that LNA modifications in the polypyrimidine strand
enhance the stability of parallel duplexes, and therefore the stability of Hoogsteen
base pairs.
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2.7.3. Thermal stability of triplexes formed by parallel clamps and their

DNA polypyrimidine target strand

For this study, solutions of equimolar amounts of hairpins with the target
Watson-Crick pyrimidine strand were mixed in the corresponding melting buffer
with a final duplex concentration of 2 uM. As in the case of hairpins, the melting
curves for the triplexes were recorded at both 260 and 295 nm to ensure that

changes corresponded to triplex-to-random-coil transition.

Thermal melting curves of triplexes formed by the different hairpins and the
DNA strand target WC-11mer are shown in figure 2.15.
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Figure 2.15. Melting curves of triplex formed by B22 and derivatives with the
DNA target WC-11mer. One single transition is observed at 260 nm (hyperchromic)
and 295 nm (hypochromic).

Although the stability of all these triplexes decreased when the pH was
raised (caused by a destabilization of Hoogsteen bond due to a lower proportion of
C*) the transition was still observed at pH 7.

In all cases the resulting triplexes showed single, cooperative melting
transitions (sigmoidal curves) with a pH dependent hyperchromicity, ranging from
15% to 30% when pH decreases from pH 7.0 to pH 5.0. This single transition was
observed at both 260 and 295 nm throughout the pH range studied, indicating that
the Hoogsteen and WC hydrogen-bonded strands dissociate simultaneously and
that the change of absorbance in the melting profile is due to triplex-to-random-coil
transition as described for clamps carrying 8-aminopurines [64,76,77].

The T, values obtained in these triplex melting curves are shown in table
2.16. In all cases the triplexes formed by LNA-containing hairpins showed higher T,
values than the unmodified triplexes. The increase in T, is presented in
parentheses next to the T,, data for each pH value. All T,, are calculated with the
curves recorded at 260 nm.
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clamp pH 5.0 pH 5.5 pH 6.0 pH 6.5 pH 7.0
B22 62 55 45 31 18
B22-T 74 (+12) 65 (+10) 53 (+8) 39 (+8) 28 (+10)
B22-C 73 (+11) 63 (+8) 52 (+7) 40 (+9) 29 (+11)
B22-CT 79 (+17) 64 (+9) 52 (+7) 39 (+8) 28 (+10)

Table 2.16. Melting temperatures (°C) for the triplexes formed by B22 and
derivatives with the DNA target WC-11mer. Values in parenthesis indicate the AT,
relative to unmodified triplexes.

B22T and B22C hairpins stabilized the triplex to a similar extent with an
increase in Tm of 8-120°C relative to the unmodified triplex. For B22-CT, differences
in parallel duplex stability relative to B22-C and B22-T disappeared when the triplex
was formed, except for pH 5, where B22-CT still showed a significant increase in
Th-

2.7.4. Thermal stability of triplexes formed by parallel clamps and their
RNA polypyrimidine target strand

RNA or DNA backbone composition is reported to have dramatic effects on
triple helix stability [80,81]. To study such effects, a target RNA polypyrimidine
strand was synthesized. A 2’-O-methyl-RNA strand was used as a nuclease-stable
model for a natural RNA target.

Melting curves of triplexes formed by hairpins and this 2'-O-methyl-RNA
target and the corresponding T,, values are shown in figure 2.17 and table 2.18
respectively.
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Figure 2.17. Melting curves of triplex formed by B22 and derivatives with the
RNA target WC-11lmer/2’-OMe. One single transition is observed at 260 nm
(hyperchromic) and 295 nm (hypochromic).

clamp pH 5.0 pH 5.5 pH 6.0 pH 6.5 pH 7.0
B22 62 53 41 24 n.d.
B22-T 77 (+15) 68 (+15) 56 (+15) 39 (+8) 25
B22-C 77 (+15) 67 (+14) 53 (+12) 40 (+16) 27
B22-CT 84 (+22) 73 (+20) 60 (+19) 44 (+20) 30

Table 2.18. Melting temperatures (°C) for the triplexes formed by B22 and
derivatives with the RNA target WC-11mer/2’-OMe.
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In this case the resulting triplexes showed single, cooperative melting
transition with a pH dependent hyperchromicity ranging from 10% to 30% when pH
decreases from pH 7.0 to pH 5.0.

Although the T,, for the triplex formed by the unmodified B22 clamp and the
RNA target is lower than that of the triplex formed with the DNA target, the LNA-
containing hairpins form a more stable triplex in the presence of complementary
RNA strand. Previous studies showed that combination of RNA pyrimidine and DNA
purine strands forms a highly stable triplex [80,81]. As LNA has a locked C3’-endo-
sugar pucker it can be considered as an RNA analogue derivative. So, when a
polypyrimidine target is an RNA strand and the Hoogsteen pyrimidine strand of the
clamp contains LNA, the resulting triplex will contain this favourable combination.
According to this, the B22-CT, with a higher LNA content and the most A-like (RNA)
geometry, would form the most stable triplex, which is consistent with our
experimental data.

2.8. Conclusions

We have shown that LNA-modified parallel clamps bind to their
polypyrimidine target strands via triple-helix formation with greater affinity than
hairpins containing only natural bases. In addition, the presence of LNA residues
stabilizes the parallel duplex, as can be deduced from the T, values of hairpins
alone at pH 5.0. As LNA nucleotides have a C3’-endo sugar pucker, the backbone
conformation seems to have a strong positive effect on triplex and parallel duplex
structures. Triplex stabilization by LNA residues is even stronger when the
polypyrimidine target strand is an RNA sequence. These results are relevant for the
design of clamps for potential applications based on triplex formation such as
triplex affinity capture [82,83] and antisense inhibition of gene expression [11,12].
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CHAPTER 3

Synthesis of Oligonucleotides Carrying 5'-5’ Linkages
Using Copper-Catalyzed Cycloaddition Reactions






3.1. Click chemistry

In 2001 Kolb, Finn and Sharpless published a landmark review [1] describing
a new strategy for organic chemistry. They used the name ‘click chemistry’ to
define a set of powerful, highly reliable, and selective reactions for the rapid
synthesis of useful new compounds and through heteroatom links. This strategy is
inspired by the way that nature performs combinatorial chemistry, making large
oligomers from relatively simple building blocks with an overall preference for
carbon-heteroatom bonds.

Chemical reactions must meet a set of requirements if they want to be
considered in the context of click chemistry. These criteria have been defined by
Sharpless et al., as reactions that are modular, wide in scope, high yielding,
generate inoffensive byproducts that can be easily removed, are stereospecific,
need simple conditions to be carried out, has readily available starting materials
and reagents and require benign or easily removed solvent (preferably water).

These characteristics are commonly achieved by having a large
thermodynamic driving force (usually greater than 20 kcal/mol) to favour a reaction
highly selective for a single product. Although meeting all requirements of a click
reaction is a tall order, several processes are considered to fit in this context. Some
common examples are:

- Nucleophilic ring-opening reactions of strained heterocycles, such as epoxides or
aziridines;

III

- Carbonyl chemistry of the “non-aldol” type, such as formation of ureas, thioureas,
aromatic heterocycles, oxime ethers, hydrazones, etc;

- Additions to carbon-carbon multiple bonds such as oxidative additions
(epoxidation, dihydroxylation...) and Michael additions;

- Cycloadditions reactions such as 1,3-dipolar cycloaddition or the Diels-Alder
reaction.

The scheme in figure below (Figure 3.1) shows some of these reactions
which match the click chemistry criteria.
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Figure 3.1. A selection of reactions which match the Click Chemistry criteria
(extracted from reference [2]).

Among all of these reactions, the Huisgen 1,3-dipolar cycloaddition of
alkynes and azides to yield 1,2,3-triazoles is undoubtly the premier example of a
click reaction. In particular, the Cu(I)-catalyzed stepwise variant is often referred to
simply as the "click reaction" and it will be explained in detail in the next section.

3.1.1. The Cu (I)-catalyzed azide-alkyne cycloaddition (CuAAC) reaction.

The formation of triazoles by addition of organic azides to acetylenes was
discovered in the early 1900’s by Dimroth but it was not until the 1960’s when the
generality, scope and mechanism of these cycloadditions was fully described by Rolf
Huisgen [3,4].

The azide-alkyne Huisgen cycloaddition reaction is a 1,3-dipolar
cycloaddition between an azide and an alkyne under thermal conditions to afford a
1,2,3-triazole as a mixture of 1,4- and 1,5- adduct (Figure 3.2).

Rj- +
N—N=N 1. 1 N, 1 1 N
R~N""N RSN"N
+ _ = — 4 + 55—!’
2 2 2
R ——— R R

Figure 3.2. 1,2,3-Triazole Formation via Huisgen 1,3-Dipolar Cycloaddition.
The copper (I)-catalyzed variant was first reported in 2002 simultaeously by

the group of Meldal [5] and Sharpless [6]. When catalyzed by Cu (I), the azide-
alkyne cycloaddition is not only dramatically accelerated but yields the 1,4-
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regioisomer as sole product in mild conditions (aqueous solvent and
temperature).

room

A stepwise mechanism was proposed by Fokin and Sharpless on the basis of
calculations and kinetics studies [6,7]. Figure 3.3 shows the proposed scheme for
the catalytic cycle.

Cuy,l.,
R—EJ-Z——-H B
1 ,
R*—=—H B—H
+ — —
[L,,Cu [L,Cul;
LnCuz‘e}Rz)
Cu catalyst
1N, B
Ty WI
— B-H
H R?
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Figure 3.3. Proposed mechanism of Cu(l)-catalyzed alkyne-azide coupling,
extracted from reference [8].

The stepwise catalytic cycle begins with formation of a Cu (I) acetylide
species (2) via the m complex 1. Although questions about the nature of these
complexes still exist, the current evidence indicates that the copper acetylide
species involved in catalysis require two metal centers, one or two alkyne ligands,
and other labile ligands that allow for competitive azide binding. Different
intermediates can exist depending on the reaction conditions.

The next step is the azide displacement of one ligand to generate a copper
acetylide-azide complex (3), which facilitates nucleophilic attack of acetylide carbon
C(4) at N(3) of the azide forming metallocycle 4. This metallocycle positions the
bound azide properly for subsequent ring contraction to give the triazole-copper
derivative 5. Protonation of this intermediate followed by dissociation of the product
ends the reaction and regenerates the catalyst.

Following the discovery of the Cu (I) catalyzed alkyne-azide cycloaddition, a
high number of studies have been carried out for the further investigation of the

42



reaction. Reported conditions have varied widely among successful examples
published in the literature. Results from a multitude of works over the last years
suggest that alkyne—-azide coupling affords triazoles in high yield under a variety of
conditions, proving the robustness of this reaction.

A variety of copper (I) sources have been tested. Different copper (I) salts
have been used directly. Among them, Cul is the most popular [5] but others have
also given good results such as Cu(OTf), [9], [Cu (CHsCN)4][PFe¢] [10,11],
(Ph3P)3CuBr [12] or (EtO)sPCul [12]. In this case the reaction usually requires
water and acetonitrile as co-solvent and one equivalent of a nitrogen base (e.g.
triethylamine, N-ethyldiisopropylamine or 2,6-lutidine) and is usually performed
under inert conditions.

One of the most commonly used Cu(l) catalyst is generated in-situ by
reduction of Cu(II) salts, usually CuS0O,4:5H,0. As the reductant ascorbic acid and/or
sodium ascorbate at a 3- to 10- fold excess over the catalyst have proved to afford
products in high purity and yielding with a 2-5 mol% catalyst loading [6,13]. Tris(2-
carboxyethyl)phosphine (TCEP) has also been used as reducing agent in studies
using CuAAC in biological systems [14-17]. When using Cu(II) salts , the reaction is
commonly performed in a water/alcohol mixture. Mixtures of water and organic co-
solvents such as DMSO have proven to produce equally good results [18]. Another
alternative is the formation of Cu(I) catalyst by oxidation of Cu metal. Some groups
have performed addition of excess copper turnings to azides and alkynes in
water/alcohol mixtures obtaining the corresponding triazoles in good yield[7]. Other
protocols are based on the use of nanosize Cu(0) powder [19] or Cu(0)
nanoclusters [20].

Some years ago the use of stabilizing ligands for Cu(I) to prevent its
oxidation and enhance the catalytic activity was reported [18,21,22]. Among
various N-based compounds, polytriazolylamines and specially TBTA (Figure 3.4)
appeared to give the best results [18].

N A M

Figure 3.4. Tris-[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine, also known
as TBTA is a stabilizing ligand for Cu(I) developed by Sharpless group. It protects
Cu(I) from oxidation and disproportionation, while enhancing its catalytic activity.

Steric factors and electronic effects have also proved to play an important
role in the success of CuAAC. This is reflected in some studies of biomolecular
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labelling through CuAAC, where it became apparent that the steric shielding of the
alkyne contributes to low the yield of the reaction [23].0n the other hand, some
studies have noted that electron-deficient alkynes react most quickly [5,24], likely
due to facile formation of the Cu (I) acetylide species and increased rate of
electrophilic attack by the bound azide.

Although CuAAC coupling often requires no additional heating, microwave
chemistry can dramatically reduce reactions times in many cases [12,25,26].
Regarding the reaction phase, CUAAC has been performed in both solution and solid
phase. The latter has allowed the efficient synthesis of combinatorial libraries using
the split and combine method to screen a high variety of triazole containing
compounds against relevant biological targets [27].

Wang and coworkers broadened even more the scope of CuAAC with in-situ
azide generation prior to cycloaddition [28]. Such one-pot procedures avoid
isolation of azides, hazardous for their potential risk of exothermal decomposition
and explosion.

3.1.2. Applications of the CuAAC reaction.

The ease with which azides and alkynes are introduced into organic
compounds, their inertness towards functional groups typically found in
biomolecules (termed as bioorthogonal properties) and the mild conditions
employed in the CuAAC reaction make it ideal for bioconjugation purposes as well
as drug discovery or use in materials science. Some examples of these applications
are given below.

- Application of CuAAC in drug discovery

The discovery of Cu(l) catalyzed variant of Huisgen’s 1,3-dipolar
cycloaddition reaction triggered the generation of chemical libraries with a high
level of simplicity. Two building blocks are easily joined by formation of a 1,4-
disubstituted 1,2,3-triazole linkage. The reliability and high yield of the reaction
allows the screening of compounds directly from the reaction mixture. Furthermore,
the generated triazoles have been revealed in several studies not just as a passive
linker but as a very active pharmacophore with favourable physicochemical
properties [29-33].

As examples worth mentioning the work by Wong et al. who used the CuAAC
in a high throughput screening which led to the discovery of a novel and selective
inhibitor of human a-1,3-fucosyltransferase [34].

Brik et al. prepared a library of potential HIV protease inhibitors conjugating

azide-bearing scaffolds with acetylenes via click chemistry [35]. Over 100 triazole
compounds were screened directly, without product isolation, against wild type
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HIV-1 protease and three mutants. Potent inhibitors, active at nanomolar
concentrations, were identified.

Novel means of lead discovery approaches have been achieved by target-
guided synthesis (TGS) in which the biological target is actively involved in the
synthesis of its own inhibitory compound (Figure 3.5). In this approach the
biological target acts as a template for the assembly of building blocks. Only small
compounds that interact with the active site of the protein will be in close proximity
to react with one another and form potent inhibitors.

Triazole bond

N

N, T Biological “click
o =0 target Biological | [°9¢on | Inhibited
target biological
target

o _g

Figure 3.5. Schematic representation of the use of click chemistry in target-
guided synthesis.

Sharpless and collaborators described the use of acetylcholinesterase, an
enzyme involved in neurotransmitter hydrolysis, in the application of TGS [36,37].
After screening from a mixture of fragments decorated with azide and alkyne
functionalities, substantial rate acceleration was observed for certain azide-
acetylene reagent combinations in the presence of the enzyme.

- Application of CuAAC in bioconjugation

Following the discovery and development of click reaction numerous
biomolecules including DNA, peptides, proteins, oligosaccharides and
glycoconjugates have been labelled with different compounds. Many of these new
molecular entities are extremely useful for the study of biological systems.

As successful examples, Eichler et al. performed ligation of peptides to form
assembled and scaffolded peptides [38]. The group of Kirshenbaum has described
an efficient protocol for the multisite modification of peptoids on solid phase using
click chemistry, allowing the generation of complex peptidomimetic compounds
[39,40].

High-density postsynthetic functionalization of DNA was carried out by Carell
et al. who used the CuAAC for the multiple labelling of alkyne-modified DNA [23].
This reaction was also successfully used to produce FAM-labelled ssDNA (Figure
3.6.C) as a primer for the Sanger DNA sequencing [41].

One particularly striking application of click chemistry is the chemical

tagging of live organisms and proteins (Figure 3.6.A). A few years ago Finn et al.
succeeded in using the CuAAC for labelling Cowpea mosaic virus particles (CPMV)
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with fluorescein [42]. Tirrell and Link forced E.coli cells to display an azide-bearing
outer membrane protein C (OmpC), which were successfully biotinylated with a
biotin-alkyne reagent [43]. The Schultz laboratory then reported that their method
for incorporation of azide groups into proteins of S. cerevisiae could be followed up
by coupling of dyes [44], as optimized by Finn et al. for in situ bioconjugations
[16].

Bioconjugation has also proved particularly fruitful in the field of activity
based protein profiling (ABPP). In this technique affinity labels are used to profile
proteins on the basis of their function in biological systems. Small azide reactive
probes can be easily up taken by cells and covalently label specific classes of
enzymes. Subsequent coupling of a chemical tag such as rhodamine allows for
rapid detection and isolation of these enzymes from a complex mixture of proteins
(Figure 3.6.B). By using this approach the in vivo profiling of glutathione S-
transferases, aldehyde dehydrogenases, and enoyl CoA hydratases has been
probed [15].

In the figure 3.6 some of these bioconjugation applications are highlighted.
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Figure 3.6. Bioconjugation applications using the azide-alkyne cycloaddition
reaction. A) Virus, cell and protein tagging. B) In vivo activity-based protein
profiling. C) DNA labelling to enable sequencing by the Sanger method.
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- Application of CuAAC in materials science and nanotechnology

Materials chemistry is a rich beneficiary of the click reaction thanks to its
ability to make molecular connections with high fidelity. Hawker, Fokin and
Sharpless first synthesized triazole-linked dendrimers of high purity using Cu(I)-
catalyzed coupling of acetylenes and azides [25]. Since then several groups have
studied the synthesis of polymers via click chemistry, as reviewed by Binder and
Sachsenhofer [45,46].

The reaction has been also used to functionalize surfaces coated with alkyne
or azide containing molecules. Self-assembled monolayers (SAMs) such as alkyne-
terminated SAM on gold [47] and azide-terminated SAM on silica [48,49] have
been employed in different works.

CuAAC is ideally suited for immobilization of biomolecules onto surfaces
[50,51], which has many potential applications in the development of microarrays,
microbeads or biosensor chips. Nanoparticles and nanotubes have also been
functionalized with different molecules using this reaction [52-55].

The figure 3.7 shows several applications of the Cu(I) catalyzed alkyne-azide
cycloaddition in the field of material science.

A. B.

Cu(PPh,),Br, DIPEA | CH,(OCH,CH,),N, _
THF, 72h, 60 °C 5000, 20,000, 50,000 g/mol -

Figure 3.7. Examples of applications of CuAAC in materials science and
nanotechnology A). Grafting of azide-terminated polymer chains to alkyne-
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functionalized surfaces. B). Dendrimer synthesized by Fokin et al. using click
chemistry. C). Functionalization of carbon nanotubes with porphyrin dendrons.

3.2. Aim of the work

In the previous chapter the synthesis of parallel hairpins was described. The
LNA substitutions were introduced in the polypyrimidine strand, which was
synthesized in the 3’ to 5’ direction, with commercially available phosphoramidites.
For the natural polypurine strand (synthesized from 5’ to 3’ end) commercially
available A and G reverse phosphoramidites were used. The problem arises if we
wished to introduce modifications also in this second strand. In that case we would
need to dispose of the corresponding modified reverse phosphoramidite (not
commercially available), which means a strong synthetic effort.

An alternative method to synthesize parallel clamps without need of reverse
phosphoramidites consists in using branching units and has been previously
described by our group [56] and others [63]. In this method the hairpins are
synthesized from the middle of the molecule by the extension of one branch of an
asymmetric branching molecule, followed by assembly of the next branch (figure
3.8). The combination of an acid-labile group (dimethoxytrityl, DMT) and a base-
labile group ((9H-fluoren-9-ylmethoxy)carbonyl; Fmoc) allowed assembly of the
desired molecule without the need of reverse phosphoramidites.

O_(:O—DMT a) H b) 88,8, €) O_(L‘Q—B]BQ..BH ﬂ). O-B,B,..B,
O-Fmoc O-Fmoc O-Fmoc OH O-8B,B,..B,

Figure 3.8. Scheme for the synthesis of parallel clamps using a branching
molecule. a) deprotection of the DMT group with mild acidic conditions; b)
elongation of the first chain with standard phosphoramidites; c) Fmoc removal with
basic conditions; d) assembly of the second chain with standard phosphoramidites.

This approach implies the removal of the Fmoc group in the middle of the
synthesis to allow the second strand to grow. In this step, not only the Fmoc group,
but also the 2-cyanoethyl groups of the phosphate moieties of the first assembled
DNA strand are removed. In addition to premature removal of the 2-cyanoethyl
groups of phosphates, other difficulties need to be taken into account when using
this strategy. Results found during synthesis of branched DNA indicate that steric
hindrance and electron-withdrawing effects of the groups at the branching site slow
the coupling reactions. Thus, increasing the coupling time and/or the
phosphoramidite concentration is required [57,58].

In this work we propose a novel strategy to obtain parallel clamps using the
non-templated chemical ligation of two oligonucleotides by 5’-5' linkages. This
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chapter addresses the linking of two DNA strands using the Cu (I)-catalyzed azide-
alkyne cycloaddition reaction (Figure 3.9).

[ ODN azido cull)
? o + 7, [(OBN }vw-1,2,3-triazohann GBDN )
3 5 5 3

ODN alkyne

3 5

Figure 3.9. Scheme of chemical ligation of two oligonucleotide strands
by a 5’-5' linkage.

The development of efficient protocols for the introduction of azido and
alkyne moieties in oligonucleotides as well as identification of optimal conditions for
ligation of these strands by CuAAC are reported.

The last part of the chapter covers the work carried out during a FPI
predoctoral short-term staying in the laboratory of Dr. Grgtli, in the Medicinal
Chemistry Department at Goteborg University. The aim of the research at Dr.
Grgtli's group was the synthesis of novel non-natural aminoacids by click chemistry
that can be used for the modification of peptides with histidine analogues.

3.3. Design of oligonucleotide sequences

Azido and alkyne moieties were introduced in the 5’-end of different
oligonucleotides, mainly in homopurine and homopyrimidine sequences so that the
modified DNA strands could form a parallel hairpin after their chemical ligation by
click chemistry.

Oligonucleotide sequences are based on the parallel clamp which was
synthesized for triplex studies in the chapter 2. Other sequences, such as
polyadenine and polythymidine were synthesized for preliminary studies. 5'-
modified oligonucleotides used for click reactions and their intermediates are listed
in table 3.10. Numbers and abbreviations used to identify them along this work are
indicated in the first and second column, respectively.
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No- Oligonucleotide Sequence®

1 |8T YrrTrrTTT-

2 | 8A 3-AAAAAAAA-*

3 |CT ¥-TCTCCTCCTTC-*

4 [GA ¥-AGAGGAGGAAG-

5 | CTiong *-TTTTTTCTCCTCCTTC->

6 | pyr-CT pyr-thr-OPO5->-TCTCCTCCTTC->

7 | GTy Y.GTTTTITTTTT->

8 | 8T->’aminohexyl ¥ TTTTTTTT->0OPO5-(CH,)6-NH,

9 | 8T->propargylglutaryl | *-TTTTTTTT->OPO;-(CH,)¢-NHCO-(CH,);-CONH-CH,-C=CH

10 | 8T-°COONHS

Y TTTTTTTT->OP05-(CH,)s-COONHS

11 | 8T->propargyl

¥ TTTTTTTT->0OPO5-(CH,)s-CONH- CH,-C=CH

12 | 8A->COONHS

¥_AAAAAAAA->OPO5-(CH,)s-COONHS

13 | 8A->propargyl

¥-AAAAAAAA->OPO;-(CH,)e-CONH- CH,-C=CH

14 | CT->COONHS

¥ TCTCCTCCTTC->0OP0O5-(CH>)s-COONHS

15 | CT->propargyl

¥ TCTCCTCCTTC->0P03-(CH,)e-CONH- CH,-C=CH

16 | pyr-CT->COONHS

pyr-thr-OPO5-*-TCTCCTCCTTC->-0OPO5-(CH,)s-COONHS

17 | pyr-CT->propargyl

pyr-thr-OPO;->-TCTCCTCCTTC->-OP05-(CH,)s-CONH-CH,-C=CH

18 | CTiong-> COONHS

¥ TTTTTTCTCCTCCTTC->0PO5-(CH,)e-COONHS

19 | CTiong-> propargyl

¥ TTTTTTCTCCTCCTTC->0PO5-(CH,)e-CONH- CH,-C=CH

20 | CT->hexynyl

¥ TCTCCTCCTTC->0P0O5-(CH,)4-C=CH

21 | GA-"hexynyl

¥_AGAGGAGGAAG-°>"0P0;-(CH,)4-C=CH

22 | 8T->azidobutyryl

¥ TTTTTTTT->0OP03-(CH,)s-NHCO-(CH,)4-N3

23 | CT-"iodo ¥ _TCTCCTCCTTC-*-1
24 | CT-azido ¥ TCTCCTCCTTC->-N;
25 | GA-°iodo ¥ _AGAGGAGGAAG-°'-1

26 | GA-"azido

3 AGAGGAGGAAG-°-N;

27 | GTy,->azido

Y GTTTTTTTTTIT-"-N;

28 | CT->bromohexyl

¥ TCTCCTCCTTC->0OPO5-(CH>)s-Br

29 | CT-"azidohexyl

¥ TCTCCTCCTTC->0P03-(CH,)e-N3

30 | GA->bromohexyl

¥_AGAGGAGGAAG-°>0P0;-(CH,)e-Br

31 | GA->azidohexyl

¥-AGAGGAGGAAG->0P0;-(CH,)e-N3

Table 3.10. Oligonucleotides used in this work to obtain parallel hairpins through
CuAAC.? NHS: N-hydrosuccinimide ester; pyr: pyrene; thr:threoninol.

The different methods for introducing the azido and alkyne groups at the 5’
end of oligonucleotides will be explained in detail in the next section, as well as
derivatization at the 3’ with a pyrene molecule using CPG functionalized with L-

threoninol.
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3.4. Synthesis of oligonucleotides carrying alkynyl groups
3.4.1. Synthesis of 5'-alkyne-ODNs from 5’-amino-ODNs

A wide spectrum of non-standard phosphoramidites can be used in
conventional automated synthesis to insert certain modifications at a desired
position, such as the 5’ or 3’ ends, the internucleotidic linkages or the nucleobases.
Multiple examples of phosphoramidite building blocks derived from a desired
conjugate group have been widely reported for derivatization and oligonucleotides
labelling [59-61].

A common method for introducing different molecules at the 5’-end of DNA
strands involves the reaction of 5’-amino-oligonucleotides with a compound
carrying a carboxylic acid group [62].

In this work the commercially available 5'-Amino-Modifier C6
phosphoramidite (figure 3.11) has been used to functionalize different sequences
with a monomethoxytrityl (MMT)-protected amino group. This phosphoramidite is a
derivative of 6-aminohexanol, in which the amino group has been protected with
the MMT group and the alcohol functionalized with the phosphoramidite group.

Figure 3.11. 5'-Amino-Modifier C6 phosphoramidite used in this work for the
introduction of a primary amino group at the 5’-terminus of the oligonucleotides.

On the other hand, a molecule containing both a propargyl and an activated
ester group was synthesized and used for the preparation of alkyne-modified
oligonucleotides. The compound succinimidyl N-propargyl glutariamidate was
obtained according to the scheme 3.12.

H
~65% 0] ~62%

o 0 O o 0
g;of " %\/NHZ Q_}» HOOC\/\)]\N/\% ﬂ’ I/N(N_O)J\/\/“\ ANF
(6]

Scheme 3.12. Synthesis of the succinimidyl N-propargyl glutariamidate used
for the preparation of 5'-propargyl-oligonucleotides. a) 1eq. NEt3/DCM, 12h at r.t,
b) 1 eq. N-Hydroxysuccinimide, 1eq. EDC, DCM, 8h at r.t.
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Both intermediate and final product were characterized by *H-NMR and *C-
NMR. The NMR spectra of the intermediate N-propargyl glutaric acid showed
impurification with triethylamine, which was successfully removed after purification
of the final desired product.

An oligonucleotide containing eight thymidines was synthesized in an
automatic synthesizer and the phosphoramidite indicated above was coupled in the
last cycle. After removing the MMT group, the resulting amino-oligonucleotide-
support was treated with succinimidyl N-propargyl glutariamidate, followed by
deprotection and cleavage from the support by aqueous ammonia treatment
(scheme 3.13).

b)

a)

O-ComnJon = O-oBNJororchisnmams  —  Q-{OBNJoroc(cri i
3 5 3 5 ’

3 5
[o] fo) o
o | ety
o
o (o} d) (o] 0
-Pos-(CHQ)é-r:'MgV — O oon]) -Poa-(CHz)b-NMgV
3 5 3 5 H

Scheme 3.13. Synthesis of 5’-propargyl-oligonucleotides based on the
conjugation of 5-amino-oligonucleotides. a) 5'-Amino-Modifier C6 phosphoramidite
in ACN b) 3% TCA/DCM, c) succinimidyl N-propargyl glutariamidate in dioxane d)
NHs (aq) 55°C.

The hydrophobicity of the incorporated alkyne moiety allowed the
purification of the modified DNA sequence by reverse-phase HPLC. The desired

propargyl oligonucleotides were obtained in a yield of about 65 %, as can be seen
in chromatogram of figure 3.14.

(2)

1

A ___J\,{\.!\Jl\ -
5 10 15

tR (min)

Figure 3.14. HPLC analysis of the product resulting from conjugation of CPG-
supported 8T->-aminohexyl ODN with succinimidyl N-propargy! glutariamidate. Two
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major peaks were observed, the last of which corresponds to the desired ODN 9.
Gradient: 0> 50% B in 20 min (A: 5% ACN in 0.1 M TEAAc pH 6.5; B: 70% ACN in
0.1 M TEAAc pH 6.5).

The peak (2) corresponds to the desired 8T->-propargyl (ODN 9) meanwhile
the MW found for the peak (1) agrees with N-acetylation of the primary amino
group of the starting 8T->-aminohexyl oligonucleotide. Previous studies [64,65]
have shown that MMT protection does not completely prevent the reactivity of the
5-amino group toward N-acetylation (coming from capping reagents) which
consequently reduces the efficiency of oligonucleotide functionalization.

3.4.2. Synthesis of 5'-alkyn-ODNs from 5’-carboxy-ODNs
Alternatively, the commercially available phosphoramidite of 10-

hydroxydecanoic acid N-hydroxysuccinimide ester (figure 3.15) was used for the
introduction of the N-hydroxysuccinimide ester group at the 5’-end (Scheme 3.17).

S e

CN

Figure 3.15. 5'-Carboxy-Modifier C10 used for the preparation of 5'-NHS-
oligonucleotides.

This molecule is designed to be added at the 5’ terminus of an
oligonucleotide synthesis and enables conjugation with molecules containing a
primary amine, resulting in a stable amide linkage. Conjugation must be done
before ammonia deprotection, as ammonium hydroxide would lead to the
ammonolysis of the NHS ester to form a carboxamide group.

Oligonucleotide sequences were synthesized both on a 1 umol (CPG) and 0.2
umol (PS) scale and 5'-Carboxy-Modifier C10 was coupled using the conventional
coupling cycle for each support.

Conjugation with amines must be carried out immediately after the coupling
of the 5'-Carboxy-Modifier C10 phosphoramidite to avoid extent of NHS-ester
hydrolysis. A small fraction of a 5'-NHS-ODN-support was kept refrigerated, cleaved
after several days and analyzed by HPLC. HPLC profile revealed partial hydrolysis of
the product that was more pronounced the more time it had been stored. Figure
3.16.A shows a chromatogram corresponding to a partially hydrolyzed CT-°-
COONHS sample (ODN 14) and its comparison with the HPLC analysis of the same
sequence when the cleavage is performed immediately after the ODN synthesis
(Figure 3.16.B). In this latter case yield was around 87 %.
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Figure 3.16. A) HPLC analysis of a partially hydrolyzed CT->-COONHS
sample after one-week storage period. B) HPLC analysis of CT->-COONHS cleaved
immediately after the synthesis. In both chromatograms the first eluting product is
caused by hydrolysis of the NHS ester. The m/z values obtained by MALDI-TOF are
indicated next to each peak. Gradient: 5> 35% B in 20 min (A: 5% ACN in 0.1 M
TEAAc pH 6.5; B: 70% ACN in 0.1 M TEAAc pH 6.5).

Similar MW values were found by MALDI-TOF for the two different peaks,
which seems to indicate that the first one corresponds to the 5’-carboxy-
oligonucleotide (hydrolysis of the NHS ester by moisture in the storage period) and
the second one to the 5’-carboxamide-oligonucleotide (ammonolysis of the NHS
ester during cleavage process). Only this latter peak comes from the product which
would have enabled conjugation with amines.

Thus, the 5’-NHS-oligonucleotide-supports were treated promptly with
propargylamine dissolved in dichloromethane with 10% triethylamine, followed by
deprotection and cleavage from the support by aqueous ammonia treatment
(scheme 3.17).

a) b) F
O Com}on e O COIN o0 c4), coons o © (BB} oo ccon” 7
3 5 3 5

3 5
C) l

((ODN J-0-PO,-(CH,),-CONH-F

3 5

Scheme 3.17. Synthesis of 5’-propargyl-oligonucleotides based on the
conjugation of 5’-carboxy-oligonucleotides. a) 5'-Carboxy-Modifier C10 in ACN, b)
propargylamine in NEt;/DCM (1/9), c) NH5 (aq) 55°C.

Propargyl-oligonucleotides were purified by reverse-phase HPLC and
obtained in high yield, ranging from 70 to 85 % according to the relative peak
areas. For all sequences, HPLC chromatograms presented a major peak which was
collected, desalted by NAP-10, quantified by measuring the absorbance at 260nm
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and analyzed by mass spectrometry. In figure 3.18 an example of HPLC analysis for
ODN 15 is shown. Small peaks eluting before the desired products were also
analyzed by MALDI-TOF and were found to correspond to the 5’-carboxy-
oligonucleotide (1) and to the 5’-carboxamide-oligonucleotide (2).

2.5 ()
Abs /UA
2.0 m/z (1) =3441
m/z (2) =3441
154 m/z (3) =3480
1.04
0.5 (2)
(1) N
0.0+ T T T 1
0 5 10

t/ min

Figure 3.18. HPLC profile of ODN 15. The m/z values obtained for each peak
by MALDI-TOF are indicated in the graphic. The major peak (3) corresponds with
the desired product. Gradient: 5> 35% B in 20 min (A: 5% ACN in 0.1 M TEAAc pH
6.5; B: 70% ACN in 0.1 M TEAAc pH 6.5).

As it will be explained later, some 5’-alkynyl oligonucleotides were
fluorescently labelled at the 3’ with a pyrene moiety. For this purpose, a solid
support previously modified with a pyrene molecule was prepared by Dr. Alvaro
Somoza from L-threoninol and 1-pyrenecarboxylic acid according to the scheme
3.19, as detailed in reference [66]. This modified CPG support was introduced in
the automatic DNA synthesized and the desired sequences were assembled as

usual.
(;)CPG
b) c), d), e)
—_ OH 1, OH RN o
//L\“/A\OH //L\g/A\OH //L\Z/A\ODMT //L\{/A\ODMT
S O« _NH

O,

Zln
T

NH; o} NH

Scheme 3.19. a) 1-Pyrenecarboxylic acid, N,N’-Diisopropylcarbodiimide,
HOBt, DMF, r.t, 24h ; b) DMTrCl, DIPEA, DMAP, pyridine, r.t 24h; c) succinic
anhydride, DMAP, DIPEA, DCM r.t, 24h; d) DMAP, DTNP, P(Phs), ACN; e) CPG.

For all products, the molecular weight values found by MALDI-TOF were in
agreement with the expected mass. In table 3.20 the measured masses of the
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purified ODNs, their calculated theorical values and the retention time on HPLC are
listed.

ODN Sequence tgr (min) | Found MW | Expected MW
12 | 8A->COONHS 8.9% 2691 2692
13 | 8A->propargy! 10.8 2728 2730
14 | CT->COONHS 11.8 3441 3442
15 | CT->propargyl 13.4 3479 3481
16 | pyr-CT->COONHS 15.7 3837 3839
17 | pyr-CT->propargyl 17 3873 3877
18 | CTiong-> COONHS 11.8 4961 4965
19 | CTiong-> propargyl 13.1 4999 5003

Table 3.20. MALDI-TOF analysis of oligonucleotides used in this work after
HPLC purification. Retention time corresponds to a gradient of 52 35% B in 20 min
(A: 5% ACN in 0.1 M TEAAc pH 6.5; B: 70% ACN in 0.1 M TEAAc pH 6.5), except
for the values marked with an @, in which case 0> 50% B in 20 min was employed.

The use of the 5'-carboxy-ODNs to obtain 5'-alkynyl-ODNs was simpler than
the route using 5’-amino-ODNs described previously.

3.4.3. Synthesis of 5’-alkyn-ODNs with an alkyne-containing
phosphoramidite

As a further step in the simplification process, the phosphoramidite
derivative of an alcohol carrying a terminal alkyne was prepared. Commercially
available 5-hexyn-1-ol was reacted with chloro-N,N-diisopropylamino-0O-(2-
cyanoethoxy) phosphine yielding the desired phosphoramidite (Scheme 3.21).

Hoo NN+ N4< DIEA )\TJ\

ACN
A T T XY

Scheme 3.21. Synthesis of the 2-cyanoethyl hex-5-ynyl N,N-diisopropyl
phosphoramidite.

This molecule was used to directly introduce an alkynyl group at the 5’-end

of oligonucleotides through a conventional coupling cycle in the automatic
synthesizer (Scheme 3.22).
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Scheme 3.22. Synthesis of 5’-propargyl-oligonucleotides based on the
coupling of an alkyne containing phosphoramidite. a) 2-cyanoethyl hex-5-ynyl N,N-
diisopropyl phosphoramidite in ACN, b) NH; (aq) 55°C.

Alkynyl-oligonucleotides were obtained in excellent yields (88-93%) as can
be seen in the HPLC analysis in figure 3.23. Characterization by mass spectrometry
was in agreement with the expected values.
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Figure 3.23. HPLC profile of ODN 20 (A) and ODN 21 (B). The m/z values
obtained by MALDI-TOF are indicated next to each peak. The gradient used to
obtained these profiles were 5> 35% B in 20 min for the figure A and 0> 50% B in
20 min for the figure B (A: 5% ACN in 0.1 M TEAAc pH 6.5; B: 70% ACN in 0.1 M
TEAAc pH 6.5).

3.5. Synthesis of oligonucleotides carrying azido groups.

The azido group is not compatible with the phosphoramidite group because
azido groups react with phosphites yielding phosphoramidates, according to the
Staudinger reaction [67]. For this reason azido groups need to be introduced in the
oligonucleotide after the completion of the sequence. The synthesis of
oligonucleotides carrying azidonucleosides has also shown that azido groups
attached to the nucleobases are stable to ammonia solutions only at room
temperature, but not at higher temperature [68-70]. Thus, most of the times the
CuAAC reactions were carried out with the 5'-azido-oligonucleotides on the solid
support. For those cases in which 5'-azido-oligonucleotides were used in solution
the dimethylformamidine group was employed as protecting group for the guanine
bases which requires milder deprotection conditions than the standard isobutyryl
group. While the traditional purine protecting groups require at least 6 hours at
55°C for deprotection in ammonia, oligonucleotides with the dimethylformamidine
group require only 1 hour at 55°C or 8 hours at room temperature for complete
deprotection [71].
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3.5.1. Synthesis of 5'-azido-ODNs from 5’-amino-ODNs

The first method for the synthesis of the 5'-azido-oligonucleotides was based
in a protocol described by Seo et al. [41]. In this work a molecule containing both
an azide and an activated ester group was synthesized and used for the conjugation
with  5’-amino-oligonucleotides. Succinimidyl 5-azido-valerate was obtained
according to the scheme 3.24. Both intermediate and final product were
characterized by 'H-NMR and **C-NMR.

o}
0 0 0
)J\/\/\ ST )J\/\/\ c )J\/\/\
— —
MeO Br HO N3 N—O N3

77 % 0 61 %

Scheme 3.24. Synthesis of the succinimidyl 5-azido-valerate used for the
preparation of 5’-azido-oligonucleotides. a) 5 eq. NaNs/DMF, o.n at r.t, b) 4 eq.
LiOH in THF/H,0 (1/2), ¢) 1 eq. N-Hydroxysuccinimide, 1eq. EDC, DCM, o.n at r.t.

The desired 8T->-aminohexyl sequence was synthesized using the 5-amino-
modifier C6, as indicated in the previous section. After the removal of the MMT
group the resulting amino-oligonucleotide-support was conjugated with succinimidyl
5-azido-valerate (scheme 3.25). The resulting support was treated for one hour
with concentrated ammonia at room temperature to avoid azide decomposition and
the cleavage product was subsequently purified by HPLC. These mild cleavage
conditions can only be used in this case, as a polythymidine strand have all its
bases deprotected, but longer times are required for sequences containing
nucleobases with protecting groups.

b)

a

O on L Q O-(CHy) NHMMT > O-(CHy] NH,
, , , , 5 .

3 5 3 5
% o
c) QN—OJ\/\/\M
o
0 0
-(CHQ)é-NH)WNs P ® —(CHz)é—NH)WNs

3 5 3 5

Scheme 3.25. Synthesis of 5’-azido-oligonucleotides based on the
conjugation of 5’-amino-oligonucleotides. a) 5'-Amino-Modifier C6 phosphoramidite
in ACN b) 3%TCA/DCM, c) succinimidyl 5-azido-valerate in dioxane d) NHs (aq), r.t.
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The desired 8T->-azidobutyryl sequence (ODN 22) was obtained in a yield of
about 40 %, as determined by HPLC analysis (figure 3.26).
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Figure 3.26. HPLC analysis of the product resulting from conjugation of CPG-
supported 8T->-aminohexyl ODN with 5-azidopentanoic acid N-hydroxysuccinimide
ester. Two major peaks were observed, the last of which corresponds to the desired
ODN 22. Gradient: 0> 50% B in 20 min (A: 5% ACN in 0.1 M TEAAc pH 6.5; B:
70% ACN in 0.1 M TEAAc pH 6.5).

In this case a considerable proportion corresponding to N-acetylated product
was also observed (peak 1). Analysis by ESI-MS was in agreement with the
expected value for the MW of the desired product (peak 2).

3.5.2. Synthesis of 5'-azido-ODNs from 5'-iodo-ODNs

In 2002 the group of Kool et al. described a simple and versatile method for
placing an iodo group at the 5’ end of oligonucletides [72]. Because the iodo is an
efficient leaving group in Sy2 displacement reactions, its introduction at the 5'-
position allows for facile ligation to molecules containing a strongly nucleophilic
group. In addition it can be easily converted to a wide variety of other functional
groups. In this work a protocol based on the iodination of the 5-end of the desired
sequences followed by azide displacement was studied.

The reaction was carried out using an iodination reagent while the protected
oligonucleotides remain on the solid support. The desired sequences were
synthesized on a 1 umol scale and the last DMT group was removed. The resulting
support was treated with triphenoxymethylphosphonium iodide to yield the 5’-iodo-
oligonucleotides which were reacted with sodium azide while still attached to the
support (Scheme 3.27).
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Scheme 3.27. Synthesis of 5’-azido-oligonucleotides based on their 5'-
iodination. a) (PhO)sPCHsI in DMF b) NaN3/DMF ¢) NHs (aq) r.t.

A small amount of resin was cleaved before undergoing each reaction to
determine the yield of every step. In addition these samples can be used as HPLC
references to determine the retention time of starting and intermediate materials.
Finally, ammonia cleavage gave the 5’-azido-oligonucleotide in excellent yields
(around 70% of final conversion) as determined by HPLC analysis. In figure 3.28 an
example of HPLC profile obtained after injection of ODN 26 is shown. The desired
product eluted as a major peak. Small peaks on both sides were identified as the
starting unmodified oligonucleotide (ODN 4) and the iodinated intermediate (ODN
25) respectively.
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0.4-
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Figure 3.28. HPLC profile of ODN 26. The products corresponding to each
peak are indicated in the graphic. The major peak corresponds with the desired
product. Gradient: 5> 35% B in 20 min (A: 5% ACN in 0.1 M TEAAc pH 6.5; B:
70% ACN in 0.1 M TEAAc pH 6.5).

The purified azido oligonucleotides as well as their intermediates were
characterized by mass spectrometry. MWs obtained by MALDI-TOF are listed in
Table 3.29, together with the retention time and the relative peak areas reported in
the HPLC chromatograms of final products.

ODN | Sequence | tg (min) | % area | Found MW | Expected MW
3 |CT 9.5 14 3194 3194
23 | CT-"iodo 10.99 13 3302 3304
24 | CT-"azido | 10.4? 73 3217 3219
4 |GA 7.9 15 3476 3479
25 | GA-°iodo 9.4 16 3586 3589
26 | GA->azido 8.7 " 69 3502 3504

Table 3.29. MALDI-TOF analysis of oligonucleotides used in this work after
HPLC purification. Retention time corresponds to a gradient of 0> 50% B in 20 min
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for the values marked with an ® and to 5> 35% B in 20 min for the case of . (A:
5% ACN in 0.1 M TEAAc pH 6.5; B: 70% ACN in 0.1 M TEAAc pH 6.5). MW found by
MALDI-TOF showed a good correlation with the expected values.

3.5.3. Synthesis of 5'-azido-ODNs with a bromine-containing
phosphoramidite

The success of the previous method suggested the preparation of a
phosphoramidite to introduce the halohexyl group directly at the 5'-end of the
oligonucleotide, avoiding the previous iodination step. It was decided to study the
potential use of the bromohexyl group as an intermediate in the introduction of the
azido function group in DNA. In addition the hexyl linker would provide less steric
hindrance to the azido group than the previous 5’-azido-2’-deoxynucleoside
derivative.

Starting from commercially available 6-bromohexanol, the phosphoramidite
derivative was prepared (scheme 3.30).

: DIEA )\ J\
Hoo S SN SB N4< AN N

ACN
\ NC P B
N7 o

Scheme 3.30. Synthesis of the 6-bromohexyl-(2-cyanoethyl)-(N, N-
diisopropyl)-phosphoramidite.

This phosphoramidite was introduced in the DNA synthesizer and
incorporated into the desired sequences. The support carrying the 5’-bromo
oligonucleotide was treated with sodium azide (scheme 3.31) and the resulting
product was cleaved from the resin with concentrated ammonia at room
temperature, giving the desired 5'-azido-oligonucleotides in good yields.

&mw—@m@ PO(CH,)Br = GM@ PO.-(CH,), m@ PO,-(CH,) N

Scheme 3.31. Synthesis of 5’-azido-oligonucleotides based on azide
substitution on 5’-bromohexyl-oligonucleotides. a) 6-bromohexyl (2-cyanoethyl)
(N,N-diisopropyl) phosphoramidite in ACN b) NaNs/DMF c) NH5 (aq) r.t.

HPLC analysis of the synthesized molecules is shown below. The purified

oligonucleotides were obtained in 75-94 % vyield and had the expected mass, as
revealed by MALDI-TOF analysis.
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Figure 3.32. HPLC analysis after cleavage ODN 29 (A) and 31 (B) from the
support. Treatment of ODN 28 and 30 with sodium azide causes nucleophilic
substitution of bromine atom by an azido group. MW calculated for the sequences
CT and GA containing an azidohexyl group at the 5’ end were in agreement with the
values found in MALDI-TOF analysis. Gradient: 5> 35% B in 20 min (A: 5% ACN in
0.1 M TEAAc pH 6.5; B: 70% ACN in 0.1 M TEAAc pH 6.5).

The 6-bromohexyl phosphoramidite was also studied as an intermediate to
obtain 5’-aminohexyl oligonucleotides after ammonia cleavage from the support. A
small amount of CPG beads carrying the 5’-bromohexyl oligonucleotides were
treated with concentrated ammonia at 55 ©°C which resulted in nucleophilic
substitution of bromine atom to give the desired 5’-aminohexyl oligonucleotides as
the major product (Figure 3.33).
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Figure 3.33. HPLC analysis after cleavage ODN 28 (A) and 30 (B) from the
support. Treatment with ammonia causes nucleophilic substitution of bromine atom
by an amino group. MW calculated for the sequences CT and GA containing an
aminohexyl group at the 5" end were in agreement with the MALDI-TOF analysis.
Gradient: 5> 35% B in 20 min (A: 5% ACN in 0.1 M TEAAc pH 6.5; B: 70% ACN in
0.1 M TEAAc pH 6.5).

It should be mentioned, however, that a loss of efficiency in nucleophilic
substitution was observed after a long-term storage of 5’-bromohexyl-
oligonucleotides-CPG and secondary peaks were obtained in HPLC analysis
(unidentified products). For this reason ODNs containing the bromohexyl linker
should be reacted as soon as possible after their synthesis.
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To confirm that the purified products contained the amino terminal group
and that the obtained mass does not come from a substitution of bromine with an
hydroxyl group (in which case the oligomer would be expected to have a similar
mass) it was decided to couple a ligand with a carboxylic group that would lead to
an easily detectable conjugate.

5(6)-carboxyfluorescein N-hydroxysuccinimide ester was coupled to the 5'-
aminohexyl-CT oligonucleotide, as depicted in Scheme 3.34.

b
O OPOL(CHy B n 0-PO (Chyl NH, — O-PO-(CH,) -NH

3 5 3 5 3 5 (e]

Scheme 3.34. Conjugation of a 5'-aminohexyl oligonucleotide with a
fluoresceine derivative. a) NHs; 55°C o.n, b) 5(6)-carboxyfluorescein N-
hydroxysuccinimide ester in sodium carbonate buffer (pH 9) with 20% dioxane, o.n.
at r.t.

Prior to fluorescein conjugation, the ammonia deprotected oligonucleotides
were eluted through a Dowex Na* ion exchange resin to replace ammonium ions
(which would react with the ester moiety preventing the amino group of the ODN to
conjugate with the fluorescein) by sodium ions.

HPLC analysis of the ODN CT->aminohexyl after conjugation with 5(6)-
carboxyfluorescein N-hydroxysuccinimide ester is shown in Figure 3.35. The desired
fluorescein labelled oligonucleotide was obtained as a major product (peak 3). The
peak eluting before (peak 2) corresponds to the coupling of the oligomer with one
of the isomers of the fluorescein (as the commercial reagent is a mixture of 5- and
6-carboxyfluorescein isomers).
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Figure 3.35. HPLC profile of conjugation reaction between CT->aminohexyl
and 5(6)-carboxyfluorescein N-hydroxysuccinimide ester. Peak (1) corresponds to
the starting material while the peaks (2) and (3) come from the desired conjugation
reaction. Gradient: 5> 35% B in 20 min (A: 5% ACN in 0.1 M TEAAc pH 6.5; B:
70% ACN in 0.1 M TEAAc pH 6.5).
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Both products (peaks 2 and 3) presented a maximum of absorbance at 498
nm at HPLC UV-detector. MWs found by MALDI-TOF were in agreement with the
expected mass.

Thus, it has been demonstrated that the bromohexyl linker provides a
straightforward protocol to incorporate an aminohexyl linker at the 5’ terminus of
an oligonucleotide [73]. The use of this intermediate for the introduction of the
nucleophilic amino group can be used to overcome the disadvantages presented by
the MMT protected amino modifier phosphoramidite named above, as the N-
acetylation observed previously.

In the next section the use of these azide and alkyne containing

oligonucleotides to prepare parallel-stranded DNA clamps will be investigated.

3.6. Cu(I)-catalyzed cycloaddition of azido- and alkynyl-
oligonucleotides

3.6.1. Preliminary studies
First of all, click reaction was performed between 0.2 mmol of 5’-azido-

thymidine and two equivalents of propargylamine (scheme 3.36) using different
conditions, as indicated in table 3.37.

0 o}
1 X
N 6}
H,N °© 7 N
2 \/\ + N3 Cu(l) <N>J
—_— J—
OH HoN OH

Scheme 3.36. Cu(I) catalyzed 1,3-dipolar cycloaddition of propargylamine
and 5’-azidothymidine.

Cu source Other reactives Solvent Conditions
A | 0.01 eg. CuSO, | 0.05 eq. ascorbic acid | 3 ml H,O/tBuOH (2:1) r.t, stirring
B 0.5 eq. Cul 0.5 eq. DIPEA 3 ml H,O/ACN (2:1) r.t, Ar, stirring
C | 0.01 eq. CuSO, | 0.05 eq. ascorbic acid | 1.5 ml H,O/tBuOH (2:1) | r.t, Ar, stirring

Table 3.37. Different conditions used in the copper-catalyzed cycloaddition
reactions between 5’-azido-thymidine and propargylamine.

Reaction was followed by TLC. UV and ninhydrin test confirmed that reaction
was completed after 15-20 hours using conditions B and C (quantitative yield).
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When oxygen was not excluded (conditions A) the starting azido nucleoside was still
observed even after two days. Final products were also analyzed by HPLC (Figure
3.38) and characterized by electrospray ionization mass spectrometry.
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Figure 3.38. HPLC profiles obtained using conditions A, B and C respectively.
Peak (1) corresponds to the desired product while the peak (2) corresponds to the
starting 5’-azido-thymidine. Gradient: 0 & 50% B in 20 min (A: 5% ACN in 0.1 M
TEAAcC pH 6.5; B: 70% ACN in 0.1 M TEAAc pH 6.5).

Chromatograms obtained when using argon atmosphere (Figure 3.38.B and
3.38.C) showed one single peak, corresponding to the desired product. When
reaction was not carried out under inert conditions, yield dropped to about 20 %, as
can be seen in chromatogram of figure 3.38.A, whose profile displays two main
peaks, the major of them (peak 2) corresponding to the azido starting material.

When a Cu(l) catalyst is used directly (as in B conditions), exclusion of
oxygen is required to prevent disproportionation or oxidation to catalytically
inactive Cu(II). Reduction of a copper (II) salt using ascorbate has been considered
sometimes as an alternative to oxygen-free conditions. Although click reactions
have been performed in some cases using CuSQO,/ascorbate without exclusion of
atmospheric oxygen, the experiments described above (conditions A vs. C)
demonstrate that using argon atmosphere is strongly recommended for both
systems.

3.6.2. CuAAC reactions to chemically ligate two oligonucleotide strands in
solution phase

Next, the use of copper-catalyzed cycloaddition reactions to chemically ligate
two oligonucleotides in solution was studied. In order to find the optimal conditions
for the coupling reaction, a small excess of 8T->propargylglutaryl (ODN 9) was
mixed with 8T->azidobutyryl (ODN 22) in the presence of either CuSO./ascorbic
acid or Cul , using the conditions detailed in table 3.39.
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Due to poor solubility of Cul in aqueous systems a large excess of this
reagent was added to the solution (1 mg contains about 300 equivalents respect to
the starting ODNs). When working with such small amounts of material (15-30
nmol of ODNs), handling equimolar amounts or little excess of Cul is quite difficult,

specially when solubility is so poor that accurate dilutions can not be prepared.

*-azido- | *-alkyn- cu Other Solvent Conditions
ODN ODN source reactives
0.1 eq. 0.5 eq. 70 ul
A | 15nmol | 20 nmol % e " r.t, Ar, 72h
CuSO, ascorbic acid | H,O/tBuOH (2:1)
10 eq. 50 eq. 75 ul .t, Ar, 72h
B 15 nmol | 20 nmol g _q ) " r ) r,
CuSO, ascorbic acid | H,O/tBuOH (2:1) stirring
300 eq. 400 eq. 60 ul .t, Ar, 40h
C 15 nmol | 30 nmol a 9 H r ) r,
Cul DIPEA H,O/ACN (1:1) stirring

Table 3.39. Conditions used in the copper-catalyzed cycloaddition reactions
between two polythymidine strands in solution.

The resulting products were analyzed by HPLC. Figure 3.40 shows the
different HPLC profiles obtained after using the reaction conditions indicated above.
The length of the cycloaddition product was confirmed by gel electrophoresis.

A
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Figure 3.40. HPLC profiles obtained using conditions A, B and C of Table 3.39

line circles indicate elution of the cycloaddition product.

Gradient: 0 > 50% B in 20 min (A: 5% ACN in 0.1 M TEAAc pH 6.5; B: 70% ACN in
0.1 M TEAAc pH 6.5).

Higher yield was achieved when an excess of copper, rather than catalytic
amounts, was used. Although the preliminary studies explained previously with
nucleosides as well as most studies concerning CuAAC in literature reported the use
of small amount of copper, best results were obtained in this case when a high
number of equivalents were added. This may be because some of the copper ions
are “captured” by the phosphate groups of the oligonucleotide backbone thus
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reducing the efficiency of this metal to catalyze the click reaction. This electrostatic
interaction may be likely also responsible for the problems encountered in analysis
and purification of cycloaddition products, as is the case of HPLC chromatograms
showing not well resolved peaks (figure 3.40.B and C) and mass spectrometry
giving a higher mass than expected.

3.6.3. CuAAC reactions to chemically ligate two oligonucleotide strands in
solid phase

In order to facilitate the removal of copper ions, Cu-catalyzed cycloaddition
reactions on solid phase were studied. First of all, stability of triazoles in the
cleavage conditions was assessed. The cycloaddition product of propargylamine and
5’-azido-thymidine was characterized by electrospray ionization mass spectrometry
before and after treatment with concentrated aqueous ammonia. The triazole was
shown to be stable after overnight ammonia treatment both at room temperature
and at 55 °C. This enables the use of CuAAC for ligation of two DNA strands in solid
phase.

The solid support carrying oligonucleotide sequence 8T->azidobutyryl (ODN
22) was treated with 2 equivalents of 8A->propargyl (ODN 13) using 150 and 170
equivalents of Cul and DIPEA respectively in 100 ul of H,O/ACN (1:1). The resulting
product was extensively washed with an EDTA solution while still attached to the
support in order to eliminate copper ions. Finally, it was treated with concentrated
ammonia and analyzed by HPLC (Figure 3.41).
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Figure 3.41. HPLC profile obtained after cleavage of A) 8T->azidobutyryl and
B) cycloaddition reaction product between 8T->azidobutyryl and 8A-°>propargyl.
Gradient: 52 35% B in 20 min (A: 5% ACN in 0.1 M TEAAc pH 6.5; B: 70% ACN in
0.1 M TEAAc pH 6.5).

Although at first sight no appreciable change in the chromatogram profile of

the product is observed respect to the starting material (Figure 3.41), it can be
observed from the UV spectra registered for each peak that the desired product
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eluted with a similar retention time (14.4 min) as the azido starting material (14.6
min).

To confirm this hypothesis enzymatic digestion of a HPLC purified sample
was performed. Compositional analysis of oligonucleotides can be provided upon
their complete digestion down to their constituent dNs with snake venom
phosphodiesterase and alkaline phosphatase (Figure 3.42).

S S AP

______

Figure 3.42. Enzymatic digestion of an oligonucleotide. Snake venom
phosphodiesterase (SVDP) digestion of the oligonucleotide produces nucleotides
and one nucleoside from the 5’ terminal residue, which is not phosphorylated.
Alkaline phosphatase (AP) digestion removes the phosphate group from the
nucleotides. (The rectangles represent the bases). Extracted from reference [74].

Separation and analysis of the digestion products by reversed-phase HPLC
allows to ascertain the relative ratios of each nucleotide after normalize the
absorbance of the different peaks by dividing by the €,¢0.

Enzymatic digestion of the product eluting at 14.4 min showed the presence
of both thymidines and adenines (Figure 3.43), these latter coming from the 8A-
>propargyl sequence which has been successfully linked to the polythymidine
attached to CPG.
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Figure 3.43. HPLC analysis of nucleosides coming from enzymatic digestion
of oligonucleotide obtained by click reaction between ODN 13 and ODN 22.
Gradient: 0 > 50% B in 20 min (A: 5% ACN in 0.1 M TEAAc pH 6.5; B: 70% ACN in
0.1 M TEAAc pH 6.5).

Since the molar extinction coefficient (€) of pdA and pdT at 260 nm is 15400
and 8700 M*.cm respectively, the polyadenine chain was coupled with an
efficiency of around 50%.

Next, the use of CuUAAC was studied to chemically ligate two oligonucleotides
capable to form a parallel-stranded clamp similar to the one employed for the
triplex studies in the previous chapter, based on the sequences studied by Xodo et
al. [75,76].

For this purpose the solid support carrying oligonucleotide sequence CT-
Yazido (ODN 24) was treated with GA->hexynyl (OND 21) using similar conditions
as those indicated above. Thus, the solid support carrying oligonucleotide sequence
CT->azido was treated at r.t during 40h with 4 equivalents of GA->hexynyl using
200 and 240 equivalents of Cul and DIPEA respectively in 100 pl of H,O/ACN (1:1).
However, in this case the cycloaddition reaction resulted in low yields, and the final
product could not be isolated. To investigate if low yield was due to steric hindrance
caused for the direct attachment of azido group to the ribose ring, the same CuAAC
was performed using the ODN CT->azidohexyl (ODN 29) which possess a less
hindered azide moiety. In this latter case no product formation was also observed.

It has been previously reported that alkynes possessing an electron-
withdrawing group, such as an amide or carboxylic ester, are much more reactive
in dipolar cycloadditions than their alkyl counterpart [77-79]. This is consistent with
the mechanism explained in section 3.1.1 in which a nucleophilic attack of acetylide
carbon C(4) by N(3) of the azide takes place after formation of the active copper
acetylide-azide complex.
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To investigate the influence of this factor, benzylazide was reacted with an
oligonucleotide modified with an alkyne with and without an electron-withdrawing
group (ODN 11 and 20, figure 3.44). Both reactions gave the expected
cycloaddition product in quantitative yield. Thus, the hex-5-ynyl group can be used
for linking small azide compounds to DNA strands in solid phase, in which case a
high excess of azide reactant can be used. Nevertheless, it might be not reactive
enough to link two large molecules such as these oligonucleotide strands.
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Figure 3.44. Reactions of ODNs 11 and 20 with benzylazide.

Next, the electrodeficient alkyne containing sequence 8T->propargyl (ODN
11) was reacted with both CPG-supported CT->'azido (ODN 24) and CT->azidohexyl
(ODN 29). Nine and five equivalents of alkyne containing sequence were added
respectively using Cul as Cu(I) source and similar conditions as before. In addition,
although performing the reaction under argon atmosphere, it was decided in this
case to add 100 equivalents of ascorbic acid, for a better prevention of Cu(I)
oxidation through the long reaction time. In both cases, analysis of the reaction by
HPLC showed the successful formation of the cycloaddition product as the major
component (Figure 3.45).
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Figure 3.45. HPLC profile of CuAAC reaction between: A) 8T->propargyl
(ODN 11) and CT->azido (ODN 24); B) 8T->propargyl (ODN 11) and CT-
Yazidohexyl (ODN 29). MW calculated for the cycloaddition products were in
agreement with the MALDI-TOF found values. Gradient: 5> 35% B in 20 min (A:
5% ACN in 0.1 M TEAAc pH 6.5; B: 70% ACN in 0.1 M TEAAc pH 6.5).
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The final yield was around 40 %, according to the relative peak areas.
Analysis by mass spectrometry and gel electrophoresis confirmed the synthesis of
the desired products. This demonstrates that the alkyne group of ODN 11 is mildly
activated for the CuAAC reaction by the neighbouring amide moiety. In addition,
the use of ascorbic acid seems to improve the yield, likely due to preventing Cu(I)
oxidation.

Reaction between CPG-supported-ODN 29 and ODN 11 was also performed
in the presence of TBTA, the Cu(l) ligand reported to enhance speed and prevent
DNA damage, but not very significant improvement was observed. HPLC profile of
the reaction is shown in figure 3.46 below and should be compared with figure
3.45.B.
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Figure 3.46. HPLC profile of CuAAC reaction between 8T->propargyl (ODN
11) and CT->azidohexyl (ODN 29) using TBTA. Gradient: 5> 35% B in 20 min (A:
5% ACN in 0.1 M TEAAc pH 6.5; B: 70% ACN in 0.1 M TEAAc pH 6.5).

The CuAAC reaction was also performed with an azide containing ODN linked
on a support different from the CPG.

ChemMatrix supports are 100 % polyethylene glycol supports that present
good swelling properties in both polar and apolar solvents and have been
extensively reported to facilitate the preparation of highly structured peptides [80-
82]. This resin has been recently studied in Dr. Eritja’s group for the synthesis of
oligonucleotide-peptide conjugates, showing advantages over CPG support [83]. In
this work the efficacy of Chem Matrix support for the ligation of two oligonucleotide
strands by CuAAC was analyzed.

A ChemMatrix support carrying oligonucleotide sequence >-TTTTTTTTTTG-*
(ODN 27) was converted to the 5’-azido ODN via the 5’-iodo derivative as
described previously. The resulting product was reacted with ODN 11 (8T-
>propargyl) to yield the 5’-5’-linked oligonucleotide. Only 1.5 equivalents of alkyne
were added in this case. Figure 3.47 shows the analysis by reversed-phase HPLC of
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the azido starting sequence as well as the subsequent cycloaddition product. A
major peak was obtained that corresponded to the expected mass.

3.0
151 A Abs oA ] B
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Figure 3.47. HPLC analysis of the A) GTi,->azido sequence (ODN 27) after
cleavage from the matrix support and B) solid-phase CuAAC reaction between ODN
27 and alkyn-containing sequence 8T-°>propargyl (ODN 11). Gradient: 5> 35% B
in 20 min (A: 5% ACN in 0.1 M TEAAc pH 6.5; B: 70% ACN in 0.1 M TEAAc pH 6.5).

The crude from the click chemistry on ChemMatrix was better as judged by
the lower amount of impurities eluting before the desired compound. The success of
the cycloaddition reaction on ChemMatrix supports is likely the result of the good
swelling properties of this support in polar solvents.

The next step was to use Cul, DIPEA and ascorbic acid in H,O/ACN to ligate
supported GA->azidohexyl (ODN 31) with the sequence CT->propargyl (ODN 15)
which contains an electrodeficient alkyne. Surprisingly in this case no cycloaddition
products could be isolated, nor on CPG or the CM support. Figure 3.48 shows an
example of unsuccessful reaction between ODN 15 and CPG-supported ODN 31.
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Figure 3.48. HPLC analysis of cycloaddition reaction between ODN 15 and
ODN 31. Gradient: 5> 35% B in 20 min (A: 5% ACN in 0.1 M TEAAc pH 6.5; B:
70% ACN in 0.1 M TEAAc pH 6.5).
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Multiple peaks eluting at short retention times may come from degradation
of DNA or depurination of GA strand caused by ascorbic acid. In addition, some
studies in the literature have reported sodium ascorbate to induce oxidative
damage of DNA in presence of mono and divalent copper [84-87]. Chiou et al.
demonstrated that mixing of ascorbic acid and Cu(Il) efficiently generate reactive
oxygen species with protein and DNA scission activities [85]. DNA cleavage was
strongly affected by the sequence and conformation as they found certain degree of
cleavage preference toward purine-containing DNA segments while pyrimidine
clusters were least susceptible to cleavage. In other study, Kanan et al. performed
DNA directed CuAAC reactions and observed moderate yields due to DNA
degradation in the presence of a large excess of Cu(I) and sodium ascorbate [87].

So from now on, ascorbic acid will be avoided when using polypurine
sequences and TBTA will be used in some cases as the only Cu(I) stabilizer.

Figure 3.49 shows the HPLC analysis of the reaction between CPG-GA-
Yazidohexyl (ODN 31) and 3 equivalents of CT->propargyl (ODN 15) using 70
equivalents of Cul, 135 of DIPEA and without adding ascorbic acid. Besides,
denaturing PAGE shows formation of the cycloaddition product.
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Figure 3.49. A) HPLC analysis of cycloaddition reaction between ODN 15
and ODN 31 using Cul and DIPEA without adding ascorbic acid. Gradient: 5> 35%
B in 20 min (A: 5% ACN in 0.1 M TEAAc pH 6.5; B: 70% ACN in 0.1 M TEAAc pH
6.5). B) Denaturing PAGE analysis of the crude reaction. Upper band in the first
lane corresponds to the expected length for the parallel clamp.

Analysis by denaturing PAGE shows clearly the formation of the desired
parallel hairpin (upper lane) but an intense band corresponding to the starting azido
sequence is also observed. However, the similarity in retention times of both

products makes the purification by reverse phase HPLC and subsequent analysis
difficult.

In order to facilitate isolation of the desired hairpin product by HPLC, two
new alkyne containing sequences were designed: the longer sequence CTiong-
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>propargyl (ODN 19), which contains 16 bases and the pyr-CT->propargyl (ODN
17), which is fluorescently labelled with a pyrene moiety and was synthesized as
explained previously in the section 3.4.2. Derivatization with pyrene is expected to
produce not only a fluorescent label for easy detection of the cycloaddition product
but also an increase of the hydrophobicity and a delay in the retention time of the
hairpin which should facilitate its purification by reverse phase HPLC.

This new alkyne containing oligonucleotides were

reacted with three

different azido-containing sequences, as indicated in table 3.50. In all reactions
Cul/DIPEA system was used to accelerate alkyne-azide cycloaddition reaction and
TBTA was used as the only Cu(I) stabilizer.

. . : Cul/DIPEA TBTA
Reaction | Azido-ODN (nmol) Alkyn-ODN (equiv) (equiv) (equiv)
97 nmol 1.9 eq.
1 GA->"azidohexyl CT-°propargyl 80/440 --
(ODN 31) (ODN 15)
60 nmol 1.6 eq.
2 GA->"azidohexyl CTiong- propargyl 113/622 22
(ODN 31) (ODN 19)
64 nmol 1.6 eq.
3 GA->"azidohexyl pyr-CT->propargyl | 122/672 30
(ODN 31) (ODN 17)
45 nmol 2.6 eq.
4 GA->azido CT->"propargyl 105/577 21
(ODN 26) (ODN 15)
48 nmol 2 eq.
5 GA->azido CTiong-> propargyl 109/598 20
(ODN 26) (ODN 19)
58 nmol 1.8 eq.
6 GA->azido pyr-CT->propargyl | 118/648 23
(ODN 26) (ODN 17)
150 nmol 1.3 eq.
7 CT->azido pyr-CT->propargyl| 70/380 54
(ODN 24) (ODN 17)

Table 3.50. Reagents used in different CUAAC reactions performed in this

work.
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Below, the figure 3.51 shows denaturing PAGE analysis of some of the
reactions indicated above.
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Figure 3.51. Denaturing PAGE analysis of some of the reactions. From left to
right: reaction 3, 2, 6, 4, lane 0 corresponds to the starting ODN 31, M to the
marker and the last lane to reaction 7.

In the case of reaction 2 an oligonucleotide of 27 bases length is obtained,
as expected from the ligation of ODN 31 with the 16mer sequence CTgng-
>propargyl (ODN 19). In all cases denaturing PAGE analysis showed slight
formation of the desired product (upper lane), but a high amount of starting
material is still present as deduced from the intense bands corresponding to 11
bases and shorter lengths.

Surprisingly, the new alkyne containing sequences still did not allow isolation
by reverse-phase HPLC and analysis resulted in complex chromatographic profiles,
with a high number of peaks, as it is shown in the examples of figure 3.52.
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Figure 3.52. A) HPLC analysis of cycloaddition reaction between ODN 31
and ODN 19 (reaction 2 in table 3.50). B) HPLC analysis of cycloaddition reaction
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between ODN 31 and ODN 17 (reaction 3 in table 3.50). Gradient: 5> 35% B in
20 min (A: 5% ACN in 0.1 M TEAAc pH 6.5; B: 70% ACN in 0.1 M TEAAc pH 6.5).

When the pyr-CT->propargyl sequence was used, the crude of CuAAC
reactions showed a fluorescent emission with a maximum at 400 nm when
irradiated at 345 nm (Figure 3.53.A), characteristic of the pyrene moiety. Figure
3.53.B. shows a picture of the vial containing the cleavage ammonia solution of
product coming from reaction 7 when exposed under a 345 nm lamp.
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Figure 3.53. A) Fluorescence spectrum of the crude coming from “reaction
3" irradiated at 345 nm. B) Vial containing the cleavage ammonia solution of
product coming from “reaction 7”.

Fluorescence observed when sample was irradiated at 345 nm is an
unequivocal signal that some of the pyr-CT->propargyl sequence was covalently
attached to the solid supported azido oligonucleotide.

In order to estimate the yield of the different reactions, enzymatic
degradation studies were performed. Compositional analysis of oligonucleotides was
performed by reverse-phase HPLC after their complete digestion with snake venom
phosphodiesterase and alkaline phosphatase to determine the relative ratios of
each nucleotide.

Enzymatic digestion of crude coming from different reactions are showed in

figure 3.54. Analysis of degraded CT->propargyl (ODN 15) and GA-°azido (ODN
26) was previously performed for tx comparison.
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Figure 3.54. Chromatographic profiles obtained after enzymatic degradation
of the crudes coming from reactions 1-6 of table 3.50. Gradient: 0> 50 % B in 20
min (A: 5% ACN in 0.1 M TEAAc pH 6.5; B: 70% ACN in 0.1 M TEAAc pH 6.5).

The cytidine peak elutes first and comes from the propargyl containing
oligonucleotide which has been successfully linked to the solid supported azido
containing oligonucleotide. Its relative area can be used to make an estimation of
the CuAAC yield after normalize the absorbance of the different peaks by dividing
by the €540.

Since the molar extinction coefficient (¢) of pdA and pdC at 260 nm is 15400
and 7400 M*-cm™ respectively, it can be estimated that the polypyrimidine chain
was coupled with an efficiency of around 45% in the best cases (reactions 1-3).

When using GA->azido as the supported sequence (reactions 4-6), the yield
was very poor (less than 15%) as observed in chromatograms D-F of figure 3.54.
This may be due to sterical hindrance caused by close proximity of the azide group
respect to the nucleoside (figure 3.55). In the cases where hexyl group is the linker
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between azido group and C5 yields were much better under similar conditions. This
effect might be critical for guanine terminated oligonucleotides but not so important
if the nuclebase if a pyrimidine, as shown in previous cases.
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Figure 3.55. From left to right, last azido modified nucleosides contained in
the DNA sequences CT-"azido (ODN 24), GA-azido (ODN 26), and GA-
>azidohexyl (ODN 31).

The next step was looking for another technique that allows isolation of the
ligation product. It is known that self-complementary sequences and G-rich ODN
strands can result in intra and intermolecular associations to form secondary DNA
structures which could prevent efficient ODN separation under non-denaturing
conditions. This could be the reason why in this work denaturing PAGE shows two
well-resolved bands while HPLC analysis results in multiple elution peaks.

Anion-exchange separations under denaturing conditions have been reported
to be particularly useful for the resolution of oligonucleotides with high guanine
content or with regions of complementary sequences [88,89].

Anion exchange chromatography (AEC) is an ionic exchange
chromatographic technique that allows the separation of ions and polar molecules
based on their charge. In AEC the stationary phase surface displays cationic
functional groups that interact with negatively charged analyte samples. The
strength of the interaction is determined by the number and location of the charges
on the molecule and solid support. The mobile phase is generally a low to medium
conductivity (salt concentration) solution. By increasing the salt concentration
(generally with a linear gradient) the molecules with the weakest ionic interactions
are disrupted first and elute earlier in the salt gradient. Those molecules that have
a very strong ionic interaction require a higher salt concentration and elute later in
the gradient.

In this work a 1 ml RESOURCE™ Q (GE Healthcare; 15 pm, 6.4 x 30 mm)
was used. Oligonucleotides of different lengths can be separated because
negatively charged phosphate groups on the DNA interact with the
tetraalkylammonium cations contained on the column. A gradient of increasing ionic
strength (0 to 1M NaCl in 20 min) was used to elute oligonucleotides in order of
increasing chain length. The pH of the buffer should be at least 1 pH unit above the
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pl of the analyte molecules so that they are negatively charged and bind to the
matrix. In this work buffer 20 mM tris-HCI (pH 8.0) was employed without and with
50 % formamide as denaturing agent. Addition of formamide has been previously
proved to give good results with oligonucleotide conjugates that are prone to
aggregate or precipitate [90,91] and its use has been recommended for highly self-
complementary sequences and/or rich in deoxyguanosine residues [88-90].

Several conditions and elution profiles were tested until an acceptable
resolution was achieved. Figure 3.56.A shows different anion exchange
chromatographic profiles corresponding to the 11lmer sequences GA->azidohexyl
(ODN 31) and CT-°propargyl (ODN 15) and to the longer 16mer DNA strand
CT|ong-5'propargyI (ODN 19). It can be observed that 16mer is eluted almost one
minute later than the shorter 11mer, so this gradient would be useful to separate
the desired parallel hairpins (22 or 27mer) from the rest of sequences (16 or 11mer
and shorter). However HPLC analysis of the product resulting from ligation of GA-
>'azidohexyl and CT,ng-> propargyl resulted in multiple elution peaks (figure 3.56.B).

CTlong->'propargyl
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Figure 3.56. A) Superposition of anion exchange chromatographic profiles of
the 1lmer GA-°azidohexyl (red), CT->propargyl (blue) and the 16mer CTlong-
>propargyl (green). B) AEC analysis of the product coming from CuAAC between
GA->azidohexyl and CT,n,->propargyl. (Gradient: 0> 50 % B in 20 min (A: 20 mM
tris-HCI (pH 8.0); B: 20 mM tris-HCI (pH 8.0), 2M NacCl)

The same samples were analyzed by AEC using buffers containing
formamide and resulting HPLC analysis is shown below. Figure 3.57.B shows that in
this case resolution was better, which means that when no denaturing agent is
added secondary structures are probably formed. In this case 2-3 major peaks
elute in the zone of 11 and 16mer. The last eluting peak could be the desired
hairpin but further evidence could not be obtained by subsequent analysis due to
the poor yield.
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Figure 3.57. A) Superposition of anion exchange chromatographic profiles of
the 11lmer GA-“azidohexyl (red), CT->propargyl (blue) and the 16mer CTing-
>propargyl (green). B) AEC analysis of the product coming from CuAAC between
GA-°"azidohexyl and CTlong-°>propargyl. (Gradient: 0 > 100% B in 20 min (A: 20
mM tris-HCI (pH 8.0), 50% formamide; B: 20 mM tris-HCI (pH 8.0), 1M NaCl, 50%
formamide)

The ladder of small peaks eluting in the first ten minutes (marked with a red
asterisk in figure 3.57.B) may be due either to DNA degradation or to DNA
complexation with Cu?* ions. Although oligonucleotides degradation is unlikely due
to the conditions used in this case (absence of ascorbic acid and use of TBTA), this
process would result in the production of smaller DNA fragments that were less
retained in the cationic column and eluted earlier. The same effect would be
observed if copper was complexed to undamaged DNA. Despite washing extensively
the solid-supported products with EDTA prior to their cleavage from the resin,
copper traces may be remain tightly bound. This would change the net charge of
the oligonucleotides and therefore their retention properties, making difficult the
isolation and characterization of desired products.

Interaction of Cu®* with nucleic acids has been extensively studied over
several decades using different methods and techniques [92-100]. It has been
reported that at very low metal concentrations Cu®* binds nonspecifically to the
phosphate groups (figure 3.58.a) while upon increasing concentration also binds to
the nitrogen bases and with much higher affinity than for the phosphate groups
[93,98,100]. The most widely accepted model is chelation of Cu?* with N7 of
guanines and oxygen of the closest phosphate group on the same strand (figure
3.58.b) but other binding sites have been proposed [100], as depicted in schemes
c-f of the same figure.
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Figure 3.58. The possible binding sites for Cu®* ions on DNA (extracted from
reference [100]).

This complex interaction of copper with DNA might be the reason why
purification and characterization of the ligation products has presented so many
difficulties in this work when using guanine-rich sequences.

Regarding the moderate yields, a last attempt to improve the cycloaddition
reaction between GA-°azidohexyl and CT->propargyl consisted in performing the
ligation with the reactants inversely immobilized. A few studies had reported a
decrease in CuAAC reaction because of alkyn cross-coupling. Meldal and coworkers
originally reported difficulty with coupling alkynes onto an azide-substituted resin,
due to excessive alkyne homocoupling [5]. Although triazole formation on azide-
substituted resins has proceeded in high yield in a lot of studies, [101-103], for
resins with more sterically hindered azide functionalities alkyne homocoupling may
dominate and dramatically reduce yields. To rule out this possible limitation, the
CuAAC was performed with the azide in solution and the alkyne on the resin. In this
case the GA-“azidohexyl sequence was synthesized using G to avoid harsh
cleavage conditions.

Figure 3.59.A shows analysis by anion exchange chromatography with
denaturing buffer of the reaction between GA-°azidohexyl and CT->propargyl when
this latter is attached to the CPG support. Analysis of peaks 1-3 by denaturing
PAGE (figure 3.59.B) shows that product 3 eluting at 12.5 min is the desired
ligation product while the major peak 1 (10.7 min) corresponds to the starting CT-
>propargyl sequence.
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Figure 3.59. A) AEC analysis of the product coming from CuAAC between
GA->azidohexyl (ODN 31) and CT-°propargyl (ODN 15) with this latter attached to
the CPG support (Gradient: 0 > 100% B in 20 min (A: 20 mM tris-HCI (pH 8.0),
50% formamide; B: 20 mM tris-HCI (pH 8.0), 1M NaCl, 50% formamide). B)
Denaturing PAGE analysis of the eluted products. M: marker (10-100 nt); 0: crude
reaction product; 1,2,3: peaks (1),(2),(3).

In this case, chromatogram presents a much cleaner profile than in previous
experiments. While in the other experiments the unreacted supported GA-
>azidohexyl sequence could retain more copper ions, the fact that the starting
material attached to CPG is now a homopyrimidine sequence might be the reason
why profile presents few and very well resolved peaks.

However, according to the relative peak areas and taking into account the
€60 Of both starting material and ligation product, it was estimated that the yield of
the CuAAC reaction was only 20 %. This means that inverse immobilization of the
reactants did not cause a substantial improvement of the cycloaddition reaction in
this case.

Moderate yields and the complex interaction of copper with DNA explained
before might be the reason why not so many examples of CUAAC reactions between
two DNA oligonucleotides have been published. While click chemistry has been
widely used for labeling of oligonucleotides with small molecules [23,41,104],
conjugation with carbohydrates [105,106], lipids [107], peptides [108], proteins
[109] and DNA immobilization to surfaces [50,110,111] without problems, the
ligation of two DNA strands has proved difficult in some cases.

Several successful examples in which highly efficient non-enzymatic DNA
strand ligations have been achieved were those in which an alkyne-DNA conjugate
and an azide-DNA conjugate, in low concentrations are brought in close proximity
either by direct hybridization or by hybridization of the two conjugates to a
complementary DNA template (Figure 3.60).
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Figure 3.60. A) Scheme of template-mediated click-ligation of two ODNs
employed by Kumar et al. [112]. B) Formation of double-stranded pseudohexagon
from a single stranded cyclic template and a linear ODN modified with an azide and
an alkyne group; adapted from reference [112]. C) Formation of triazole cross-
linked dumbbell-like ODNs by the CuAAC reaction, performed by Nakane et al.
[113].

Interestingly, the importance of template-assisted CuAAC reactions for DNA
ligation has been recently demonstrated by Jacobsen et al. [114] who reported
small-molecule-induced control in duplex and triplex DNA-directed CuAAC reactions
(Figure 3.61) and confirmed the distance dependence of the reaction.
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Figure 3.61. Scheme followed by Jacobsen et al. for controlling nucleic acid-
directed chemical reactions with triplex DNA binders. Adapted from reference [114].

Click chemistry has also given good results to ligate azido and alkynyl
groups intramolecularly. Lietard et al. synthesized cyclic, branched and bicyclic
ODNs by introducing alkyne and azido functions in the same DNA strand and
performing CuAAC assisted by microwaves [115].

Low yield of some of the CuAAC reactions carried out in this thesis may be
also due to the lacking of proximity between azido and alkynyl groups.
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3.7. Synthesis of novel unnatural amino acids by click
chemistry.

In this section the utility of Cu(I)-catalyzed cycloaddition reaction has been
examined to generate novel non natural amino acids that can be incorporated
simply in peptides. This work was carried out during a FPI predoctoral short-term
staying in the laboratory of Dr. Grgtli, in the Medicinal Chemistry Department at
Goteborg University.

The first objective was the synthesis of amino acids whose side chain was
terminated with an azide or an alkyne group. Two different protocols were
employed to prepare the amino acids depicted in figure 3.62.

A COOH B. COOH

Y4

“tay, N3
Boc-HN Boc-HN "

Figure 3.62. A) (S)-Na-t-Boc-propargylglycine B) Na-t-Boc-f-azido-L-alanine

These molecules can be used in solid phase peptide synthesis. Their side
chain will allow regioespecific introduction of triazole moieties if the introduction of
the amino acids is followed by Huisgen [3+2]-cycloaddition reactions before the
peptide synthesis is continued. This can be used as a powerful technique for
chemical peptide labelling with a high variety of molecules just by performing the
cycloaddition reaction with diverse azido and alkyne derivatives to obtain for
example glycopeptides or fluorescent-tagged peptides.

In addition these two amino acids can be used as starting materials to
prepare a variety of novel amino acids by click chemistry reactions with azido or
alkynes derivatives. In this work an in-situ generated azido-containing alanine
(figure 3.62.B) will be used to create a small library of non natural amino acids by
performing CuAAC with different acetylenic partners.

On the other hand the generated [1,2,3]-triazole may be used as an
analogue of the histidine imidazole ring because of its structural similarity. The side
chain imidazole group of histidine has great importance in the activity and
properties of several enzymes and peptides in most cases due to its ability to take
part in acid-base catalysis [116] so introduction of unnatural amino acids with
different chemical characteristics to the original histidine such as acidity,
nucleophilicity or sterical factors can be of great interest to get new properties
[117].
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3.7.1. Stereoselective synthesis of an alkyne containing amino acid

One of the most established methods for the asymmetric synthesis of mono-
or disubstituted o-aminoacids has been reported to be the alkylation of chiral
glycine and alanine enolates [118]. Many different cyclic glycine and alanine chiral
templates have been described, with Schéllkopf’s bis-lactim ethers being one of the
most used, due to their high diastereofacial enolate bias [119]. In this work the
bislactim ether shown below in figure 3.63 was used. In general, these chiral
templates need strong bases for deprotonation and strictly anhydrous conditions
together with very low reaction temperatures. Treatment with n-butyllithium at -78
OC caused deprotonation at C5 and gave an almost planar dihydropyrazine anion,
which can easily undergo electrophilic attack by an alkyl halide. The electrophilic
group attacks preferentially the pyrazine ring in a trans-relationship to the isopropyl
group to minimize steric interactions which results in a high diastereoselective
alkylation with an acceptable chemical yield.

All the different steps to finally obtain the (S)-No-t-Boc-propargylglycine are
depicted in scheme of figure 3.63. The starting 2,5-diketopiperazine was
synthesized previously in the group of Dr. Grgtli with a microwave-assisted protocol
developed in his laboratory [120].
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Figure 3.63. a) Et305'BF,4, N,, DCM, r.t, 6 days; b) n-BulLi, THF, -78°C, 45
min; c) propargyl bromide, THF, o.n; d) TFA, H,O/ACN (1:1), MW, 60 °C, 5 min; e)
Boc,0, THF, reflux, o.n; f) LiOH, H,O/THF (1:1), MW, 60 °C, 20 min.
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The final product as well as the intermediate compounds were characterized
by H-NMR and *3C-NMR.

3.7.2. Synthesis of an azide containing amino acid and subsequent click
chemistry reactions

As azides are difficult to handle and tend to be explosive, a protocol
described by Beckmann et al. [121] was employed. This protocol is a one-pot
procedure for generating triazoles starting from amines avoiding the isolation of the
azide intermediates.

In this work, the starting amine was Na-t-Boc-a-amino-L-alanine, which
was synthesized from the comercially available Na-t-Boc-L-asparagine through the
Hoffmann rearrangement [122] with iodosobenzene diacetate (more commonly
named as phenyliodonium diacetate or PIDA), as illustrated in figure 3.64.

COOH O COOH

PhI{OAC),

v, _NHy
Boc-HN K NH, Boc-HN "

Figure 3.64. Synthesis of No-t-Boc-a-amino-L-alanine.

No-t-Boc-a-amino-L-alanine was used as starting material for generating
azide followed by azide-alkyne cycloaddition with commercially available alkynes, to
synthesize novel amino acids (Figure 3.65).

COOH TfN,, CuSO,, NaHCO,, COOH N=N
DCM/MeOH/H20, rt /
‘v, NH2 y > “ N / R'
“ty, Then R'-alkyne, “uy,,
Boc-HN / Na ascorbate, TBTA Boc-HN ”
MW, 70°C, 30 min

Figure 3.65. One-pot procedure used for generating triazole-linked
structures starting from No-t-Boc-a-amino-L-alanine, based on the protocol
reported by Beckmann et a/. [121].

The diazo transfer was performed using literature-known conditions [123] at
room temperature but with sodium bicarbonate as base. After complete conversion
of the starting amine, one equivalent of the desired alkyne-containing compound
together with the reducing sodium ascorbate and the Cu(I)-stabilizing ligand TBTA
were added directly without any work-up procedure. Heating to 70°C by MW
irradiation was required to obtain high yields within reasonable reaction times.

Table 3.66 shows the different starting alkynes and the resulting triazole
containing products as well as the yield for each reaction.
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Table 3.66. Unnatural amino acids synthesized from alkynes indicated in the
first column by click chemistry with Na-t-Boc-a-azido-L-alanine. The vyield is
indicated in the third column. (quant=quantitative yield)

All these synthesized amino acids were purified by flash chromatography and
characterized by 'H-NMR, *C-NMR and IR. In all cases, the triazole products were
isolated in very good yields.

The introduction of these amino acids in several peptides is currently been
studied in the group of Dr. Grgatli.

3.8. Conclusions

A novel strategy to obtain parallel clamps using the non-templated chemical
ligation of two oligonucleotides by 5’-5' linkages has been reported.

Efficient protocols for introducing azido and alkyne functionalities at the 5’
end of oligonucleotides have been developed. The chemical ligation of such
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structures by Cu(I)-catalyzed cycloaddition reaction has been performed and the
following remarks have been noted:

An excess of copper ions (and not a catalytic amount) is required, likely due
to the retention of this cation by phosphate groups of DNA

Exclusion of atmospheric oxygen is essential to avoid oxidation of Cu(I),
even when using the CuSO,/ascorbate system. Adding ascorbic to Cul for
preventing its oxidation gave very good results for ligation of homopyrimidine
sequences but several problems were encountered when using this reducing agent
and guanine rich DNA sequences. TBTA was employed thence as the only Cu(I)
stabilizer when working with homopurine strands.

Hex-5-ynyl group was found to be very useful for linking small molecules to
oligonucleotides but presented poor reactivity in the CuAAC ligation of two DNA
strands. On the other hand, the alkyne activated by a neighbouring
electrowithdrawing amide moiety gave good results.

Direct attachment of the azido group to the C5 of ribose ring (from 5’-
iodinated precursor) gave lower CuAAC yields than those cases in which a hexyl
chain is the linker between azido group and C5, especially for purine terminated
oligonucleotides.

The use of ChemMatrix support for the synthesis of oligonucleotides and
subsequent click reaction gave higher yields than CPG in the case of linking two
polypyrimidine sequences, probably due to the hydrophilic nature of this support.

Synthesis of parallel hairpins has been achieved but purification and
characterization of the ligation products has presented difficulties when using
guanine-rich sequences (especially when these are attached to the solid support),
probably due to interaction with copper and formation of secondary structures.

Moderate yields of some CuAAC reactions carried out in this thesis may be
due to the lacking of proximity between azido and alkynyl groups, according to
several studies reporting the distance dependence of the reaction.

Cu (I)-catalyzed azide-alkyne cycloaddition reaction has been also used to
synthesize novel unnatural aminoacids. A small library of compounds was
synthesized from different alkynes by click chemistry with Na-t-Boc-a-azido-L-
alanine and the triazole products were isolated in very good yields.
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CHAPTER 4

Oligonucleotides Conjugates Carrying Cu(II)

Complexes: Synthesis and Electrochemical Study






4.1. Introduction and aim of the work

The work described throughout this chapter covers the synthesis of
oligonucleotide conjugates carrying Cu(II) complexes and the first steps in their
electrochemical characterization using classical electrochemical techniques such as
cyclic voltammetry. This latter part was carried out during a FPI predoctoral short-
term staying in the laboratory of Dr. Schiffrin, in the Centre for Nanoscale Science
at the University of Liverpool.

This work is a collaborative effort financed by the European Communities
under the project DYNAMO. Our group’s task is to construct molecular scaffolds
made from DNA molecules to support and link arrays of electrochemical oscillators.
The oscillatory devices are based on periodical switching between coordination
geometry of inorganic copper complexes. Cyclic tetradentate ligands with N or S
donor atoms can be accommodated by tetrahedral Cu(I) complexes as well as
octahedral Cu(Il) complexes [1-6]. By reducing externally the Cu(Il) state, the
coordination geometry changes from octahedral to tetrahedral which results in a
change in electron transfer properties. By allowing the chemical reoxidation of the
Cu(I) complex a periodic behaviour is expected.

The work developed in this thesis covers the linking of Cu(II) complexes with
oligonucleotides and the initial electrochemical characterization of the conjugates.

4.2. Design of oligonucleotides

In order to perform electrical measurements on DNA a method to link the
oligonucleotides to the electrode surface is needed. In this work oligonucleotides
conjugated to tetradentate copper ligands will be immobilized onto gold electrodes.
The most common strategy for covalent DNA attachment on gold surfaces involves
the use of gold-thiol self-assembled monolayer (SAM) chemistry. Thus, modification
of DNA strands with an alkane thiol enables their chemisorption to gold electrodes.

Commercially available reagents shown in figure 4.1 have been used to
introduce a disulfide group at the 3’ or the 5’ end of ODNs. The disulfide group may
be reduced to thiol groups which are capable to form sulfur-gold bonds. Disulfide
modified ODNs can be also anchored directly (without previous reduction) to gold
surfaces as proposed by some authors [7,8].

A. B. _(
N

DMTFDW 5. SMD-SUMM?‘- CPG DMTI‘DM WSW o— P/
LY

OCH,CH,CN

Figure 4.1. Chemical structure of the molecules used for derivatization of
oligonucleotides with thiol groups. A) 3'-Thiol-modifier C3 S-S CPG. B) Thiol-
modifier C6 S-S cyanoethyl (CE) phosphoramidite.
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The 3'-Thiol-Modifier C3 S-S CPG support was used directly in the automatic
synthesizer. After the first detritylation step oligonucleotides were assembled as
usual. For the synthesis of sequences with the thiol group at the 5’ end the thiol-
modifier C6 S-S CE phosphoramidite was coupled in the last cycle using standard
conditions.

A 15-mer oligonucleotide sequence containing the four nucleobases (ODN
15C) was synthesized together with its complementary sequence (ODN
15Ccompl). Thiol groups were inserted in position 3’ or 5’ as indicated in Table
4.2. Reduction of disulfide bonds to thiol groups will be explained later.

N,. | ODN Sequence

1 |15C ¥-CGTTACCTCGGAGAT->

2 | 15Ccompl ¥ ATCTCCGAGGTAACG->

3 | *-disulfide-15C HO-(CH,)3-S-S-(CH,)3-OP053->*CGTTACCTCGGAGAT->

4 | 15Ccompl-°-disulfide | *~ATCTCCGAGGTAACG-°>0OPO5-(CH,)s-S-S-(CH,)s-ODMT
5 | *-thiol-15C HS-(CH,)3-OP0O5-*CGTTACCTCGGAGAT->

6 | 15Ccompl-*"-thiol ¥ ATCTCCGAGGTAACG->0P0O;-(CH,)e-SH

Table 4.2. Oligonucleotides used for electrochemistry studies.

Oligonucleotides 15C and *-disulfide-15C were functionalized with a
copper tetradentate ligand. In this way, three different systems could be used for
electrochemical studies, as represented in Scheme 4.3.

5

N ,
—S-S-\CGTTACCTCGGAGAT|
A .GCAATGGAGCCTCTA

5 3

5

_ 3 '
—S-S-\CGTTACCTCGGAGAT|---X

B (GCAATGGAGCCTCTA
T 5 3
_ 5 ]
—S-S-{GCAATGGAGCCTCTA
c. ICGTTACCTCGGAGAT|--X
L 3 5

Scheme 4.3. Different systems used in electrochemical studies, where X
represents the copper ligand. A) Control system to study copper interaction with a
double strand DNA (dsDNA) that does not contain the chelating unit. B) The copper
ligand is tethered to an ODN attached to the gold surface. C) The copper ligand is
tethered to an ODN hybridized with the covalently gold-attached strand.
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The copper chelating units were the aza- and thio-crown ethers depicted in
Figure 4.4. The 1,4,8,11-Tetraazacyclotetradecane (A), known also as “cyclam”, is
commercially available meanwhile 1,5-diaza-9,13-dithiacyclohexadecane (B) was
prepared by the group of Professor Hakansson, a partner of DYNAMO with
extensive experience in organometallic synthesis and study of metal complexes and
coordination compounds.

M -
GG P
- S

crown 1 crown 2

Figure 4.4. A) Commercially available 1,4,8,11-Tetraazacyclotetradecane or
“cyclam”. B) 1,5-diaza-9,13-dithiacyclohexadecane, synthesized in the group of Dr.
Hakansson.

4.3. Synthesis of oligonucleotides carrying copper-chelating
units

For tethering the cyclic ligands to the 5’ end of the desired sequences two
coupling chemistries were tested. In the first approach the formation of an amide
bond between one of the secondary amines of the copper chelate and an activated
ester in the 5" end of the oligonucleotide was studied. To this end, the N-
hydroxysuccinimide ester group of the C10 carboxy modifier phosphoramidite was
used (Scheme 4.5)

[u]

H—0),
Ol oon ] S g Wi O-mo PO (CHls
L

M
N N
C } , DMSO, DIPEA
S S
2

[o}

(o]
O-Poa-(CHzlq)k& 3 & Q-mo PO, (CHZ)Q)kg 3

Scheme 4.5. First protocol used for the conjugation of oligonucleotides with
the desired copper chelates.
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The second method (scheme 4.6) consists in an alkylation reaction between
the secondary amino groups of the copper chelates and an alkyl bromide moiety
previously inserted in the oligonucleotide chain using the phosphoramidite
synthesized in chapter 3.

U
N—P—O

|
oo Jon 1 O oo Jorosicrys

3 5

M
N N
< } , DMSO, DIPEA
S S
S

O-Pos—(CHz)é—SQ? P QO-Pog-(Cqu—C(D
Q 3’ 5 L/%\)

Scheme 4.6. Second protocol used for the conjugation of oligonucleotides
with the desired copper chelates.

Only this second approach allowed the obtention of the desired products.
Problems encountered in the first protocol as well as the synthesis of the modified
sequences using the second protocol are explained below.

ODNs 15C and ¥-disulfide-15C were synthesized on a 1 umol scale and
the C10 carboxy modifier phosphoramidite was coupled using the conventional
coupling cycle. A small fraction of the 5'-NHS-ODN-supports was cleaved with
concentrated aqueous ammonia and analyzed by HPLC. Chromatograms presented
a major peak which was collected, desalted by NAP-5 and analyzed by MALDI-TOF
(Figure 4.7). Molecular weight values were in agreement with the expected mass.
As NHs hydrolyses the NHS group, MWs correspond to the values calculated for
sequences with a carboxamide group (ODN->-OPO5-(CH,)e-CONH5).

A

11.675—
12 915~

m/z= 4818 m/z= 5061

L L L B L L S L T T T L) e T T T
6.00 a.00 10.00 12 00 14.00 16.00 6.00 8.00 10.00 12.00 14.00 16.00
Minutes Minutes

Figure 4.7. HPLC analysis of the ODNs modified with the C10 carboxy
modifier phosphoramidite. A) 15C and B) *-disulfide-15C. The m/z values obtained
by MALDI-TOF are indicated next to each peak. Gradient: 5 > 35% B in 20 min (A:
5% ACN in 0.1 M TEAAc pH 6.5; B: 70% ACN in 0.1 M TEAAc pH 6.5).
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Later on, the 5'-NHS-ODN-supports were treated during 4-5 hours at 55°C
with a high excess of the cyclic copper ligands (50-100 equivalents) dissolved in
DMSO (for the case of crown 2) or DCM (for ‘cyclam’) with 5% of DIPEA. After
elimination of the reagents by filtration, the resulting supports were treated with
aqueous ammonia to remove the protecting groups and release the oligonucleotides
from the supports. A subsequent analysis by HPLC revealed the formation of
several products, as can be seen in the chromatographic profiles in Figure 4.8.

A. B. C.

12244
14 735—

m/z= 4818 m/z= 5186

V600 800 1000 1200 1400 1600 1800 20 800 8.00 10.00 1200 1400 18.00 18.00 800 1000 12 00 1400 16.00 1800
Mirutes Menes Minutes

Figure 4.8. HPLC profiles of A) 15C->-NHS solid support reacted with crown
2. B) ¥-disulfide-15C->-NHS solid support reacted with crown 2 and with C) cyclam.
Gradient: 5 > 35% B in 20 min (A: 5% ACN in 0.1 M TEAAc pH 6.5; B: 70% ACN in
0.1 M TEEAc pH 6.5).

Only the chromatogram of figure 4.8.A presented enough resolution to
collect some product and analyze them by MALDI-TOF. However the m/z obtained
for the first peak corresponds to the starting material and the second peak gave a
MW 95 units higher than expected.

Analysis of the resulting products was performed by denaturing PAGE. Figure
4.9 shows the results. Below, Table 4.10 indicates the samples that were run in
each lane.

= -
=
-

B o8 B 5588 aEsE

3

Figure 4.9. PAGE analysis (20% polyacrylamide, TBE buffer) of samples
indicated in Table 4.10.
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Lane | Sample

1 Marker (10-100 nt)
15Ccompl
15C%-0P03-(CH,)o-CONH-crown2 (HPLC; tg=14.7min)
HO-(CH,)3-S-S-(CH,)3-OP05->15C
HO-(CH,)3-S-S-(CH,)3-OP03->15C>-0OP0O5-(CH,)o-CONH,
HO-(CH,)3-S-S-(CH,)3-OP05->15C>-0P03-(CH,)s-CONH-crown2
7 | HO-(CH,)3-S-S-(CH,)3-OP05-315C>-0P05-(CH>)s-CONH-cyclam

|~ iwW|N

Table 4.10. Oligonucleotide samples loaded in the different lanes of the
denaturing gel.

Lanes 3, 6 and 7 showed a band corresponding to oligonucleotides with a
length twice than expected. It seems as if one crown had been conjugated through
more than one nitrogen atom, resulting in two DNA strands attached to the same
single tetradentate ligand. As the reaction was performed using a 50-100 excess of
the copper chelate, this could be only explained for an increase in nucleophilic
character of the rest of donor atoms once one of the nitrogens has formed an
amide bond.

Analysis by anion exchange chromatography (AEC) also confirmed that
oligonucleotides longer than 15 bases were obtained. Figure 4.11 shows a
comparison between the 5-NHS-15C injected before and after the reaction with
crown 2.

084 A.

0.8 * *
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t /min t /min

Figure 4.11. Anion exchange chromatography (AEC) profiles of A) 5'-NHS-
15C and B) 5’-NHS-15C conjugated with crown 2. Gradient: 0 - 50% B in 30 min
(A: 20 mM tris'HCIl, pH=8, 50% formamide; B: 20 mM tris-HCIl, pH=8, 50%
formamide, 2M NaCl).

In figure 4.11.B peaks eluting before the starting material are suggested to
correspond to the 5’-crown-oligonucleotide complexed with HPLC buffer cations,
e.g. NEt;*. ODNs eluting later than 16’ (marked with an *) correspond to strands
longer than the starting material, as the higher tg implies a higher content in
negative charges.
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The failure of this method for functionalization of oligonucleotides with
copper ligands led to think of a second procedure. A paper published by Wu and
Pitsch [9], in which described the reaction between a bromopentyl-substituted
nucleoside and 1-aza-18-crown-6, led to consider the use of the 6-bromohexyl-
phosphoramidite (used previously in chapter 3 for azide group introduction) as an
intermediate for the introduction of our copper chelating compounds.

15C and ¥-disulfide-15C were functionalized with a bromohexyl group as
described previously (section 3.5.3 of chapter 3). Then, 0.2 umol of each *Br-
(CH,)s-ODN-support was incubated with a solution of 100 equivalents of crown in
DCM (in the case of ‘cyclam’) or DMSO (for crown 2) with 5% of DIPEA at 55°C for
one day. After deprotection and cleavage from the support, products were
examined by HPLC. Chromatographic profiles are shown in figure 4.12.

A. B.
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Figure 4.12. HPLC profiles of A) 15C-OPO3-(CH,)s-Br conjugated with crown
1. B) 15C-OPO;-(CH,)e-Br conjugated with crown 2. C) *-disulfide-15C-OPO;-
(CH,)6-Br conjugated with crown 1. D) *-disulfide-15C-OPO;-(CH,)s-Br conjugated
with crown 2. Gradient: 5 > 35% B in 20 min (A: 5% ACN in 0.1 M TEAAc pH 6.5;
B: 70% ACN in 0.1 M TEAAc pH 6.5).

In all cases, the highest peak comes from the nucleophilic substitution of
bromine atom by NH; to give 5’-aminohexyl-oligonucleotides. But in all
chromatograms a new peak was observed (marked with an * in figure above) that
was collected and analyzed by MALDI-TOF spectrometry, having the desired
molecular weight. Although the desired compounds were obtained in moderate
yields (£30%), the functionalization of oligonucleotides with the crown molecules
was achieved.
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Measured masses of the purified ODNs, their calculated theorical values and
the yield calculated from relative peak areas are listed in Table 4.13.

Sample tr (min) | Yield (%) | Found MW | Expected MW
15C-°-crown1 11.01 31 4929.7 4927.9
15C->"-crown2 11.86 23 4988.5 4991.9
¥_disulfide-15C->-crown1 | 12.33 25 5168.8 5171.9
¥_disulfide-15C->-crown2 | 13.24 10 5228.1 5235.9

Table 4.13. Retention time on HPLC, yield and molecular weight (MW)
obtained by MALDI-TOF of the oligonucleotides conjugated with the copper
chelating compounds.

4.4. Copper chelation studies with the 5’-crown-
oligonucleotides

In order to analyze the copper complexation properties of the
oligonucleotide carrying copper complexes a preliminary study was carried out.
Firstly, UV spectra of 1 mM crown solutions in absence and presence of Cu(II) was
registered. For both crowns an absorption band with a maximum around 370 nm
was observed only in the presence of copper, which indicates that this metal is
coordinated by the tetradentate ligands. However, concentration of ligand required
to give an acceptable UV signal is too high to study copper complexed in crowns
tethered to DNA (as oligonucleotide solutions are in the range of micromolar
concentration).

In order to study the ability of crowns linked to DNA for chelating copper (II)
the modified sequences were incubated with a solution containing this cation and
analyzed by MALDI-TOF after removing the excess of copper by molecular sieve
filtration. Therefore, 1 O.D of each 5-crown-ODN was incubated overnight with 10
equivalents of CuCl, in 0.5 ml of milliQ water at 4°C. The excess of copper was
removed by passing the solution through a NAP-5 (Sephadex G-25) column. MW
obtained after this step are listed in table 4.14.

Sample Found MW | Expected MW?
15C->-crown1 /Cu®* 4996.5 4991.4
15C->-crown2 /Cu?* 5000.2 5055.4
¥_disulfide-15C->-crown1 /Cu?* 5243.4 5235.4
¥-disulfide-15C->-crown2 /Cu?* 5243.1 5299.4

Table 4.14. MW obtained by MALDI-TOF of the oligonucleotides conjugated
with crowns after chelation of copper. ® The theoretical MW values are calculated for
the case of chelation of one Cu®* atom per strand.

Oligonucleotides derivatized with crown 2 did not appear to chelate Cu (II)

or at least not strong enough to remain bound after passing through the desalting
cartridge.
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In the case of DNA strands conjugated to cyclam, MALDI spectra presented
a major peak that was in agreement with the MW calculated for 5'-cyc/lam-ODN
with one copper atom. However, minor peaks corresponding to the ODN with more
than one copper atom were also observed. This was attributed to unspecific
adsorption of copper ions on the DNA strand (e.g. electrostatic interaction with the
backbone phosphate groups or guanine coordination) since a ladder of small peaks
corresponding to the product with several copper atoms was also present in the
MALDI spectra of oligonucleotides without crown.

Finally, purified oligonucleotides modified with cyc/lam were aliquoted in
different fractions, concentrated to dryness and kept frozen until performing
electrochemical studies at Liverpool University. Samples used for copper chelation
studies are kept separately, to compare the electrochemical behaviour of copper
inserted using this protocol and copper that will be chelated once the ODNs have
been immobilized on the electrodes.

4.5. Overview of Electrochemistry fundamentals

In this section basic principles of electrochemistry will be overviewed before
describing the electrochemical methods applied to the study of our systems.
Although the most relevant equations will be presented throughout this chapter,
reference [10] must be consulted for a rigorous mathematical analysis.

Electrochemistry is the branch of science that deals with the study of
chemical reactions which involve electron transfer processes and that take place at
the interface between an electrode (electronic conductor) and an electrolyte (ionic
conductor). These processes in which electrons are transferred between molecules
are called oxidation (loss of electrons) or reduction (gain of electrons) reactions.

Experimentally, electrochemical systems are defined generally as two
electrodes where reductions (cathode) and oxidations (anode) occur, separated by
at least one electrolyte phase and connected by an external electric circuit
integrated in a device known as electrochemical cell. The overall chemical reaction
taking place in this cell is comprised of two independent half-reactions each of
which responds to the interfacial potential difference at the corresponding
electrode. Thus, measurement and control of cell potential is one of the most
important aspects of experimental electrochemistry.

Most of the time, only one of these half-reactions is the focus of interest and
the electrode at which it occurs is called the working electrode (W.E). The other half
of the cell is standardized by using a reference electrode (R.E) which is comprised
of phases having essentially constant composition and has a fixed potential. In
many electrochemical experiments three-electrode cells are used. In this
arrangement a third electrode known as auxiliary (or counter) electrode (C.E) is
used to supply electrons needed to balance the current observed at the working
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electrode and to ensure that current does not run through the reference electrode
which would disturb its potential.

The different electrodes used in electrochemical experiments performed in
this work are described below:

- Working electrode

There are various types of working electrodes but disk electrodes are the
most popular. Common materials used for disk electrodes are platinum, silver, gold,
glassy carbon, graphite, etc. In this work a gold disk embedded in an insulating
Teflon cylinder was used.

- Reference electrode

Internationally accepted primary reference is the standard hydrogen
electrode (SHE), or normal hydrogen electrode (NHE) based on the redox of
hydrogen occurring at a platinum electrode which is written schematically as
Pt/H,/H*. However, potentials are often measured with respect to reference
electrodes other than NHE which is not very convenient from an experimental point
of view.

A widely used reference electrode is the saturated calomel electrode (SCE),
which is Hg/Hg,Cl,/KCl (saturated in water) and has a potential of 0.242 V versus
NHE. In table 4.15 the reference electrodes used in this work with their potential
values respect to the NHE and SCE are listed.

Potential
Reference electrode
vs NHE vs SCE
Hg/Hg,Cl,, KCI (saturated in H,0) 0.242 0
Ag/AgCl, NaCl (3M in H,0) 0.209 -0.035
Hg/Hg,S0,, K,S0, (saturated in H,0) 0.64 0.40

Table 4.15. Reference electrodes used in this work and their potential value
vs NHE and SCE at 259°C.

- Counter electrode
A platinum wire was used as auxiliary electrode. Its surface area must be
larger than that of the working electrode to ensure that the reactions occurring on

the working electrode are not surface area limited by the auxiliary electrode.

These three electrodes are inserted in an electrochemical cell, and immersed
in the electrolyte solution, as represented in scheme 4.16.
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Scheme 4.16. Three-electrode setup: (1) working electrode; (2) auxiliary
electrode; (3) reference electrode.

In a typical electrochemical experiment the potential difference between the
working electrode and the reference electrode is varied by means of an external
power supply. This is equivalent to controlling the energy of the electrons within the
working electrode. By driving the electrode to more negative potentials the energy
of electrons is raised. If they reach a level high enough to transfer into vacant
electronic states on species in the electrolyte, a reduction current will flow from
electrode to solution (figure 4.17.A). Similarly, the energy of electrons can be
lowered by imposing a more positive potential, and at a certain point electrons of
electrolyte species will find a more favourable energy on the electrode and will
transfer there (oxidation current, figure 4.17.B)
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Figure 4.17. Schematic representation of A) reduction and B) oxidation
process of a species in solution. A depiction of highest occupied molecular orbital
(MO) and lowest vacant MO is shown.
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These electron transfer processes are governed by Faraday’'s law (the
amount of chemical reaction caused by the flow of current is proportional to the
amount of electricity passed) that is, the passage of 96485,4 Coulombs
(1C=6,24-10'® electrons) produces 1 mole of product in a one-electron transfer
reaction. The current (i) is the rate of flow of coulombs and its fundamental unit
according to the SI is the ampere (1 A=1 C-s'}).

The critical potentials at which these processes occur are related to the
standard potentials, E°, which is specific for each redox couple and is related to the
electrode potential by the Nerst equation:

B Bl g 20
nF ORed

where R is the universal gas constant (R = 8.314 J-K™“mol™), T is the
temperature (K), n is the number of electrons involved in the process, F is the
Faraday constant (the number of coulombs per mole of electrons; F = 96485,4
C-:mol™), and a. and a,.q are the activities of ox and red, respectively. In terms of
concentrations of ox and red species, the equation can be also written as follows:

RT Ox
E=E"4+—1n i)
nF  [Red]
where E” is the potential at [Ox]=[Red] and is often called the formal
potential.

However, the potential at which the redox event is experimentally observed
does not always match with the value one would predict from thermodynamics. The
additional potential (beyond the thermodynamic requirement) needed to drive a
reaction at a certain rate is called the overpotential, and is described by the
following equation:

n= E- Eeq

When the overpotential (1) is very small (e.g. <5 mV) for the entire current
region to be measured, the electrode process is said to be reversible, and the
redox couple exhibits a Nerstian behaviour at the electrode surface. On the other
hand, if a large overpotential is needed for the current to flow, the electrode
process is said to be irreversible.

Not only electron transfer processes but also transport of the electroactive
species from the bulk of the solution to the electrode and vice versa must be
considered. For example, when a reduction current flows, Ox at the electrode
surface is consumed to generate Red and the surface concentration of Ox becomes
lower than that in the bulk of the solution. Then, a concentration gradient is formed
near the electrode surface and Ox is transported from the bulk of the solution
toward the electrode surface. Inversely, the surface concentration of Red becomes
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higher than that in the bulk of the solution and Red is transported away from the
electrode surface.

Others factors affecting electrode reaction rate include chemical reactions
preceding or following the electron transfer or surface reactions such as adsorption
or desorption. Scheme of figure 4.18 shows the possible steps involved in the
pathway of a general electrode redox reaction.
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Figure 4.18. Steps involved in a general electrode reaction, O + ne” > R.

When a steady-state current is obtained, the rates of all the reaction steps
are the same. The magnitude of this current is limited by the rate of the slowest
reaction called rate-determining step.

Regarding the mass transfer from the bulk solution to the electrode surface,
three modes of contribution can be remarked: diffusion, caused by the movement
of species due to a concentration gradient; migration: caused by the movement of
charged species due to a gradient of electrical potential and convection, caused by
the movement of species due to external mechanical forces, as stirring or by
temperature gradient in the solution.

Usually laboratory electrochemical experiments are designed so that one or
more of the contributions to mass transfer are negligible. Two types of conditions
predominate:

- Unstirred solutions (to eliminate convection mode) with a large excess of a
base electrolyte (to reduce migration mode, because ions of the base electrolyte
will, rather than charged species, which migrate). Thus, mass transfer will be
mainly diffusion controlled.

- Experiments carried out with a well defined convective regime, as in the
case of voltammetry with rotating disk electrode.
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In the next section electrochemical techniques used in this thesis will be
outlined as well as their application for the study of different electrochemical
systems, including an insight into the redox properties of copper within the crown
conjugated to a DNA strand.

4.6. Electrochemical techniques used in electrochemical
analysis

4.6.1. Cyclic voltammetry

Cyclic voltammetry (CV) is perhaps the most widely used electrochemical
technique, and is frequently used for the characterization of a redox system. In this
method the current at the working electrode is measured while the potential is
swept linearly versus time like in linear sweep voltammetry (LSV). The rate of
change of potential with time is referred to as the scan rate (v, in V/s). In CV, when
a set potential is reached the working electrode’s potential ramp is inverted, as it is
show in the waveform of figure 4.19. This cycle can happen multiple times during a
single experiment.
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Figure 4.19. Typical triangular waveform applied potential in CV experiments.
For an example where only the reduced form of the species is initially

present the basic shape of the current response for a cyclic voltammetry
experiment is shown in figure 4.20.
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Figure 4.20. Typical cyclic voltammogram for a reversible process.

At the start of the experiment, the bulk solution contains only the reduced
form of the redox couple (Red) so that at potentials lower than the redox potential,
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i.e. the initial potential, there is no net conversion of Red into Ox, the oxidised form
(point A). As the redox potential is approached, there is a net anodic current which
increases exponentially with potential. As Red is converted into Ox, concentration
gradients are set up for both Red and Ox, and diffusion occurs down these
concentration gradients. At the anodic peak (point B), the redox potential is
sufficiently positive that any Red that reaches the electrode surface is
instantaneously oxidised to Ox. Therefore, the current now depends upon the rate
of mass transfer to the electrode surface and its intensity decreases as the
concentration of the analyte is depleted close to the electrode surface (and
thickness of the diffusion layer increases with time) which results in an asymmetric
peak shape.

Upon reversal of the scan (point C), the current continues to decay until the
potential nears the redox potential. At this point, a net reduction of Ox to Red
occurs which causes a cathodic current and produces a peak shaped response
(point D).

For a reversible process, the cathodic and anodic peak currents are equal in
magnitude (|i,c| = |ipa]) @and its value increases linearly with the square root of the
scan rate (v), as expressed by the Randles-Sevcik equation:

ip = (2.69 x 10°)n*2ADY%Y2C [25°C]

where n is the number of electrons involved in the redox process, A is the
area of the electrode (cm?), D is the diffusion coefficient (cm?s™!) and C the
concentration (mol-cm™) of the electroactive species. i, and v units are amperes
and V-s?, respectively.

In a reversible system, E; is independent of scan rate and the peak potential
separation (AE, = Ep; — E,c) observed in the cyclic voltammogram is equal to 57/n
mV, where n is the number of electron equivalents transferred in the redox process.
By decreasing the reversibility, the difference between the two peak potentials
increases.

4.6.2. Linear sweep voltammetry at Rotating Disk Electrodes

Rotating disk electrode (RDE) is a disk of electrode material imbedded in a
rod of insulating material that is attached to a motor so it can be rotated at a
certain frequency (usually described in terms of angular velocity). In this system,
the solution away from the electrode is uniformly pumped towards the disk (figure
4.21.A), so that the convective regime is well defined. Thus, the mass transfer to
and from the electrode can be treated theoretically by hydrodynamics.

The rotation of the electrode keeps the thickness of the diffusion layer time-
independent, so a steady limiting current is obtained. Hence, the current-potential
curve at the RDE is S-shaped and has a potential-independent limiting current
region, as shown in the graphic of figure 4.21.B.
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Figure 4.21. A) Schematic representation of the flow near a rotating disk.
B) Typical current-potential curve for a voltammetry with rotating disk electrode.

The limiting current ij (A) is expressed by Levich equation if it is controlled by

mass transfer:
= 0.62 nErr’w'/?v-1° D3 C

where n is the number of electrons involved in the redox process, F is the
Faraday’s constant, r (cm) is the radius of the disk electrode, @ (rad-s™') is its
angular velocity, v (cm?-s7!) is the kinematic viscosity of the solution, D (cm?.s™') is
the diffusion coefficient of electroactive species, and C (mol-cm™) is its
concentration. The limiting current is proportional to the square root of the rate of
rotation.

4.6.3. Staircase voltammetry and differential pulse voltammetry

Differential pulse voltammetry (DPV) is considered as a derivative of
staircase voltammetry, in which the potential sweep is a series of stair steps. Thus,
the applied waveform involves a series of potential pulses, as shown in figure
4.22.A. The current is measured immediately before each potential pulse is applied
(i) and immediately before the pulse ends (i,), and the difference between these
current responses (ip-iy) is used to produce the voltammogram (Figure 4.22.B)
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Figure 4.22. A) Diagram of the potential waveform used in DPV. B)
Differential pulse voltammogram.

With this technique the charging current (noise) at the electrode is
minimized so a high sensitivity is achieved.
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Differential pulse voltammograms show symmetrical peaks for reversible
reactions and the peak current is proportional to the concentration.

4.6.4. Chronoamperometry

Chronoamperometry is an electrochemical technique in which the potential
of the working electrode is stepped largely enough to cause an electrochemical
reaction and the resulting current is monitored as a function of time. Diagram of
the excitation waveform used in chronoamperometry is shown in figure 4.23.A.
Figure 4.23.B shows the current vs time response generated in this type of
experiments.
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Figure 4.23. A) Diagram of the step potential used in chronoamperometry.
B) Current vs. time response generated in a chronoamperometric experiment.

The electrode is initially held at a potential E; that does not cause oxidation
or reduction of molecules in the solution. The potential is stepped to a value (E;)
that causes the immediate and complete reaction of any molecule in contact with
the electrode. Hence, the concentration of the substance at the electrode surface
goes immediately to zero, creating a concentration gradient between the electrode
surface and the bulk solution that initiates diffusion of the substance towards the
electrode. For diffusion controlled reactions the current-time relationship is known
as Cottrell equation:

I' — I’IFAD1/2C7Z' 7/2t—7/2

where all the variables have the same meaning as before.

4.7. Considerations before getting started

For a successful electrochemical measurement several aspects should be
considered before starting an experiment.

An important factor when using gold electrodes is the dependence of the
response (in terms of activity, stability and reproducibility) on the electrode surface
features such as lattice system, topography and roughness. In addition properties
of gold substrate play also an important role in the self-assembly process of thiol
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monolayers. Accordingly, the use of such electrodes requires precise and specific
surface electrode pretreatment in order to obtain good results.

A great number of thermal [11,12], mechanical [13,14] and electrochemical
[11-13,15-17] gold electrode pretreatment procedures have been described in the
literature. In this work a mechanical polishing with alumina was firstly applied
followed by an electrochemical cleaning under acidic conditions.

Cycling the electrode potencial in a 0.1 M sulfuric acid solution until a stable
CV scan is achieved is a very common electrochemical cleaning technique [18,19].
Potential was cycled from —0.35 to 1.5 V (vs. SCE) at a rate of 4 V-s™! until the CV
becomes stable. Between these limits the cyclic voltammogram of clean gold shows
an oxidation peak at +1.3V (vs. SCE) and a reduction peak at +0.9V (vs. SCE)
corresponding to gold oxide formation and reduction (Figure 4.24). Furthermore,
any residue of organic adsorbed material is removed during repeated oxidation and
reduction of the gold. By finishing the scan at a negative (or low enough) potential
an oxide-free gold surface was ensured.

In addition oxygen adsorption measurement can be used as a reliable
method to calculate the electrochemical surface area of gold electrodes [20-22].
Usually, calculations of the real surface area, commonly expressed as a roughness
factor, are based on the assumption that a monolayer of chemisorbed oxygen with
a gold:oxygen ratio of 1:1 has been formed. The charge required for the reduction
of this monolayer (Qsw) is about 400 puC-cm for polycrystalline gold [23-25]. Then,
real electrochemical surface area is expressed as the ratio between the charge of
the gold oxide reduction presented on the studied electrode surface (Qauo,
determined by integration of the gold oxide stripping peak from the voltammetric
curves) and Qgyg.

In figure 4.24 a voltammetric curve of a gold electrode in 0.1 M H,SO, is
shown. In the case illustrated in this graphic the scan was registered between 0.2
and 1.5 V (vs SCE) at a scan rate of 100 mV-s'! after the multiple cycling explained
above.
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Figure 4.24. CV of a cleaned gold electrode in 0.1 M H,SO,4 at 0.1 Vs,
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The area of the section marked with dotted lines corresponds to the charge
required for stripping of the gold oxide monolayer formed. In this example a gold
disk electrode of 5 mm of diameter was used and the roughness factor calculated
as mentioned before gave a value of 2.5.

Before running any cyclic voltammetry study of electroactive species, it is
very important to deaerate the electrolyte solution to avoid formation of oxide in
the gold surface. Extensively bubbling of electrolyte solution with argon was
performed before each experiment.

4.8. Study of a reversible redox reaction with different
electrochemical techniques

In order to be properly introduced to theoretical electrochemical responses,
the behaviour of a reversible redox reaction was studied with the techniques
explained before. One of the most common redox reaction used to illustrate a
reversible electrochemical response is the reduction of the ferricyanide ion to
ferrocyanide:

[Fe(CN)6]3- (aq) T €- > [Fe(CN)6]4- (aq)

It is known that for this redox process, kinetics of electron transfer are fast
and the mass transport is the major component which determines the reaction rate.

Firstly, cyclic voltammetry experiments of 10 mM K;Fe(CN)g in 1 M KNOs3 (5q)
supporting electrolyte were run between 0.3 and -0.4 V (vs Hg/Hg,S0,, K,S0,4) at
different scan rates. In figure 4.25 the cyclic voltammogram obtained at a sweep
rate of 20 mV-s! is shown.
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Figure 4.25. CV of 10 mM K3Fe(CN)g in 1 M KNO3 (5q) at 20 mV-s'!.Parameters
calculated for each voltammogram are depicted in the graphic.

Peak separation as well as ratio between cathodic and anodic peak current

can be used to determine the reversibility of the redox reaction. As mentioned
before, for a reversible process where one electron is transferred (n=1) the AE,
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must be 59 mV and i,/i,, equal to one. In this case, AE, = 70 mV and iy./ip, = 0.96,
which means that the system presents a small deviation from reversibility.

On the other hand, the Randles-Sevcik equation predicts that the peak
current of a reversible redox process plotted against the square root of the scan
rate must vary in a linear fashion. Figure 4.26 indicates that the voltammetric
response of hexacyanoferrate (II/III) is indeed linearly dependent on the square
root of the scan rate between 10 and 500 mV-s™%,
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Figure 4.26. Voltammetric peak current dependence on sweep rate. Cathodic
peak current is represented by blue diamond square data markers and anodic peak
current by pink square data markers. Linear fit for these latter is shown in the
graphic but nearly identical slope from linear regression analysis of the cathodic
peak current was obtained.

The slope of the resulting line is proportional to the diffusion coefficient,
which can be calculated from the Randles-Sevcik equation. D was determined to be
4.4-10° cm?-s’!, which is not very different from the literature value reported of
6.5:10° for 2 mM ferricyanide in 1M KNO5 [26,27].

In the following experiment, chronoamperometry was also used to
determine the diffusion coefficient. Potential was stepped from 0.3 V (vs
Hg/Hg,S0,4, K,S0,), where all the molecules are in the oxidized state, that is
[Fe(CN)¢]*, to -0.4 V. This latter value is almost 200 mV more negative than the
Epoc so species at the electrode surface will be immediately reduced and rate
reaction will be controlled by diffusion. When this factor governs the system, the
current is proportional to the inverse of the square root of time and D can be
calculated by simply rearranging the Cottrell equation. Figure 4.27.A shows the
chronoamperogram obtained after the step potential. In figure 4.27.B the plot of i
vs t'¥/2 shows a linear relationship.
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Figure 4.27.A. Chronoamperogram obtained after the potential was stepped

from 0.3 V to -0.4 V (vs Hg/Hg,S0,, K,S0,).
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Figure 4.27.B. Plot of i vs t'¥/2 and the linear regression analysis determined
for the data set.

Calculation of D from the slope of the graphic above and Cottrell equation
gave a value of 6.7 cm?s*, which in this case is almost identical to the literature
value.

Finally, the reduction of ferricyanide in this system was investigated by
linear sweep voltammetry at a rotating disk electrode. Potential was linearly
ramped between 0.3 and -0.4 V (vs Hg/Hg,S0,, K,S0,), with a scan rate of 20
mV-s! in a series of experiments in which the electrode was rotated at different
frequencies (from 100 to 3000 r.p.m). As predicted by Levich equation, for a simple
mass-transport-limited electron transfer the current depends on the angular
rotational velocity (o). In figure 4.28.A the current-potential curves registered at
different angular velocities are shown. In graphic of figure 4.28.B it can be seen
that the value of the steady limiting current increases linearly with the square root
of the angular velocity, as predicted for a mass transport controlled reaction.
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Figure 4.28.A. Graphic showing the current-potential curves registered at
different angular velocities.
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Figure 4.28.B. Plot of the steady limiting current versus the square root of
the angular velocity. The linear dependence was clearly observed, as expected.

In this case, the value of D was calculated from the slope of the graphic of i

vs o'/2 after rearranging the Levich equation and resulted in 9.2 cm?-s™.

4.9. Formation and electrochemical characterization of a thiol
self-assembled monolayer on gold.

In this section the modification of a gold electrode with an alkanethiol self-
assembled monolayer (SAM) and their electrochemical characterization will be
addressed. Scheme 4.29 illustrates the SAM of thioctic acid (TA; 1,2-dithiolane-3-
pentanoic acid) on a gold electrode exploited in this study.
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Scheme 4.29. Thioctic acid self-assembled monolayer on a gold surface.

Thioctic acid was covalently bound to the gold surface via the chemisorption
of thiol groups to gold. The SAM was prepared by simple dipping of the gold
electrode in a 1 mM solution of thioctic acid in EtOH during 24 hours. After the self-
assembly step the electrode was thoroughly rinsed with EtOH to remove
physisorbed molecules.

The electrodes covered with thioctic monolayers were subjected to
voltammetric studies in the presence of a standard redox system to obtain
information on the compactness of the monolayer and the presence of functional
groups. Since electron transfer of ferricyanide is highly sensitive to the coverage of
the gold surface, the redox couple Fe(CN)s>/ Fe(CN)¢* was selected as a probe to
study the adsorption of the thioctic SAM at the gold electrode.

Figure 4.30 shows the response of 1 mM Fe(CN)¢*, in 0.1 M KH,PO, at pH
7.4, on the bare and on the TA-modified gold electrode. Cyclic voltammetry shows
a reversible response on bare gold while no electrochemical response is observed in
the case of thioctic-modified electrode showing the complete blocking of the surface
by the attached SAM and demonstrating that this layer is almost defect-free. At this
pH the monolayer carboxylate head groups are predominantly negatively charged
so the access of Fe(CN)s> to the gold electrode is efficiently inhibited by
electrostatic repulsion which completely prevents the electron transfer in the
reduction peak current.
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Figure 4.30. Comparison of cyclic voltammetric response for 1 mM Fe(CN)¢>,
in 0.1 M KH,PO, at pH 7.4 at a gold electrode with (b, green line) and without a
thioctic monolayer (a, blue line). Scan rate: 50 mV-s™.
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It has been reported in literature, that the permselectivity (defined here as
the ability to suppress the response of electroactive ions present in solution) of the
TA monolayer electrodes can be controlled by the solution pH and the charge
density at the monolayer/solution interface [28-30]. Thus, TA monolayers display
different permselectivity depending on the degree of protonation of the carboxylic
acid group in agreement with a pKa of ~ 6.5 for TA in a SAM [31,32].

When CV is performed with 1 mM Fe(CN)¢>, in 0.1 M KH,PO4 at pH 5 the
probe molecules were only partially prevented from penetrating through the
monolayer and a weak cathodic and anodic peak current were observed. Due to the
partial blocking effect, the electrochemical reversibility of the Fe(CN)s>/ Fe(CN)s*
redox couple is greatly diminished, as is reflected in voltammogram of figure 4.31.
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Figure 4.31. Cyclic voltammogram for 1 mM Fe(CN)¢>, in 0.1 M KH,PO, at
pH 5 at a gold electrode with a thioctic monolayer. Scan rate: 50 mV-st.

The surface coverage (I') of SAM-forming molecules can be estimated by
their electrochemical reductive desorption under basic conditions. The
electrochemical reduction of thiols from gold electrodes has been extensively
studied [33-36]. The covalent bond formed between gold and the thiol group is
electrochemically reducible according to the following reaction:

R-S-Au + e > AU’ + R-S°

Electrochemical desorption was performed by cyclic voltammetry of a freshly
prepared TA SAM in a deaerated 0.50 M KOH solution from -1.2 to -1.8 V (vs
Hg/Hg,S0,, K,S0O,4). The voltammogram obtained (figure 4.32) exhibits one wave
characterized by a peak potential of -1.4 V, which is in good agreement with earlier
studies [37].
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Figure 4.32. First (red line) and second (blue line) cyclic voltammograms for
the reduction of the Au-S bond in the thioctic SAM in a 0.50 M KOH aqueous
solution at 50 mV-s'!. Area under reduction peak is illustrated by parallel lines.

By repetitive scans, the current intensity decreased, reflecting the reduction
of sulfur-gold bonds and consequently, the loss of material assembled to the
surface.

The surface coverage (I') was calculated by integrating charges (Q) passing
on the reduction peak (first scan), according to the following equation:

I'=Q/nFA

where A is the electrode surface area, F is Faraday’s constant, and n is the
number of electrons involved in the electrode reaction [10].

I was determined to be 9,8:107'° mol-cm™, which is within the range for a
typical adsorbate coverage of a SAM modified surface (107'° to 10 mol- cm™).

4.10. Immobilization of oligonucleotides on gold electrodes

Reported conditions for modification of gold surfaces with thiol-modified
oligonucleotides have varied widely among different examples published in the
literature. Hence, very different DNA concentration, saline buffer conditions and
incubation time have shown to give good results for DNA-SAMs formation [38-42].

On the other hand, it has been previously pointed out by some authors that
not only thiol but also disulfide-modified oligonucleotides are suitable for covalent
linking to gold surfaces. Disulfide bonds are cleaved spontaneously during the
process of adsorption and gold-sulfur bonds are formed [7,8].

Thus, in early experiments in this work, oligonucleotides were used directly

for gold functionalization without performing previous disulfide bond reduction.
Self-assembly of disulfide-modified oligonucleotides was carried out by treating gold
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electrodes with ODN (*-disulfide-15C and 15Ccompl->"-disulfide) solutions at
two different concentrations (30 and 300 uM) in phosphate buffered saline (PBS;
0.1 M phosphate, pH 7.4) at room temperature during 20 hours. Several studies
have reported the use of Mg?* to create densely packed DNA films by screening the
electrostatic repulsion between phosphate backbones of adjacent strands. In this
work immobilization in both absence and presence of Mg?* (4 mM) was examined.
All used conditions are summarized in Table 4.33. The electrodes were extensively
rinsed with water to remove physisorbed molecules.

Sequence [ODN] / uM | MgCl, | KCI
15Ccompl->-disulfide 300 -- --
15Ccompl->-disulfide 300 4mM | --
15Ccompl->-disulfide 30 -- --
15Ccompl->-disulfide 30 4mM | --

¥-disulfide-15C 300 4mM | --
¥-disulfide-15C 30 4mM | --
¥-disulfide-15C 30 4mM | 1M

Table 4.33. Different immobilization conditions used in this study.

Adsorption of oligonucleotides was studied by CV and the redox behaviour of
the Fe(CN)¢¥/ Fe(CN)¢* couple was used to probe the packing structure of the
monolayer, based on the fact that DNA strands can inhibit electron transfer by
electrostatic repulsion between their phosphate groups and ferricyanide. In figure
4.34 a comparison of cyclic voltammograms for 1 mM Ks[Fe(CN)g] in 0.1 M PBS of
pH 7.4 at a bare gold electrode and at one with the DNA-modified surface is shown.
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Figure 4.34. Cyclic voltammograms a) at a bare gold electrode and b) at a
gold electrode incubated with a 30 pM solution 15Ccompl-5-disulfide in 0.1 M
PBS of pH 7.4 containing 4 mM MgCl,. The electron transfer is clearly inhibited in
the case of DNA-modified gold. Scan rate: 50 mV-s™.

For all immobilization tested conditions no signal of redox reaction was

observed which means that access of Fe(CN)s>™ to the gold electrode is efficiently
prevented by the film, which causes a complete inhibition of electron transfer.
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According to other authors this implies essentially complete coverage by the thiol-
terminated DNA.

However, electrochemical reductive desorption of the DNA SAMs showed no
appreciable peak in the zone of the sulfur-gold reduction potential. This suggested
that in all cases the blocking layer was might formed mostly by ODNs that were
bound non-specifically to the gold surface.

In a study published by Herne and Tarlov [43] it is pointed out that DNA can
be adsorbed nonspecifically on gold surfaces via nitrogen interactions of nucleotide
bases. The authors observed that non thiolated DNA is adsorbed strongly on gold
surface and it can not be removed by extensive rinsing with buffer or water or even
heating the gold to 759C, as other authors had proposed [44].

In this work, study of unspecific adsorption was assessed with nonthiolated
oligonucleotides. Immobilization of the same sequence without disulfide group
(ODN 15Ccompl) was performed using the same conditions as before. Incubation
of gold electrodes with non modified DNA also resulted in a blockage of electron
transfer and consequent suppression of ferricyanide response (figure 4.35, blue
line), which demonstrates that surface was completely covered by non-specifically
bound DNA. This unspecific adsorbed DNA still remained after rinse extensively with
high ionic strength solution (3M KCI), in agreement with Herne and Tarlov
observations.
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Figure 4.35. Cyclic voltammograms a) at a bare gold electrode (g=5 mm)
and b) at a gold electrode treated with a 30 uM solution of nonthiolated ODN
(15Ccompl) in 0.1 M PBS of pH 7.4 containing 4 mM MgCl,. Suppression of
ferricyanide redox wave is clearly observed. Scan rate: 100 mV-s™.

In order to remove the nonspecifically bound ssDNA the nonthiolated-
modified gold surfaces were exposed to an aqueous solution of 2 mM
mercaptoethanol (MCE) for 2h. Previous studies have reported that short chain
alkanethiols displace nonspecifically adsorbed DNA but they do not alter thiolated-
oligonucleotides covalently bound through the sulfur atom [43]. On the other hand,
SAMs of short chain thiols with polar groups facing the solution allow the
ferricyanide to approach to the gold surface and are permeable to electron transfer.
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The CV obtained with a 1 mM K;5[Fe(CN)s] in 0.1 M PBS of pH 7.4 at
nonthiolated-DNA modified gold electrodes showed a reversible wave after
treatment with MCE (Figure 4.36, blue line) which demonstrates that nonspecifically
bound oligonucleotides have been efficiently removed and a MCE SAM has been
formed. The use of mercaptohexanol (MCH) gave also good results.
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Figure 4.36. Cyclic voltammograms obtained at a gold electrode modified
with nonthiolated oligonucleotides a) before and b) after MCE treatment. Scan rate:
100 mV-s,

Thus, MCH was used after immobilization of R-S-S-ODNs to replace the
weaker adsorptive contacts between nitrogenated DNA bases and gold surface and
to leave the ODNs tethered primarily through the thiol groups, as represented
schematically in figure 4.37. In addition, this approach promotes the vertical
orientation of the covalently bound oligonucleotides.
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Figure 4.37. Schematic representation of the displacement of non specific
interactions between DNA and gold surface by MCH treatment.

According to this scheme, mixed SAMs containing a high proportion of
covalently attached DNA should result in a diminished ferricyanide redox response.
However, cyclic voltammetry of the ferricyanide solution at the gold electrodes that
had been firstly incubated with disulfide-oligonucleotides and secondly with MCH
resulted in a quasi-reversible redox wave which implies that immobilization protocol
used in this work gave very low DNA density SAMs and most of the surface was
functionalized with MCH (which allows electron transfer). Some studies also
reported low surface coverage when using disulfide modified ODNs [44].
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So a second protocol for DNA SAM formation was probed, which consisted in
reduction of the disulfide bridges with tris[2-carboxyethyl] phosphine (TCEP)
immediately before oligonucleotide immobilization on cleaned gold electrodes. A
similar procedure to the one employed by Plaxco et al. [45] with small variations
was used. Thus, 1 ul of 300 uM disulfide-modified DNA sequences was mixed with 2
ul of 10 mM TCEP and incubated at r.t. for 2.5 hours to reduce the disulfide bond.
Then, samples were diluted to a total volume of 20 or 200 pl with PBS (pH=7.2; 10
mM KH,PO, with 1M KCl and 1 mM Mg?*).

In this case the ferricyanide redox reaction was blocked even after
treatment of gold electrodes with MCH which means that most of the DNA had been
attached through thiol-gold bonds.

Effect of TCEP pretreatment on disulphide-protected ssDNA in immobilization
efficiency was also analyzed by reductive desorption in 0.5 M KOH. In this case a
more prominent reduction peak was observed at sufficiently negative potentials
(figure 4.38).
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Figure 4.38. Reductive desorption of *-thiol-15C in 0.5 M KOH from a gold
electrode. Scan rate: 100 mV-s™.

The surface coverage was calculated by integration of reduction peak and it
was determined to give a value of 9.5-107° mol/cm?.

This technique, although useful to verify and quantify SAM formation, is
destructive and does not allow the further use of the electrodes, so it was only used
to probe the SAM formation and assume that equivalent SAMs were formed in
subsequent experiments when using the same conditions.

The next step was the hybridization of the immobilized oligonucleotides with

their complementary strand and electrochemical detection of the formed duplexes,
as detailed in the following section.
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4.11. Electrochemical study of DNA hybridization

After treatment with MCH, ssDNA-modified electrodes (ssDNA/Au) were
hybridized with a 30 uM solution of complementary strand (ODN 15Ccompl) in PBS
(pH=7.2; 10 mM KH,PO,4 with 1M KCl and 1 mM Mg**) for a minimum of 4 h and a
maximum of 24h at room temperature. Thus, the dsDNA modified electrode
(dsDNA/Au) was obtained. The dsDNA/Au was rinsed with water and subsequent
electrochemical detection of hybridization was performed.

There are several electrochemical methods to detect DNA hybridization, the
use of electroactive hybridization indicators being the most commonly used. These
indicators are cationic metal complexes, like Co(bpy)s®* [46], Co(phen)s3* [47-49]
and Ru(bpy)s;** [39,50], or intercalating organic compounds, like daunomycin
[51,52] or methylene blue [38,53-57]. The electrochemical responses of these
labels or indicators change upon DNA hybridization.

In this work the hybridization with complementary DNA on gold electrodes
was studied using methylene blue (MB), which has received considerable attention
in previous studies as an electroactive indicator of DNA hybridization [38,53-57]
showing good voltammetric behaviour. This aromatic heterocycle binds dsDNA
through intercalation and its electrochemical reduction to leucomethylene blue (LB)
occurs over electron transfer mediated by DNA double helix (Figure 4.39).
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Figure 4.39. A) Redox reaction of methylene blue (MB™) to give the reduced
leucomethylene blue (LB). B) Schematic representation of intercalated MB
reduction.

Other interaction modes between DNA and MB have been described. The
cationic charge of MB causes DNA binding affinity by electrostatic interaction with
anionic phosphate backbone. Strong interaction with the guanine bases has also
been reported by some groups [54,58]. Possibly due to the existence of such
different interactions, some reports in the literature concerning MB-based DNA
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sensing strategies are even contradictory. Thus, Ozsoz et al. observed a decrease
in the current signal of MB when hybridization reaction occurs due to inaccessibility
of MB to the guanines [54]. In contrast, Ju et al. reported an increase of MB redox
signal after DNA hybridization, due to the intercalation process [55].

It must be considered that conformations of DNA strands at surfaces are
critical for MB electrochemistry [59], what might be the reason for the discrepancy
in literature. For example in the report of Ozsoz, DNA lays down on carbon paste
electrodes whereas that other studies reporting increase of MB signal upon
hybridization work with DNA assembled in a vertical disposition, as is likely the case
of the densely packed DNA SAMs employed in this work. Maybe for this reason,
experiments performed in this section are in agreement with the results reported in
these latter studies, as it is explained below.

Firstly, accumulation process of MB was performed at ssDNA/Au. Reaction
with MB was carried out by immersing the DNA-modified gold electrodes into PBS
(pH=7.2; 10 mM KH,PO, with 1M KCl and 1 mM Mg?*) containing 1 mM MB for
2,5h. After accumulation of MB, electrodes were rinsed thoroughly with water to
remove physically adsorbed molecules.

The reduction signal of MB was measured in 0.1 M PBS of pH 7.4 electrolyte
solution by differential pulse voltammetry (DPV). Then, the modified electrode was
removed from the electrochemical cell, washed with water and hybridization with
the complementary strand was performed as detailed before. DPV was registered
after the hybridization step.

Figure 4.40 shows a comparison between the peak reduction current of MB
accumulated at 3’-thiol-15C/Au before and after hybridization (4h at r.t) with the
15Ccompl ODN strand.
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Figure 4.40. Differential pulse voltammograms of MB accumulated at a)
ssDNA/Au and at b) dsDNA/Au. Hybridization of 3’-thiol-15C attached to gold was
carried out with a 30 uM solution of 15Ccompl in PBS (pH=7.2; 10 mM KH,PO,
with 1M KCl and 1 mM Mg?*) for 4 h.
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It was found that the peak current of MB at dsDNA/Au was 3-fold higher
than at ssDNA. This is in agreement with a situation concerning electrostatic
interaction of MB with ssDNA and both electrostatic and intercalative binding with
dsDNA. Interestingly, the redox potential shifted slightly to more negative values at
dsDNA modified electrode, which suggested that MB binds more strongly to dsDNA
than to ssDNA as had been previously reported in other studies [59].

Once electrochemistry of MB bound to DNA-modified electrodes was studied
and hybridization was probed, the electrochemical behaviour of copper within
cyclam-modified ODNs at gold electrodes was subsequently analyzed.

4.12. Electrochemical study of copper interaction with cyclam-
modified DNA

Although charge transport through DNA has been extensively studied over
the last years [60-64], an understanding of the exact conduction mechanism is still
required. Hence, different observations among studies found in literature have
reported DNA to display metal-like conductivity properties [65,66], to behave as a
semiconductor [62,67] or even as an insulator [68]. Electrical conductance
measurements to the single molecule level carried out previously in the group of
Dr. Schiffrin demonstrated that electrical conductance can be performed on both
single- and double-stranded structures, but the marked increase in this latter
indicates that base pairing and stacking that occurs in DNA duplexes plays a vital
role in the charge transport phenomenon. The sensitivity of electron transfer to
base stacking has also provided the basis for sensors applications and
electrochemical DNA mismatches detection [69-71].

Concerning the importance of different electron transfer properties through
different DNA structures the redox behaviour of copper bound to cyclam-modified
oligonucleotides was studied in both ssDNA/Au and dsDNA/Au systems.

Thus, single DNA strands attached to gold electrodes were incubated with
CuS0, and analyzed by CV prior to the hybridization step. In the same way that
occurs with methylene blue, the cationic Cu®* could interact with cyclam-ODNs not
only by chelation with the crown but also through guanine coordination or
electrostatic interaction with phosphate backbone.

Figure 4.41 summarizes the different steps that have been followed in order

to get a first insight into electrochemical behaviour of copper bound to cyclam-
modified oligonucleotides attached to gold surfaces.
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Figure 4.41. Two different systems have been used in this study. A) The
cyclam is tethered to the ODN that is complementary to the one that is covalently
linked to the electrode. B) The cyclam is tethered to the ODN that is directly linked
to the electrode.

According to the scheme indicated above, several redox processes could be
expected:

Cu?*+e- &2 Cut
Cut+e-z Cu

which in addition can take place within different environments, depending on
if copper ions are coordinated to nitrogen atoms of cyclam, interacting with
guanines or unspecific bound to negative DNA backbone.

Before performing any CV experiment, it must be taken into account that
reversibility criteria are different for electroactive species bound to electrode
surfaces that for species dissolved in electrolyte solution. It has been described that
for an ideal nerstian adsorbate layer E,,=E., and that the width at half-height of
either redox peak is given by 90.6/n mV. The peak current is proportional to the
scan rate (v), in contrast to the v/? dependence observed for nerstian waves of
diffusing species, and is expressed by the following equation:

22
ip 4§ UAFO

where I'o* is the coverage of the adsorbed monolayer and the rest of the

variables have the same meaning as before (section 4.5).

Firstly, gold electrodes were functionalized with thiol-modified

oligonucleotides with and without crown. Hence, 15Ccompl->-disulfide and 3-
disulfide-15C->-crown1 (from the sample complexed previously with Cu®*) were
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treated with TCEP to reduce disulfide bonds and attached to gold electrodes. After
treatment with MCH to remove nonspecific bound DNA strands, cyclic voltammetry
was performed between 0.5 to -0.5 V (vs Ag/AgCl, 3M NacCl) in 0.1 M KH,PO, at pH
7.4.

In neither case redox waves were obtained. The absence of signals for the
case of cyclam-15C/Au can be due to inefficient electron transfer through ssDNA or
to a loss of the chelated copper during the modified electrode preparation.

Secondly, both electrodes were incubated with a 10 mM solution of CuSQ, in

H,O during 4 hours at room temperature and rinsed finally with water. Cyclic

voltammetry after this step showed also no signal. However, a change of

capacitance (related to the charging current observed in absence of electron

transfer) was observed (figure 4.42), likely due to electrostatic interaction with

ODN backbone and the consequent increase of the dielectric constant of the
monolayer.

2.0x10° 4

1.5x107° 1

1.0x107°

5.0x10° 1

i/A 004

-5.0x10° 1

-1.0x10°

-1.5x10°

-2.0X10-5 T T T T T T T T
-0.4 -0.2 0.0 0.2 0.4

E /V (vs Ag/AgQCI, 3 M NaCl)

Figure 4.42. Comparison of CV obtained at gold electrodes modified with
system A and B before (A and B lines) and after (A’ and B’ lines) treatment with
copper sulphate. Although no redox wave signal is observed an increase in
capacitance is shown.

Similar observations were made by Rubinstein and co-workers who prepared
SAMs of bishydroxamate ligands that are able to bind Cu®** [72] as well as by
Reinhoudt et al., who reported an increase of the capacitance of self-assembled
monolayers of crown ether adsorbates after complexation of metal ions [73].

The next step consisted in hybridization of ODN strands attached to gold
electrodes with their complementary targets. In this way, cyclam will be linked to
gold surface through dsDNA, so a better electron transfer from electrode to
chelated Cu?* is expected.
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Prior to incubation of the new dsDNA/Au with a 10 mM CuSO, solution no
signal is observed. After treatment with the copper sulphate solution, a weak signal
is observed for the case of system B, where cyclam is linked to the ODN that is
directly attached to the gold surface, but it disappears after the first scan. By
contrast, a pronounced cathodic peak is observed in the case of system A, where
cyclam is tethered to the hybridized strand. Two small anodic peaks were also
observed in the reverse scan which may be associated with the oxidation of copper
metal.

In figure 4.43 the cyclic voltammograms at gold electrode modified with
system A registered at different scan rates between 0.5 to -0.5 V (vs Ag/AgCl, 3M
NacCl) in 0.1 M KH,PO,4 at pH 7.4 is shown.
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Figure 4.43. CV at gold electrode modified with system A. Cathodic peak
appears at different potential values depending of the applied scan rate.

Whereas no shifting in anodic peaks potential is observed in all registered CV
experiments, the potential value of the cathodic peak presents a high variability as
function of the scan rate.

The high separation between peaks and change of E, as a function of scan
rate indicates the presence of a chemically irreversible electrochemical reaction.
Reduction in size of anodic peaks in the reverse scan respect to the cathodic peak
seems to indicate little reconversion of reduced species to the oxidized state. This
could be due for example to metallic copper deposition onto electrode surface which
is not entirely dissolved back.

Results obtained from multiple cycling showed that the peak current in the
first scan cycle was significantly different from those in the subsequent cycles.
Figure 4.44 shows a comparison between the first and second scan at different
sweep rates. It can be seen that this difference is more pronounced the higher the
scan rate is.
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Figure 4.44. Comparison between the first (black line) and second scan (red

line) at A) 0.1 V-s'!, B) 0.05 V-s™* and C) 0.02 V-s'%.

It should also be commented that a slight increase in cathodic peak current
with repeat scanning was observed (Figure 4.45) which seems to support the
hypothesis of formation of metallic copper film.
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Figure 4.45. Increase in cathodic peak with sequential scanning. CV was
performed at 0.1 V-s'! (A) and at 0.05 V-s! (B).

A second set of experiments were performed in which the potential window
was shortened and applied from 0.1 V to -0.5 V (vs vs Ag/AgCl, 3M NacCl). In this
case a large displacement of E,. was revealed (figure 4.46). On the other hand, the
effect of multiple cycling is different. While a slight increase in cathodic peak had
been previously observed, in this case the second scan made the peak to decrease,
as is shown in voltammograms of figure 4.46.
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Figure 4.46. Cyclic voltammograms obtained when using a shorter potential
range at 0.2 V-s'! (A) and at 0.1 V-s* (B). Redox response obtained when using the
large potential window is shown for comparison (dashed black line).

These differences could be related with the fact that reverse scan ends
before the second anodic peak appears so reoxidation of reduced species is
incomplete.

After collection and analysis of all these electrochemical data it seems that
copper ions clearly showed an electrochemical signal after binding with our system
but the complexity of voltammetric response at the cyclam-dsDNA/Au electrodes
does not allow a good and reliable characterization of the system. Thus, a further
detailed study is needed to get a deep understanding of copper-cyclam-DNA
interaction mode.

Cyclic voltammetry technique presents some limitations that could be
important for this project. For example, as electron transfer rate between gold and
copper ions are usually thought to decrease exponentially with distance [72], the
change in measured voltammetric response after multiple cycling could be also due
to small changes in the orientation of the SAM, caused by high voltage variation.

Another serious limitation is that the possible processes should show redox
response in the accessible potential range which, in the system used in this project,
is quite restricted. If the voltage would be swept further to very negative values the
thiolated ODNs could be desorbed from the gold surface. On the other hand if a
very positive potential was applied electrochemical oxidation of DNA could occur
[74-77].

In addition, cyclic voltammetric data for the reduction of copper inserted
within cyclam are only available as diffusing species in non-aqueous solution. Due
to poor solubility of cyclam in water, 0.1M TBAHP in ACN was used as supporting
electrolyte in previous studies where the redox behaviour of copper-cyclam in
solution was studied. Hence, these data can not be used as a reference to ensure
that the interesting redox processes occur in our potential range. To solve this
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problem, CV experiments should be performed with the cyclam crown covalently
attached to gold electrodes through a thiolated arm and compare the copper
behaviour in this SAM with the one in which cyclam is linked to gold through DNA.
Currently, the synthesis of cyclam whith a pending thiolated alkyl arm is being
addressed by a PhD student at Dr. Schiffrin research group.

4.13. Conclusions

The synthesis of ODNs carrying Cu(II) complexes has been described.
Several sequences were functionalized with a bromohexyl group and conjugated to
two different copper tatradentate ligands by nucleophilic substitution.

These modified DNA strands were immobilized to gold electrodes either
directly, by covalent attachment though sulfur-gold bonds or indirectly, through
hybridization with a complementary strand linked to the electrode surface.
Electrochemical studies were performed with both systems.

Only cyclic voltammetry with the latter presented electrochemical signals
corresponding to redox processes of copper ions, probably due to a better electron
transfer through this system. However electrochemical response changed
significantly depending on measurement conditions (number of scans, scan rate,
applied potential range) so a further detailed analysis is needed for a better
characterization of the different redox processes.

A SAM of thiolated copper ligands attached to gold surface without DNA
linkers should be studied and ongoing research is focused in this point.
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CHAPTER 5

Synthesis of a Novel DNA Structure Able to Form
Stable Monomolecular Quadruplexes:

Effect of 8-amino-guanine Substitutions






5.1. Introduction

Guanine-rich DNA sequences are able of forming a non-canonical four-
stranded topology called the G-quadruplex. These structures are based in the G-
tetrad or G-quartet, which consists of a planar arrangement of four guanine bases
associated through a cyclic array of Hoogsteen hydrogen bonds in which each
guanine both accepts and donates two hydrogen bonds (Figure 5.1).
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Figure 5.1. Chemical structure of a G-tetrad of a quadruplex DNA

G-quadruplex is originated by the superposition of G-tetrads which can form
four-stranded structures by stacking interactions. The tetrads are stacking in such a
way that adopts a right-handed helix (figure 5.2) with a central cavity with specific
binding sites for metal ions.

Figure 5.2. Stacking of G-quartets forms a right-handed helix

The first evidence of such architectures dates back to the 70’s and comes
from spectroscopic and fiber diffraction studies of poly(dG) and polyinosinic acid
[1,2]. Attention to these motifs was highly renewed some vyears later, when
Williamson et al. [3] showed that telomeric sequences can form G-quartets in vitro.
Since then, a high nhumber of studies have shown that guanine-rich repeats appear
not only in telomeres but are also adopted in other key biological contexts,
including some oncogenic promoter elements [4-12], and within RNA 5'-
untranslated regions (UTR) in close proximity to translation start sites [13]. Thus,
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quadruplex motifs may act as topological switches that are coupled to the initiation
of transcription. In addition the number of reports describing specific quadruplex
binding proteins is now considerable [14-21]. For all these reasons, G-quadruplex
DNA structures are a potential target for drug design.

Quadruplex structures have also an increasing interest for their applications
in supramolecular chemistry or nanotechnology. High-order structures such as G-
wires [22,23], DNA nanodevices based on quadruplex-duplex interconversion [24]
or biosensors [25] have been described in the literature.

5.2. Structural features of G-quadruplexes
5.2.1. Topological classification of G-Quadruplex.

The first structures of a G-quadruplex were reported in 1992 for the
sequence of d(G4T4G4) from the 3’ overhang of Oxytricha telomere by both X-ray
crystallography [26] and NMR spectroscopy [27,28]. Subsequent NMR and
crystallographic studies of different sequences have shown that guanine-rich DNA
fragments form quadruplexes with different topologies and strand orientations,
depending on the sequence and the number of strands.

Quadruplex can be tetramolecular (when formed by four strands),
bimolecular (referred to as hairpin dimers) and unimolecular (one single strand
folds by itself to form G-tetrads intramolecularly). Within these groups, they can be
classified attending to the relative orientation of the chains (parallel or antiparallel)
and to the way the loops connect the different strands. There are three different
types of loop, as depicted in the bottom scheme (Scheme 5.3). Lateral loops (also
known as edgewise) link bases of the same tetrad that share hydrogen bonds. In
contrast, diagonal loops link bases of the same tetrad that do not share hydrogen
bonds. Propeller loops (also known as double-chain reversal), link guanines that
are not in the same tetrad but share a groove.

diagonal

propeller

Scheme 5.3. Different types of loops linking strands in a G- quadruplex.
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The figure below (figure 5.4) shows a classification of the different
quadruplex topologies according to the number of DNA strands and to the way the
loops connect them.

tetramolecular bimolecular unimolecular
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Figure 5.4. Different topological forms of tetramolecular, bimolecular and
unimolecular G-quadruplex structures.

Tetramolecular quadruplexes have usually their four strands in a parallel
orientation. In the case of bimolecular quadruplexes, different topologies have been
observed. In the edge form, two lateral loops connect adjacent DNA strands. If the
loops lie on the same face of the G-tetrad stacking the structure is called syn-edge.
The crossover form is characterized by diagonal loops that connect opposite strands
transversely.

In the case of unimolecular quadruplexes, since their topology can be
defined by three loops, and there are three loop types, 27 theoretical loop
combinations are possible. However, many of these are sterically not permissible.
The exclusion of these combinations results in 13 possible combinations starting
from a clockwise loop, and 13 from an anticlockwise loop. Thus, there are 26
permissible looping combinations, which have been recently reviewed by Webba da
Silva et al. [29,30] and are represented above.

The most common topologies are the chair (schemes 6a, 6b in figure 5.4)
and the basket form (11a, 11b in figure 5.4). While the chair presents three lateral
loops, in the basket form one of the loops connects two strands diagonally. Other
combinations of strand directionalities and connections have been observed, such is
the case of the dog-eared structure [31] which contains two lateral loops and a
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propeller loop that runs diagonally across the faces that are perpendicular to the G-

tetrads (9a, 9b in figure 5.4).

5.2.2. G-quadruplex grooves

In a quadruplex structure, the phosphodiester backbones of stacked tetrads
delimit four cavities or grooves, which have different dimensions depending on the
glycosidic bond angles (GBA) of the guanosine nucleotides. These can adopt either
an anti or a syn conformation, which differ in the relative disposition of the guanine
aromatic ring respect to the deoxyribose ring. The chemical structures of the anti
and syn conformers of 2’-deoxy-guanosine are depicted in figure 5.5.
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Figure 5.5. Relative disposition of the aromatic ring

deoxyribose ring in the syn and anti guanine conformers.

respect to the

Thus, there are 16 possible GBA positions for (G:G:G:G) tetrads, as can be

seen in the figure 5.6 below.
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Figure 5.6. All possible combinations of glycosidic bond angles for a G-

tetrad. Extracted from reference [29].
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The distinct distribution of these glycosidic conformations in the G-tetrads
results in the distinct nature of grooves. Depending of their width they are classified
in three types: wide (w), medium (m) and narrow (n). If contiguous bases in a
tetrad have the same GBA, they form a medium groove. In contrast, narrow and
wide grooves are the result of hydrogen-bond-aligned bases with different GBA.
Combination Ia of figure 5.6 shows the type of groove (w,m,n) according to the
adjacent disposition of GBA.

For example, tetramolecular parallel quadruplexes have four equivalent
grooves of medium width with all the guanines in anti conformation [32,33];
quadruplexes formed with alternating anti-syn-anti-syn dG within each quartet
have two narrow and two wide grooves [15]; moreover, quadruplexes formed with
anti-anti-syn-syn alternation within each quartet have one wide, one narrow and
two medium width grooves [34]. The G-tetrads included in these examples are
represented in the figure 5.7.
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Figure 5.7. Glycosidic angles of guanines and their effects on the width of
quadruplex grooves.

The specific manner of alternating groove widths in these structures could
provide a way of selectively targeting specific topological and conformational forms
of G-quadruplex DNA.

5.2.3. G-quadruplexes and cation binding

In G-quadruplex DNA the central cavity formed by stacked G-tetrads serves
as a host to a variety of cations [35]. Numerous studies have investigated the
localization and effect of different monovalent cations on quadruplex structures and
have clearly shown that they play an important role in the folding and stability of
quadruplexes. In fact, in most cases these structures do not form in the absence of
such ions.

The central core of the G-quartet produces a specific geometric arrangement

of lone pairs of electrons from the four guanine oxygen atoms (06), which can
coordinate a monovalent ion of the correct size, such as Na* or K*. The smaller Na*
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ion can sit in the plane formed by these atoms, whereas the larger K* requires a
nonplanar component, which may lie between two G-quartets [36], as shown in
Figure 5.8. This allows additional coordination of the metal ions, and satisfies their
usual hexacoordinate stereochemistry.

Figure 5.8. Ion-binding sites in quadruplex. A) Parallel stacked quartets with
Na* stabilization (purple spheres) from (d(TGGGGT),). B) Parallel stacked quartets
with K* stabilization (green spheres) from (dA(GGGTTA);GGG). Extracted from
reference [36].

Some works in the literature have revealed significant differences not just in
the stability but also in the structure of the same sequence depending on the
counterion present in solution. In some cases an interconversion between different
conformations can be modulated by the type of cation [37-39]. For example Feigon
and co-workers [39] have used *H-NMR to study the competition between Na* and
K* for coordination by G quartets using the oligonucleotide d(GsT4Gs) as a model
system and they have monitored the conversion between the sodium and
potassium forms under equilibrium conditions.

Most of the studies conducted so far have been carried out with Na* or K* as
they are the most common cations in cells, but other ions have shown affinity for
quadruplex structures as is the case of NH,* [40, 41], Li* [42], Sr*" [43, 44] or
Ca’* [38]. The binding affinity of metal ions follows the trend
K*~Sr?*>>Rb*~Ba?*>NH,">Ca?*>Na*>Mg?" ~Cs*>Li".

5.3. Biological relevance of G-quadruplexes
5. 3.1. G-Quadruplex binding proteins

One of the reasons of the biological relevance of the G-quadruplexes comes
from the high number of proteins that have been shown to bind these DNA
structures. Several research groups have identified proteins in diverse organisms
that exhibit physical and functional interactions with DNA quadruplexes.

A compilation of proteins that have been shown to interact with G-

quadruplexes have been reviewed by Fry in 2007 [45]. According to their function,
G-quadruplex interacting proteins can be classified into five different groups:
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- Proteins that bind preferentially and at high affinity to DNA quadruplex and
in some cases increase its stability. Such are the cases of thrombin [15], the
transcription factor MyOD [46], rat liver proteins named uqTBP25 [47] and qTBP42
[17], a Tetrahymena G-quadruplex binding protein [48], a bovine macrophage
scavenger receptor [14] or some HIV-1 proteins [20,49].

- Proteins that promote the formation of quadruplexes. The earliest
described protein within this group was the B subunit of the Oxytricha telomere-
binding protein, which binds to the single-stranded form of telomeres and facilitate
the association into G-quadruplex structures in a sodium dependent manner [50].
In a similar way RAP1, the telomere binding protein from Saccharomyces
cerevisiae, selectively binds to and promotes the formation of G-quadruplexes in
presence of potassium ions [51]. Other examples are yeast Hopl protein [52] and
the human DNA topoisomerase I [53].

- Proteins that destabilize quadruplex structures. Isolated from diverse
species, proteins of this class disrupt different types of tetrahelical DNA.
Interestingly, several of the destabilizing proteins are members of the
heterogeneous nuclear ribonucleoprotein (hnRNP) family [54,55]. These are
complexes of RNA and protein present in the cell nucleus during gene transcription
and subsequent post-transcriptional modification of the newly synthesized RNA.

- DNA helicases that preferentially catalyze the unwinding of quadruplexes in
ATP-hydrolysis dependent reaction. Helicases of such selectivity were identified in
Simian virus 40 (SV40) [56], yeast [57] and human cells [58,59]. It is notable that
three of the described enzymes are members of the RecQ family of helicases, which
are important to ensure precise genetic recombination and chromosome
segregation.

- Nucleases that specifically incise DNA at or next to quadruplex domains. As
DNA recombination requires cleavage of strands in the involved chromosomes,
identification of several nucleases that incise DNA within or close to tetraplex DNA
domains strengthens the relevant role of quadruplex structures in this process [60-
62].

5. 3.2. G-Quadruplex in aptamers

G-quadruplexes are part of the bioactive structure of some protein-binding
aptamers. DNA aptamers are oligonucleotides that have been created through
repeated round of in vitro selection [63] to bind biological targets (e.g. proteins)
and that posses molecular recognition properties that rival antibodies [64,65].

The most well-known case is the thrombing binding aptamer (TBA).
Crystallographic [66] and NMR [67] spectroscopic studies have shown that TBA
forms a unimolecular G-quadruplex with two G-quartets and three loops (Figure
5.9). The structure and biological activity of this aptamer is K*-dependent. Other
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examples of DNA aptamers are inhibitors of human HIV integrase [68-69b] and
adopt a unimolecular G-quadruplex similar to TBA.

Figure 5.9. Schematic representation of the G-quadruplex TBA and its
interaction with thrombin.

Studies where crystal structures are available reveal few direct interactions
between the protein and the G-quadruplex core. Instead, the G-quadruplex seems
to function as a scaffold on which loops are displayed for molecular recognition.
However, more structural information is required to know if this preference to bind
loops is a general trend in G-quadruplex-protein interactions.

5.3.3. G-quadruplexes in telomeres

Telomeres are non-coding DNA sequences that together with associated
proteins are located at the ends of the chromosomes in eukaryotes. Telomeres are
essential for chromosomal stability and genomic integrity, provide sites for
recombination events and transcriptional silencing and appear to play a critical role
in cellular aging and cancer [70-74]. These functions are mediated by tandem
repeats of short guanine rich sequences that can form structures based on the G-
quadruplex, typified by the hexanucleotide repeat d(TTAGGG)n in vertebrates.

In normal cells gradual loss of these telomeric sequences occurs with each
successive round of cell division. After 20-30 cell replications a critical level of
telomere shortening is reached and cells enter in replicative senescence, they cease
to divide and might be directed to apoptotic death. This is why telomere shortening
has been considered to be a ‘molecular clock’ of the aging process [75,76]. In
contrast, telomeres of cancer cells do not shorten on replication but remains
constant in length in succeeding generations. The explanation lies in the activation
of telomerase, an enzyme which is overexpressed in 80-85% of tumour cells and
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that adds TTAGGG repeats to the 3’ end of telomere regions, causing the cells
become immortal.

It has been proposed that the single stranded overhang of 5'-TTAGGG-3’
repeats in the human telomere can fold into an intramolecular G-quadruplex, and
stabilization of this structure has been shown to inhibit telomerase activity [77]
because whereas single-stranded linear DNA is a telomerase substrate, G-
quadruplex is not. Thus, an interesting pharmacological approach consists in
inhibiting telomerase activity by stabilization of quadruplex with suitable drugs [78-
82]. In vivo anticancer activity has been reported for a few telomeric quadruplex
ligands [83-85].

5.3.4. G-quadruplexes in gene promoters

Sequences which can form G-quadruplexes have also been found in gen
promoters, suggesting a function that may relate to gene regulation at the level of
transcription. This has led to extensive investigations of the role of promoter G-
quadruplex in regulation of the proto-oncogenes including c-myc [4-7], VEGF [8],
KRAS [86,87], bc/-2 [10], HIF-1a [9] and c-kit [11,12].

These quadruplex structures may act as topological switches that are
coupled to the initiation of transcription (Figure 5.10).
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Figure 5.10. General scheme of G-quadruplex involvement in gene
regulation. The formation of G-quadruplex, rather than duplex, in promoter regions
is associated with an alteration in the transcription process.

There are a growing number of examples of G-quadruplex interactive small
molecules that are able to modulate gene expression [5,88]. It has been proposed
that small ligands can inhibit transcription by a stabilization of G-quadruplex with a
consequential reduction in gene expression.

As an example, the group of Balasubramanian has reported the use of an

isoalloxazine that binds G-quadruplex to reduce the levels of c-kit mRNA in c-kit
expressing cell line [89].
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5.4. Application of G-quadruplex structures in nanotechnology
5.4.1. G-wires

Formation of ordered structures by molecular self-assembly is an effective
strategy for development of nanomaterials. Superstructures formed by G-rich DNAs
had been observed in the early 90s in the presence of K" [90,91]. In 1994 Marsh
and Henderson [22] first reported the spontaneously self-assembly of the telomeric
DNA oligonucleotide >-GGGGTTGGGG-> into long linear superstructures which they
termed G-wires (Figure 5.11).

monomer
d(GGGGTTGGGG)
5 3

W

Figure 5.11. Scheme showing the main path for G-wire formation and the
competing structures. The equilibrium between these structures is modulated by
temperature, ionic species and concentrations.

The ability of this sequence to form self-assemble into long polymers clearly
demonstrates its potential as scaffold structures for nanotechnology applications. In
addition G-wires are more robust than duplex DNA when imaged by AFM [23].

The chemical modification of these guanine-rich DNA structures with
functional moieties could increase their potential for nanostructure design and
construction. Recently, Sugimoto and collaborators designed a DNA sequence that
allows the switching and control of G-wire formation [92,93]. By incorporating a
linker that rotates upon coordination with metal ions, they managed to control
structural transition from antiparallel G-quadruplex to G-wire with Ni** and EDTA.

In addition to the scaffold role, some physical properties of G-wires, such as
the central canal within which cations reside and an electron-rich external surface,
suggest that they may be useful as functional components of nanoscale electronic
devices [94].
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5.4.2. Biosensors based on G-quadruplex DNA

G-quadruplex based aptamers have also applications in bioanalytical
chemistry as they are used in biosensors development.

One of the most illustrating example are biosensors directed against
thrombin, constructed by attaching a thrombin binding DNA aptamer labelled with
methylene blue to a gold electrode. In the absence of target the immobilized
aptamer remains relatively unfolded, thereby allowing the electron transfer. Upon
thrombin binding, the equilibrium is displaced towards the folded G-quadruplex
conformation and electron transfer is inhibited (Figure 5.12).

e ®
MB eT +Thrombin @

Figure 5.12. Scheme of an aptamer-based biosensor for thrombin detection.

5.5. Techniques employed in G-quadruplex structural studies

In this section an overview of the techniques commonly used for quadruplex
conformational analysis will be briefly exposed.

The highest resolution structures (at atomic level) are obtained by X-ray
diffraction, which has to date provided more than 50 structures including those
with bound ligands (the 3D single crystal structures are available at the Nucleic
Acids Data Bank in the http://ndbserver.rutgers.edu/). High resolution solution
state nuclear magnetic resonance (NMR) has also provided quadruplex structures,
although with significantly poorer definition. However NMR has also extensively
used to assess quadruplex formation simply by measuring the exchangeable
protons in the 10-12 p.p.m range [95,96].

UV spectroscopy and circular dichroism (CD) have long been used to
characterize quadruplex structures as well as provide a convenient sensitive signal
for monitoring transition between different conformations or ligand binding [49,
97]. This latter technique has been used in this work to study quadruplex stability
and it will be explained in more detail in other sections in this chapter.

Fluorescent properties have also been used to monitor quadruplexes
unfolding. If a donor and acceptor pair can be introduced at different positions of a
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quadruplex, the fluorescence resonance energy transfer (FRET) can be easily
monitored as a function of temperature to probe thermodynamic and kinetic
stability of the structure [98,99].

5.6. Aim of the work

Previous work carried out by our group had analyzed the effect of 8-
aminoguanine substitutions in the tetramolecular [d(TG4T)]s parallel quadruplex
formation [100]. Thermal stability studies showed that 8-aminoguanine
replacement is not equally favourable at all positions but it could accelerate parallel
quadruplex formation when inserted in the internal region. However replacement of
a guanine in each quadruplex constituent d(TG4T) sequence means that the four
guanines relating to the same tetrad are modified. This can lead to the formation of
multiple structures (for example by strands slipping to avoid an all-modified
guanines tetrad if the resultant quartet is unstable) which makes difficult the kinetic
and structural analysis. In addition theorical calculations are also complex when a
modification is introduced in several guanines simultaneously.

The aim of this work is construct a molecule composed of four ODN strands
whose 5’-ends are attached through a tetra-end-linker (trebler) and that is able to
form a monomolecular parallel G-quadruplex, as proposed in the scheme of figure
5.13.

5 3
TTGGGGT cleavage

OTGGGGTT TT6666T — *
TTGGGGT

Figure 5.13. Scheme of the structure of ODNs designed for this work.

This system enables to modify just one single guanine (in the green strand)
without having to replace the four nucleobases of the tetrad. In addition the use of
this architecture will allow the interactions to be better characterized and provides a
more reliable system to study effects of guanine substitutions than its
tetramolecular counterpart. It is proposed that the fact the four quadruplex forming
strands are covalently linked make the quadruplex structure more stable than when
is formed by four separated strands. This can be useful for structural studies of
alternative, less stable quartets such as tetrads formed by modified nucleosides.
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In this chapter the use of this system to study the effect of 8-amino-guanine
substitutions in quadruplex structure and stability will be adressed. NMR and CD
analysis were performed for structural characterization and thermal denaturation
studies.

5.7. Design and synthesis of the quadruplex forming
oligonucleotides

The synthesis of a new modified ODN capable of forming a monomolecular
parallel G-quadruplex (Scheme in Figure 5.13) has been carried out in an automatic
synthesizer. The main structural feature of this ODN is the attachment of four
strands through the 5’-ends by a tetra-end-linker. This branched structure was
incorporated into the molecule with a commercially available phosphoramidite
called “trebler” (figure 5.14). Commonly the presence of three adjacent DMT-
bearing arms leads to lower coupling efficiency and increase the coupling time is
needed.

DMTO .. 0D
DMTO o~ D —HTNUA
O—CHEE
DMTO

Figure 5.14. Branching unit used for the attachment of the four
oligonucleotide strands that will form the parallel quadruplex.

Insertion of 8-amino-guanines was performed with the 8-amino-dG
phosphoramidite shown in figure 5.15. In this molecule the amino groups of the
nucleobase are protected with the dimethylaminomethylidine group. The use of 8-
amino-dG in automatic oligonucleotide synthesis is straightforward and requires no
changes from regular procedures, with the exception of the addition of 2-
mercaptoethanol to the cleavage and deprotection solutions to avoid further
oxidative damage [101].

o)
N /—N(Mey)
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PN Wa
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Figure 5.15. Phosphoramidite used for the introduction of 8-aminoguanines in the
first chain of the quadruplex studied in this work.
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The sequence of the chains was chosen mainly because the single strand
d(TG4T) is known to form a stable parallel tetramolecular quadruplex that has been
well characterized in previous studies [32,33,102,103]. In this work an additional T
is inserted to avoid steric hindrance of trebler with the nearest G-quartet.

The first part of the quadruplex (green chain in figure 5.13) was synthesized
with the appropriate T and G 3’-phosphoramidites. The 8-amino-G phosphoramidite
indicated above was used to introduce a modified guanine in the desired position.
Secondly, the trebler phosphoramidite was coupled. After introduction of this
branching unit the synthesis was carried on wusing T and G reversed
phosphoramidite with a concentration higher than the one employed in standard
synthesis because from there onward three bases need to be coupled in each cycle
(as trebler provides three elongation points).

The different synthesized oligonucleotides were named QO, Q1, Q2, Q3 and
Q4 depending on the position were 8-amino-G was inserted. Sequences
corresponding to each quadruplex are listed in table 5.16.

Quadruplex Sequence
Qo *TGGGGTT" -trebler->-[TTGGGGT]5-*
Q1 ¥TGGGGTT -trebler->-[TTGGGGT]5->
Q2 ¥TGGGGTT -trebler->-[TTGGGGT]5->
Q3 ¥TGGGGTT -trebler->-[TTGGGGT]5->
Q4 ¥TGGGGTT -trebler->-[TTGGGGT]5->

Table 5.16. Oligonucleotide sequences used in this study. Bold case letters G
correspond to 8-amino-G nucleotides.

Oligonucleotides were synthesized without performing final detritylation to
facilitate reverse-phase HPLC purification. Upon completion of the chain assembly,
the oligonucleotides were deprotected and cleaved from the support by a 0.1 M
mercaptoethanol solution in aqueous concentrated ammonia for 24 hours at 55°C
to avoid oxidation of guanines.

ODNs were purified with the "DMT ON" protocol and peak corresponding to

the DMT-protected product was collected. The figure 5.17 shows the HPLC profile of
QO (crudes of Q1-Q4 presented a similar profile).
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Figure 5.17. HPLC profile of the QO sequence. Gradient: 15> 80% B in 20
min (A: 5% ACN in 0.1 M TEAAc pH 6.5; B: 70% ACN in 0.1 M TEAAc pH 6.5)

As it can be seen the peak corresponding to truncated sequences (tx=4
minutes, molecules without DMT) is much larger than the one corresponding to the
desired product (tg=12.8 minutes; molecules with DMT). Although the coupling
time of ‘trebler’ was extended to 15 minutes the yield decreased to 40-50 % after
the coupling of this phosphoramidite (according to the detritylation conductivity
signal recorded by the automatic synthesizer detector). In addition coupling of
reversed phosphoramidites is slightly lower than the 3’-standard phosphoramidites,
specially the first ones coupled after the ‘trebler’ due to steric hindrance. This
makes the overall yield to be quite low, as reflected in the HPLC profile of the figure
5.17. The yield was around 30-50% (depending of the sequence) according to the
relative peak areas.

The purified oligonucleotides were detritylated, desalted by NAP-10, and
analyzed by MALDI-TOF. As the MALDI spectra presented a multitude of poorly
resolved peaks (figure 5.18.A) the samples were also analyzed by denaturing PAGE.
For this purpose, electrophoresis was run in 20% polyacrylamide gel containing 8 M
urea in TBE buffer. In figure 5.18.B the stained gel obtained after PAGE of purified
and detritylated QO is shown. Denaturing PAGE analysis revealed that the length of
the purified QO product corresponds to the desired quadruplex (4x7=28 bases).
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Figure 5.18. A) MALDI spectrum of the purified QO product. The absence of
a single well-defined peak suggests the possibility of the sample may contain
different products. B) denaturing gel (20% polyacrylamide, 8M urea, TBE buffer)
analysis of the purified QO sequence. M: Marker (10-100 nt); 1: purified and
detritylated QO.

As DMT groups attached to secondary hydroxyl groups (in the reversed
phosphoramidites the DMT is protecting the 3’-OH) are known to detritylate slower
than primary hydroxyl groups [104], the possibility of an incomplete deprotection
was considered. This would explain the multitude of peaks in the MALDI spectra
(quadruplexes with different number of DMT groups and consequently different
MW) and the presence of just one single band in the denaturing gel (quadruplexes
with different number of DMT groups but the same number of nucleotides).

To test this hypothesis the purified products were analyzed after the
detritylation process by HPLC with the ‘DMT ON’ protocol. The resulting HPLC
profiles showed several peaks, which means that oligonucleotides of different
hidrophobicity are obtained after the detritylation step suggesting that removal of
DMT groups has not been completed. Figure 5.19 shows the HPLC profile obtained
with QO after the detritylation process (the rest of sequences showed a similar
profile).
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Figure 5.19. HPLC analysis of QO after the detritylation process. Gradient:
15> 80% B in 20 min (A: 5% ACN in 0.1 M TEAAc pH 6.5; B: 70% ACN in 0.1 M
TEAAc pH 6.5)

All peaks were collected and analyzed by MALDI-TOF and denaturing PAGE.
The table 5.20 summarizes the obtained MW values, including the main
fragmentations observed for each of the products. The four collected products
proved to correspond to the fully deprotected quadruplex (peak 0) and to
quadruplex with one, two and three DMT groups respectively (peaks 1-3).

Sample Obtained MW Product and calculated MW
peak 0 n.d.? Qo > 9227.5

peak 1 9522/9221° Q0+1DMT -»> 9530.8

peak 2 9821/9520° Q0+2DMT > 9834.2

peak 3 10141/9823°/9521° Q0+3DMT »> 10137.6

Table 5.20. MW of the oligonucleotides analyzed in this study obtained by
MALDI-TOF and their calculated MW values.
@ Not appreciable signal. High MW ODNSs that do not posses any hydrophobic group usually “fly” poorly
in @ MALDI-TOF instrument and an insufficient number of ionized particles reach the detector.
b Fragmentations originated by the loss of one or more DMT groups caused by the laser ionization of the

mass spectrometry technique.

MW values obtained by MALDI-TOF confirmed the presence of quadruplexes
with different number of DMT groups. Consequently, a second acidic treatment was
required to completely remove the still-remaining protecting groups. Samples were
subjected to a second detritylation step with acetic acid (80%) during 30 minutes
at 55 0C. HPLC showed a single peak eluting as quadruplex without DMT groups
and confirmed the obtention of the fully deprotected sequences (Figure 5.21).
However MALDI analysis did not provide good signals, which frequently occur when
analysing large ODNs without hydrophobic groups (as in the case of the peak O,
Table 5.20).
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Figure 5.21. HPLC analysis of QO after the second detritylation process, in
which treatment with acetic acid (80%) at 55°C during 30 minutes was performed.
Gradient: 15> 80% B in 20 min (A: 5% ACN in 0.1 M TEAAc pH 6.5; B: 70% ACN
in 0.1 M TEAAc pH 6.5)

The structure and stability of the final detritylated, purified and desalted
products Q0-Q4 were studied by CD and NMR, as detailed in the next sections.

5.8. Thermal denaturation studies by circular dichroism

Circular dichroism (CD) is a spectroscopic technique which measures the
differences between the absorbance of right and left-handed circularly polarized
light and can be used to investigate the structure and topology of DNA
quadruplexes by comparing their spectra with those of known structure. Different
CD spectral signatures have been described for quadruplex and their distinct
conformations [97,105]. Figure 5.22 shows the CD spectra of a reference set of
DNAs of known quadruplex structure.

d(TGGGGT) d(GGTTGGTGTGGTTGG) d(GGGGTTTTGGGG) d(TAGGGUTAGGGT)
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Figure 5.22. CD spectra of four reference quadruplex-forming sequences.
Depiction of each structure is also shown. Extracted from reference [97].

A reference spectrum for a four stranded parallel quadruplex structure is

that of d(TGGGGT) [102,103]. Its CD spectra has a positive band around 265 nm
(Figure 5.22.A) that can be assigned to parallel strand quadruplex structures [106-
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108]. The thrombin binding aptamer, d(GGTTGGTGTGGTTGG), adopts a chair type
anti-parallel structure in solution [15,109,110] whose CD spectrum has a positive
maximum near 295 nm and a negative band near 260 nm (Figure 5.22.B) that are
characteristic of an anti-parallel structure [97,111,112]. Other molecule that
presents a CD spectrum characteristic of an anti-parallel structure is the symmetric
basket type formed by dimers of d[G4T4G4], although with a more pronounced
negative band at 260 nm (Figure 5.22.C). Other sequences present CD spectra
different from that of the typical parallel or anti-parallel structures as the example
presented in figure 5.22.D. This CD spectrum contains two positive bands at both
260 and 290 nm that have been assigned to the parallel strand quartets and to the
external loop residues respectively.

Since quadruplex DNA structures have distinctive circular dichroism spectra,
temperature dependent changes in CD have often been used to determine
quadruplex stability [113-115] by monitoring CD signal at appropriate wavelengths
(260 nm for parallel quadruplexes and 295 nm for anti-parallel structures). CD has
also been used to study ligand binding to quadruplexes [116] as well as the effects
of cation [106-108,117] or chemical modifications on quadruplex structure [118-
120].

In this work CD studies and CD thermal denaturation experiments were
performed to demonstrate that the ODNs Q0-Q4 can adopt a parallel G-quadruplex
structure and to determine how substitution of a single G for 8-amino-G in different
positions of these quadruplexes affects to their stability.

Since quadruplexes can adopt distinct conformations oligonucleotides were
properly annealed by heating the samples to 95 °C and slowly cooling to room
temperature before recording CD spectra and melting profiles.

Firstly, CD spectra of 5 uM solutions of Q0-Q4 in milliQ H,O were registered
at 200C. All samples had been purified by HPLC and desalted with a NAP column,
which means that the only cations present in quadruplexes solutions are the
triethylammonium coming from the HPLC buffers.

A positive band with a maximum around 260 nm and a negative band at 240
nm indicate the presence of a G-quadruplex structure involving four parallel
strands. This CD spectral signature matches with that one obtained by other
authors with the tetramolecular [d(TG4T)]4 in saline buffers [121], as it can be seen
in figure 5.23. In this figure the CD spectra corresponding to the sequence QO can
be compared with the spectra registered in other works with samples of [d(TG4T)]a4.
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Figure 5.23. CD spectrum of QO in non saline conditions at 20°C (left
column) registered in this work. CD spectra of d[(TG,T)]4 in 90 mM K* buffer
(middle column) and in 90 mM Na®* buffer (right column) at 25 °C (solid line) and
90 °C (dotted line); both extracted from reference [121].

All ODNs studied in this work adopted quadruplex structure in non saline
conditions which indicates that these architectures can be formed even in absence

of stabilizing cations such as K* or Na*.

CD thermal denaturation experiments were performed monitoring the CD
values (mdeg) at 260 nm in the range 10-90 °C using a heating rate of 0.5 °C/min.
This low rate is selected to avoid hysteresis between melting and annealing curves
(commonly observed in quadruplex studies due to slow kinetics of association-
dissociation process), which is recommended for most melting experiments [112].
The melting profiles obtained with each sequence are shown in figure 5.24. In
addition CD spectra were registered between 210-320 nm every 10 °C.
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monitoring the CD values (mdeg) at 260 nm in the range 10-90 °C using a heating
rate of 0.5 9C/min (right column).

Typical descendant sigmoidal curves are obtained with Q0 and Q1
oligonucleotide sequences. However, melting profiles of Q2-Q4 indicate that only
partial fusion occurs. In these cases CD,¢n signal decreases when temperature
raises but complete unfolding of quadruplex structure is not achieved. According
with this, even when the Q2-Q4 CD spectra are registered at 90 °C, the 240 and
260 nm bands are still present, as seen in the graphics above.

CD thermal denaturation studies were also performed with diluted samples
of some of the quadruplex solutions (1.25 uM of Q3). The melting curve profiles
were found to be concentration independent which seems to indicate that
quadruplexes are mainly present as monomolecular species.

Finally, the sigmoidal and exponential fitted curves corresponding to
normalized melting profiles of all sequences studied in this work are summarized in
the graphic of figure 5.25.

normalized CD260 signal

0.0 T T T g T T T d

20 40 60 80 g

Figure 5.25. Sigmoidal (black and red line) and exponential (blue, green and
pink line) fitted curves corresponding to normalized melting profiles of Q0-Q4 in

non saline conditions.

Comparison of the melting profiles of the different sequences enables a
simple evaluation of their relative stabilities. From figure 5.25 it can be concluded
that sequences with an 8-amino-guanine substitution in the internal region (Q2-
Q4) form much more stable quadruplexes than the non-modified sequence (QO).
When the replacement is carried out in the first position (Q1) stability of the
quadruplex is slightly increased.

Table 5.26 shows a list with an approximated melting temperature (Tm)
value for each structure.
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Sequence Tm / °C
QO 50
Q1 52
Q2 >80°
Q3 >80P
Q4 >80 ¢

Table 5.26. Tm of the different quadruplex-forming sequences.
ab¢ As only partial fusion occurs Tm can not be calculated above this value.

5.9. Structural studies of the quadruplexes by 'H-NMR

Nuclear magnetic resonance (NMR) spectroscopy is one of the principal
techniques used to obtain structural information of molecules by exploiting the
properties of their magnetic nuclei have in a magnetic field and applied
electromagnetic (EM) pulse or pulses, which cause the nuclei to absorb energy from
the EM pulse and radiate this energy back out at a specific resonance frequency.

NMR has been extensively used in the study of nucleic acids for
determination of high resolution structures, insights into their dynamics and
stability or study of ligand-binding. Although full structure determination of a ODN
sequence requires registration of multidimensional spectra that allow complete
assignment of resonances, monodimensional *H-NMR provides simple detection of
quadruplex structures by assignment of exchangeable guanine imino protons in the
10-12 ppm range. These guanine imino protons have a characteristic shift when
hydrogen bonded. In addition, they exchange relatively slowly with the deuterated
solvent when compared to non-hydrogen-bonded protons.

The amount of sample typically used in solution NMR studies ranges between
1 and 3 mM. The little amount of samples obtained in this work did not allow
studying all the sequences with this technique (as the preparation of solutions in
such high concentration was not possible).

'H-NMR studies were performed only with the Q0 and the Q4 sequence.
Spectra of a 25 uM QO solution and 75 uM Q4 solution in 9:1 H,0/D,0 (with and
without K*) were recorded at 5, 25 and 45 ©C using pulse field gradient
WATERGATE for water suppression. Figure 5.27 shows the registered spectra of QO
and Q4 solutions with 5 mM K*, which were consistent with quadruplex formation.
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Figure 5.27. Imino proton region of the *H-NMR (600 MHz) spectra of the A)
Q4 and B) QO sequences. The spectra were registered in H,0/D,0 (9:1) solution at
75 and 25 uM, respectively. Q4 spectra were recorded at 5, 25 and 45 °C to study
the effect of temperature in the quadruplex stability.

As it can be seen in the graphics the signal-to-noise ratio of these
experiments is quite low. As it can be deduced looking at the low signal-to-noise
ratio in the graphics above, sensitivity achieved with this ODN concentration is not
enough to confidently assign all the obtained signals. However, on the basis of the
comparison with the corresponding region of the spectrum of [d(TG,T)]4; obtained
by other authors which displays a similar peak profile, singlets in the range 10.4-
11.5 ppm are suggested to correspond to exchange imino protons involved in
Hoogsteen N(1)H/O(6) hydrogen bonds of G-quartets, although in this work a
partial overlapping of some signals is observed.

As in previously studied structures containing 8-amino guanines, the signals
of the amino protons at position 8 were not observed in the NMR spectra [100].
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In the case of Q4, at higher temperature, the spectra exhibited narrower
signals (figure 5.27). This is commonly due to a shorter correlation time caused by
the faster mobility of the molecules. At 459C the singlets are still present which
means the quadruplex is still structured at this temperature (as observed also in CD
spectra). However, the raise of the temperature led to the disappearance of the
10.7 ppm signal (denoted by a red asterisk in figure 5.27). This may be due to
dissociation of multimeric species. To find out the oligomerization state of the
samples at the concentration used in the NMR experiments a native gel
electrophoreses was run on a non-denaturing polyacrylamide gel, as detailed in the
next section.

5.10. Assessment of the quadruplex oligomerization state by
native PAGE.

While in denaturing PAGE the electrophoretic mobility of biomolecules
depends primarily on their molecular mass, in native PAGE separations are run in
non-denaturing conditions which implies that the mobility depends on both the
molecule's charge and its hydrodynamic size. Thus native gels are useful tools to
study any process that alters either the charge or the conformation of a molecule
and so has been widely used to detect oligomers and aggregates. In this work
native PAGE was performed to asses the oligomerization state of the quadruplexes
studied by NMR (QO0 and Q4).

Native gel electrophoresis was run on 15 % non denaturing polyacrylamide
gel in TAE buffer (1x). ODN solutions were prepared in a similar concentration to
the one employed in NMR experiments and with 5 mM K*. Electrophoretic analysis
was carried out using the tetramolecular quadruplex [d(TG4T)]4 as reference. In
both cases, Q0 and Q4 sequences resulted in two major bands (figure 5.28),
suggesting that at this concentration they form not only monomeric species but
also dimeric structures.

Q0
Q4

(TG,

RN ¢« timere
— W ¢<—— dimer

- . <—— monomer

Figure 5.28. Native PAGE analysis to investigate the molecularity of the QO
and Q4 sequences. [d(TG4T)]4is loaded for comparison of relative migrations.
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In figure 5.29 two hypothetical dimeric structures are proposed.

A) —
N\
N\
—_
- 1t > o
B)
i
monomer \ \
~
dimer

Figure 5.29. Scheme of two hypothetical dimerizations of the quadruplex-
forming structures studied in this work.

It is proposed that the association of two molecules as represented in figure
5.29.A enables the formation of two parallel quadruplexes, each of them containing
one strand belonging to the adjacent molecule (green line in the scheme above). A
mixture of these forms could exist if ‘trebler’ linker was not flexible enough to allow
organization of the four strands into a monomolecular quadruplex or might be
favoured when using high DNA concentrations.

The model depicted in figure 5.29.B is proposed based on previous
observations reported in literature. Crystallographic studies of d(TGGGGT)
quadruplexes performed by Caceres et al. [123] revealed stacking of thymine
tetrads between neighbour quadruplexes packed in a head-to-head fashion.

5.11. Conclusions

The use of a branching unit has allowed the synthesis of a molecule
containing four G-rich DNA strands whose 5'-ends are covalently attached and that
has been shown to form a very stable parallel G-quadruplex, even in absence of
stabilizing cations. This system has allowed the synthesis of quadruplexes with
single modifications in just one of the strands.

Oligonucleotides with 8-amino-guanine substitutions provide more stable
structures than non-modified sequences, especially when replacement is carried out
in the internal region of the quadruplex. Evidences of higher-order structures have
been observed when working with relatively concentrated samples but further study
is needed to gain more conclusive information about this issue.
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CHAPTER 6

Experimental Section






6.1. Reagents

Phosphoramidites and ancillary reagents used during oligonucleotide
synthesis were from Applied Biosystems (PE Biosystems Hispania S.A., Spain), Link
Technologies (Link Technologies Ltd, Scotland) and Glen Research (Glen Research
Inc., USA). The remaining chemicals were purchased from Panreac, Aldrich, Sigma
or Fluka (Sigma-Aldrich Quimica S.A.,Spain). All reagents and solvents were of
analysis or synthesis grade.

6.2. General methods
6.2.1. Flash column chromatography

Flash column chromatography was performed on wet packed Merk Silica Gel
60 (0.04 - 0.06 mm, 230-400 mesh ASTM).

6.2.2. Thin layer chromatography

TLC was performed on Merck Silica Gel 60 F254 aluminium sheets. Reagents
used for revealing plates include KMnO4 (1 g KMnQ,, 6.7 g K,COs3, 1.7 ml 5% aq.
NaOH, 100 ml H,0), ethanolic ninhydrin (3 % w/v) and detection by UV light was
used when applicable.

6.2.3. NMR spectrometry

'H (300 MHz), 3C NMR (75 MHz) and 3!P NMR (121 MHz) spectra were
carried out at the Instituto de Investigaciones Quimicas y Ambientales-CSIC with a
Unity-300 spectrometer from Varian (Palo Alto, California, USA) and at the
Medicinal Chemistry Department of Goéteborg University with a JEOL JNM-EX 400-
MHz spectrometer. Chemical shifts are reported in parts per million (ppm) related
to TMS as internal reference for 'H and *C spectra and 85% phosphoric acid as
external reference for 3P spectra. Signals are described as s (singlet), d (doublet),
t (triplet), or m (multiplet).

6.2.4. Infrared spectroscopy

IR spectra were obtained on a Perkin-Elmer 16 PC spectrometer at the
Medicinal Chemistry Department of Goéteborg University. A nujol mull of each
product was obtained by grinding up the solid and mixing it with mineral oil to form
a suspension, which placed in between KBr plates.
6.2.5. UV spectrophotometry

UV absorbance spectra were recorded with a Jasco V-650 Elmer

spectrophotometer equipped with a Peltier temperature controller and 1 cm path
length quartz cuvettes.
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6.2.6. CD spectroscopy

CD spectroscopy experiments were performed in Instituto de Quimica Fisica
Rocasolano (CSIC, Madrid) with the kind supporting of Dr. Douglas V. Laurents. CD
spectra were recorded with a Jasco-810 spectropolarimeter using 1 cm pathlength
quartz cuvettes in a volume of 350 pL.

6.2.7. Oligonucleotide synthesis

Oligonucleotide sequences were prepared according to the solid-phase
methodology described in section 2.6 of this thesis using 2-cyanoethyl
phosphoramidites as monomers. The syntheses were performed on an Applied
Biosystems model 3400 DNA synthesizer using 0.2 and 1 umol scales (polystyrene
and CPG support, respectively).

The reagents used in the automatic synthesizer are indicated in Table 6.1.

Step Solution
2- thyl phosph idite 0,1 M in ACN
Coupling cyanoethyl phosphorami |.e in
1H-tetrazol 0,45 M in ACN
. Ac,0O/lutidine/THF 1:1:8
Capping o ;
1-metilimidazol 6,5% in THF
Oxidation I, 0,02 M in THF/H,0/pyridine
Detritylation TCA 3% in DCM

Table 6.1. Reagent used in the different steps of automatic DNA synthesis
cycle.

6.2.8. Oligonucleotides detritylation
-automatic procedure

Detritylation step can be performed by the automatic synthesizer if desired.
In this case a solution of 3% TCA/DCM is flushed automatically through the column
until DMT cation signal is undetectable.
-manual procedure (after HPLC purification using the "DMT ON” gradient)

The collected DMT containing fractions were evaporated using a Speed-Vac
concentrator. Samples were then treated with 1 ml of 80 % aqueous acetic acid for
30 minutes at room temperature. 1 ml of water was added and DMT-OH was

extracted twice with 6 ml of diethyl ether. Finally, the sample was reconcentrated in
vacuo to dryness and oligonucleotides were desalted with a NAP column.
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6.2.9. Deprotection and cleavage of oligonucleotides from the resin

After oligonucleotide synthesis the solid support was placed on a screwcap
vial with 1-1.5 ml of concentrated aqueous ammonia. The vial was placed in a
thermo block at 559C for a minimum of 6 h (usually left overnight) or 1 h for cases
in which guanines are protected with dmf group. Then, the vial was allowed to cool
at room temperature and the solid support was removed by filtration using a glass
pipette with a cotton plug. Ammonia solution was concentrated in a rotoevaporator.
The residue was dissolved in water and filtered with HPLC filters (Nylon Acrodisc,
0.2 um) previously to reversed-phase HPLC purification.

6.2.10. Analysis and purification by reverse phase HPLC

Oligodeoxynucleotides were purified on a Waters reverse-phase HPLC system using
a Nucleosil 120 C18 column (10 pym, 200 x 10 mm) and the following solvents:
Solvent A: 5% acetonitrile in 0.1 M triethylammonium acetate (pH 6.5).

Solvent B: 70% acetonitrile in 0.1 M triethylammonium acetate (pH 6.5).

One of the three following programs was used:

A. 20 min linear gradient from 0 to 50% B with a flow rate of 3 mL/min (DMT OFF).
B. 20 min linear gradient from 15 to 80% B with a flow rate of 3 mL/min(DMT ON).
C. 20 min linear gradient from 5 to 35% B with a flow rate of 3 mL/min.

6.2.11. Analysis by ion exchange chromatography

Oligodeoxynucleotides were analyzed on a Waters HPLC system using an
ion-exchange 1 ml Resource Q column from GE Healthcare (15 pm, 6.4 x 30 mm)
and the following solvents:

Solvent A: 20 mM tris-HCI (pH 8.0)

Solvent B: 20 mM tris-HCI (pH 8.0), 2M NaCl

or

Solvent A": 20 mM tris-HCI (pH 8.0), 50% formamide

Solvent B’: 20 mM tris-HCI (pH 8.0), 50% formamide, 1M NaCl

for denaturing conditions.

A 20 min linear gradient from 0 to 50 % B with a flow rate of 1 mL/min for the first
system and from 0 to 100 % B’ for the second one (denaturing) was used. In both
cases saline gradient ranges from 0 to 1M NaCl.

6.2.12. Oligonucleotides desalting by gel filtration

Oligonucleotides coming from HPLC were desalted before used. NAP™
columns prepacked with Sephadex™ G-25 DNA Grade (GE Healthcare) were used.
For samples containing < 5 0.D, NAP-5 columns were employed while NAP-10 were
used for samples containing higher oligonucleotide quantities.

First, the column was equilibrated with 3 complete refills of water. ODN

samples were dissolved in 0.5 ml (for NAP-5) or 1 ml (for NAP-10), loaded onto the
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column and allowed to enter the gel bed completely. Elution with water was
performed and the first 1 ml (for NAP-5) or 1.5 ml (for NAP-10) fractions were
collected which correspond to the purified and desalted oligonucleotides.

6.2.13. Preparation of oligonucleotides in the sodium salt form

Oligonucleotides coming from reversed-phase HPLC purification contain
triethylammonium salts and counterions of the phosphates. In the cases in which °-
amino-oligonucleotides are desired to be conjugated to a N-hydrosuccinimide ester
(section 3.5.3 of this thesis) these triethylammonium counterions should be
exchanged by sodium ions. For this purpose sodium form of Dowex 50X4 (100-200
mesh) was used as ion-exchange resin. 1 g of this resin per umol of oligonucleotide
was weighted, soaked with water and poured in a column. The resin was washed
with water until clear and transparent drops were eluted. Oligonucleotide samples
were dissolved in 1 ml of water, loaded to the column and eluted with water. 1ml-
fractions were collected and the UV-absorbing fractions were combined and
concentrated in a Speed-Vac concentrator.

6.2.14. Oligonucleotides quantification

Optical absorbance at 260 nm is routinely used to measure the
concentration of nucleic acids present in a solution.

The molar extinction coefficient (£,69) is a physical constant that is unique
for each sequence and describes the amount of absorbance at 260nm (A,¢) of 1
mol-L'! DNA solution measured in 1 cm path-length cuvette. This definition is
derived from the Beer-Lambert law,

A=log(lp/I) = E-c:l

where A is the absorbance, Ip and I are, respectively, the intensities of incident
and transmitted light, ¢ is the molar concentration of an oligonucleotide (mol-L'Y), /
is the length of the light path through the sample (cm), and €is the molar
extinction coefficient (L-mol? :cm™).

As interactions between adjacent bases alter absorbance, the neighbour
effect must be taken into account to calculate the extinction coefficient. Thus, this
coefficient is ultimately determined both by base composition and base order within
an oligonucleotide.

The £,¢0 value of an oligonucleotide with sequence >DpEp...KpL® is
calculated from the following equation:

€260 (DPEPFPGPp....KpL) = [2- (¢DpE + €EpF + €FpG + ....+ €KpL) - €E - €F - €G - ....- €K]
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where the coefficients for each individual base as well as for each pair of bases are
indicated in the table below:

€260 (MM*-cm™) €260 (MM™-cm™)
pdA 15.4 dCpdG 9.0
pdC 7.4 dCpT 7.6
pdG 11.5 dGpdA 12.6
pT 8.7 dGpdC 8.8
dApdA 13.7 dGpdG 10.8
dApdC 10.6 dGpT 10.0
dApdG 12.5 TpdA 11.7
dApT 11.4 TpdC 8.1
dCpdA 10.6 TpdG 9.5
dCpdcC 7.3 TpT 8.4

Table 6.2. €260 (MM t:cm™) values of mono- and dinucleotides.

6.2.15. MALDI-TOF spectrometry

Matrix-assisted laser desorption ionization time-of-flight (MALDI-TOF) mass
spectrometric analysis was carried out at the Mass Spectrometry Service at the
University of Barcelona using a Voyager-DERP (Applied Biosystems) instrument
equipped with N, laser at 337 nm, using a 3-ns pulse in negative mode.

Matrices used for MALDI-TOF analysis were prepared as follows:

e Diammonium hydrogen citrate (CA): 50 mg/ml in H,0

e 3-Hydroxypicolinic acid (HPA): 50 mg/ml in ACN/H,0 1:1 (v/v)

e 2,4,6-trihydroxyacetophenone monohydride (THAP): 50 mg/ml in ACN/H,0 1:1
(v/v)

0.1 - 0.3 OD of oligonucleotides to be analyzed were dissolved in 10-20 pl of
milliQ water and 1 pl of this solution was mixed with CA matrix and diluted 1:2 with
HPA or THAP matrix. 1 ul of this sample was dropped on the plate and dried at
room temperature.

6.2.16. Ionization mass spectrometry
Mass spectra by fast atom bombardment (FAB) and electrospray ionization
(ESI) have been obtained by Dra. Irene Fernandez in Mass Spectrometry Service of

University of Barcelona with a VG-Quattro (Fison Instruments) equip using a capilar
voltage of 10 kV and 3.5 kV respectively.
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6.2.17. Denaturing Polyacrylamide Gel Electrophoresis

Oligonucleotide samples (0.1 - 0.3 0.D.) were dissolved in 20 ul of
denaturing dye buffer (0.1% bromophenol blue dye in 90% formamide with 1mM
EDTA, 10mM NaOH) and preheated to 90 °C for 5 min before loading. Denaturing
gels contained 20 % acrylamide (19:1 acrylamide:bisacrylamide) and 8.3 M urea in
TBE buffer (89mM Tris-HCI, 89mM boric acid, 2mM EDTA, pH 8.0). Gels were run at
550C for 5h at 400 V in a Hoefer SE 600 electrophoresis unit using TBE as running
buffer. After the electrophoresis, oligodeoxynucleotides were stained by STAINS-
ALL (Sigma) using a solution of 0.01 % of the dye in water/formamide 55/45. After
15 min, the dye solution was removed, and the gel was washed with H,0. After the
background was bleached with light, the remaining blue stains were photographed.

6.2.18. Native Polyacrylamide Gel Electrophoresis

Oligonucleotide samples (0.1 - 0.3 O.D.) were dissolved in 20 pul of non-
denaturing loading buffer containing 50% glycerol and 0.02% of bromophenol blue
in TAE-Mg?* (40 mM Tris, 2mM EDTA, 20 mM AcOH, and 12.5 mM magnesium
acetate) and subsequently loaded on the native 15 % polyacrylamide gel
(acrylamide/bisacrylamide 19 : 1) termostabilized at 4°C. The electrophoresis was
run at this temperature at 200 V in a SE-600 Hoefer Scientific apparatus using TAE-
Mg?* as running buffer. After the electrophoresis, oligodeoxynucleotides were
stained by STAINS-ALL (Sigma) and revealed as indicated above.

6.2.19. Enzymatic degradation studies

0.5 OD of the oligonucleotide to be analyzed were incubated in 50 mM
tristHCI pH 8.0 and 10 mM magnesium chloride with snake venom
phosphodiesterase (0.4 ug) and bacterial phosphatase (0.4 ug) in a total volume of
100 puL at 37°C overnight. The resulting mixture was diluted and analyzed by HPLC
using the program “DMT OFF” on a Shimadzu instrument with a polystyrene
column, Hamilton PRP-1 (250 x 10 mm) and flow rate of 3 mL/min.
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6.3. Experimental section (Chapter 2)

6.3.1. Oligonucleotide synthesis

The oligonucleotides used in this chapter were prepared on 0.2 umol scale in
the automatic synthesizer using phosphoramidite chemistry on polystyrene solid
support (LV200). For the first part of the clamp the appropriate C, T, LNA-T, and
LNA-5'-methyl-C phosphoramidites were employed while reversed G and A
phosphoramidite monomers were used for the second fragment of the clamp.
Longer oxidizing and coupling times were used with LNA monomers, as indicated by
the manufacturer. The phosphoramidite of 5’-methyl-C-LNA was dissolved in
ACN/THF 3:1.

Oligonucleotides were deprotected and cleaved from the support with
concentrated ag. NH; at 55°C overnight. Oligonucleotides were synthesized without
performing final detritylation to facilitate reversed-phase HPLC purification with the
“DMT ON” protocol. All chromatograms presented a major peak, which was
collected. Finally oligonucleotide clamps were detritylated, desalted by NAP-10, and
quantified by measuring the absorbance at 260 nm. Their molar absorptivities were
calculated assuming identical absorptivities for LNA and DNA monomeric
nucleotides.

Determined masses of the oligonucleotides by MALDI-TOF ([M-H]") and their
calculated theorical values (between parentheses) are as follows:

WC 11lmer: 3194.0 (3194.2); WC 11mer/2'-O-Me: 3453.0 (3454.1); B22:
7949.6 (7952.1); B22-T: 8027.9 (8036.1); B22-C: 8072.2 (8078.1); B22-CT:
8122.9 (8134.1).

6.3.2. Thermal denaturation studies

Solutions of equimolar amounts of hairpins with or without the target WC
pyrimidine strand were mixed in 0.1 M sodium phosphate/citric acid buffer (pH
ranging from 5.0 to 7.0) containing 1 M NaCl, with a final duplex concentration of 2
um. The solutions were heated to 90 °C, allowed to cool slowly to r.t., and stored at
4 oC until UV was recorded. Thermal melting curves were recorded at 260 and 295
nm at a heating rate of 1 °C/min. The T,, values were determined at the maximum
of the first derivative of the melting curve using OriginLab v7.0 software. T,, values
are averages of at least two independent measurements within & 1.0 °C.
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6.4. Experimental section (Chapter 3)

6.4.1. Synthesis of succinimidyl N-propargyl glutariamidate

Glutaric anhydride (2.61 g, 23 mmol), propargylamine (1.5 ml, 23 mmol),
and triethylamine (3.21 ml, 23 mmol) were dissolved in DCM (50 ml) and stirred
for 12 h at room temperature. After the DCM solvent was evaporated, the residue
was acidified by adding 1 M HCI solution (5 ml). The solvent was removed under
vacuum, and the crude mixture was purified by silica gel chromatography
(CHCI3/CH30H 5/1, Rf=0.45) which despite vyielded 4.3 g of N-propargyl
glutariamidic acid impurified with triethylamine (62% yield). To a solution of N-
propargyl glutariamidic acid (0.74 g impurified product, 2.4 mmol desired product)
in DCM (25ml) was added N-hydroxysuccinimide (NHS) (0.28 g, 2.4 mmol),
followed by the addition of 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide
hydrochloride (EDC; 0.48 g, 2.5 mmol) at room temperature. After stirring for 8 h,
the mixture was washed with H,O (2x20 ml) and the aqueous layer was extracted
with DCM (30 ml). The combined organic layers were washed with brine, dried over
Na,S0,4, and concentrated in vacuo to yield 0.39 g of succinimidyl N-propargyl
glutariamidate as a yellow solid (63% yield).

0 o o H NMR (CDCl5) & 4.05 (dd, 1H, J; = 3.9 Hz, ), =

w 2.7), 2.86 (s, 4H), 2.69 (t, 2H, 1=6.9 Hz), 2.34 (t,
NNZ _ - -

N—O ” 2H, J=7.2 Hz), 2.22 (t, 1H, J=2.7), 2.08-2.18 (m,

1H); *3C NMR (CDCl;) 6 171.3, 169.3, 168.3, 79.5,

0 71.4, 34.1, 29.9, 29.1, 25.6. HRMS (FAB+) m/z:
caled for Ci,H1s0sN, (M + H*), 267.1; found, 267.6.20.8.

6.4.2. Synthesis of succinimidyl 5-azidovalerate

Firstly, methyl 5-bromopentanoate (143 ul, 1mmol) was reacted with NaN;
(340 mg, 5 mmol) in DMF, and stirred for 12 h at room temperature. After the
solvent was evaporated, the residue was dissolved in DCM and excess of NaN; was
extracted with H,0. The organic layer was evaporated and the residue was treated
with LIOH (0.1 g, 4 mmol) in 6 ml of THF/H,0 1:2. After hydrolysis, the solution
was acidified with 1 M HCI solution, the THF removed by rotavaporation and the
aqueous phase extracted with DCM. The combined organic layers were dried over
Na,S0, and concentrated in vacuo to yield 0.11 g of 5-azidovaleric acid (0.78
mmol, 78% yield).

Secondly, 1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride
(140 mg, 0.73 mmol) was added to a suspension of 100 mg (0.7 mmol) of 5-
azidovaleric acid and 84 mg (0.73 mmol) of N-hydroxysuccinimide in DCM (5 mL)
at room temperature and stirred overnight, followed by the addition of H,O. The
separated DCM phase was washed with H,O and brine solution, dried over Na,SOy,,
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and evaporated to yield 104 mg (0.43 mmol, 62 % yield) of succinimidyl 5-
azidovalerate as a pale yellow liquid.

O 0 'H NMR (CDCl5) § 3.34 (t, 2H, ] = 6.6 Hz), 2.84 (s,
)W 4 H), 2.68 (t, 2H, J = 6.9 Hz), 1.88-1.72 (m, 4H);
N—O N, ‘*CNMR (CDCl;) § 169.1, 168.2, 50.8, 30.4, 27.9,
25.6, 21.9.
o)

6.4.3. Synthesis of 2-cyanoethyl hex-5-ynyl N,N-diisopropyl
phosphoramidite

Hex-5-yn-1-ol (0.54 ml, 5 mmol) was dissolved in dry ACN (6 ml) under Ar,
and DIPEA (2.6 ml, 15 mmol) was added with exclusion of moisture. The solution
was cooled on ice, and chloro(2-cyanoethoxy)(diisopropylamino)phosphine (1.7 ml,
7.5 mmol) was added dropwise. The solution was stirred at r.t. for 2 h. The solvent
was then removed in vacuo, and the residue was dissolved in DCM with 1% Et;N.
The solution was washed with H,O and brine, dried (Na,S0,), and evaporated. The
crude product was purified by silica gel column chromatography (AcOEt/hexane 1:9
with 4% Et3N) to give the desired phosphoramidite (670 mg) as a pale yellow oil in
46% vyield.

1H-NMR (CDCl5): 3.90-3.55 (m, 6 H), 2.64

)\ J\ (t, 1=5.4, 2 H), 2.23 (t, J=6.9, 2 H), 1.95

N (t, 3=2.7, 1 H), 1.78 -1.57 (m, 4H), 1.18

NG |-i> \ (d, 1=6.9, 12 H). !3C-NMR (CDCl;; two
SN TN TN NS diastereoisomers):117.6; 84.2; 68.5; 63.2,

63.0; 58.4, 58.2; 43.1, 42.9; 30.2, 30.1;
24.7, 24.6; 20.4, 20.3; 18.1. 3'P-NMR (CDCl5):147.76. ESI-MS: 299.5 ([M+H"]).

6.4.4. Synthesis of 6-bromohexyl 2-cyanoethyl N,N-diisopropyl
phosphoramidite

6-Bromohexan-1-ol (0.26 ml, 2 mmol) was dissolved in dry ACN (4 ml)
under Ar and DIPEA (1 ml, 6 mmol) was added with exclusion of moisture. The
solution was cooled on ice and chloro(2-cyanoethoxy)(diisopropylamino)phosphine
(0.7 ml, 3 mmol) was added dropwise. The solution was stirred at r.t. for 2.5 h. The
solvent was then removed in vacuo, and the residue was dissolved in DCM with 1%
EtsN. The solution was washed with H,O and brine, dried (Na,S0,), and evaporated.
The crude product was purified by column chromatography (silica gel;
AcOEt/hexane 1 : 9 with 4% Et;N) to give the desired phosphoramidite (360 mg)
as a pale yellow oil in 47% yield.
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CH2Br), 2.64 (t, 1=6.6, 2 H), 1.92 -
NG P~~~ Br 182 (m, 2 H), 1.67 -1.59 (m, 2 H),

e 1.50-1.36 (m, 4 H), 2.35 (d, 1=6.6, 12
H). 3C-NMR (CDCls ; two diastereoisomers): 117.6; 63.6, 63.4; 58.4, 58.2; 43.1,
42.9; 33.8; 32.7; 31.0, 30.9; 27.8; 25.2; 24.7, 24.6, 24.5 (4 Me): 20.4, 20.3. 3'P-
NMR (CDCl): 147.73. ESI-MS: 381.3 ([M+ H*]).

H-NMR (CDCl5): 3.9 -3.76 (m, 2 H),

)\ J\ 3.7-3.52 (m, 4 H), 3.41 (t, J=6.9, 2 H,
N
l

6.4.5. Synthesis of oligonucleotides carrying a propargyl group at the 5'-
end using 5’-amino-oligonucleotides

ODN 8 (8T->aminohexyl, Table 3.10) was synthesized on 1 umol scale. The
phosphoramidite of 6-[(4-monomethoxytrityl)amino]hexan-1-ol (5'-Amino-Modifier
C6, LinkTechnologies) was used for the introduction of the amino group at the 5'-
end (coupling time = 300 s). After the removal of the MMT group the resulting
amino-oligonucleotide-support was treated with 20 equivalents of succinimidyl N-
propargyl glutariamidate in dioxane for 1 h at r.t. The resulting support was washed
and treated with conc. NH; at r.t. for 2 h. ODN 9 was purified by RP-HPLC
(conditions A). The desired product eluted at 12.0 min (starting 8T->aminohexyl
suffered N-acetylation and eluted at 11.6 min). ESI-MS: 2760 [M+ 3 Na]".

6.4.6. Synthesis of oligonucleotides carrying a propargyl group at the 5’'-
end using 5’-carboxy-oligonucleotides

ODN 10 (8T-°COONHS), 12 (8A->COONHS), 14 (CT->COONHS), 16 (pyr-
CT-’COONHS) and 18 (CTong-> COONHS) were synthesized either on 0.2 or 1 umol
scale. The phosphoramidite of 10-hydroxydecanoic acid N-hydroxysuccinimide ester
(5’carboxy modifier C10, Glen Research) was used for the introduction of the N-
hydroxysuccinimide ester group at the 5-end (coupling time = 300 s). The
resulting 5'-carboxy-oligonucleotide-supports were treated with 10 equivalents of
propargylamine in DCM containing 10% Et;N for 4 h at r.t. The resulting supports
were washed and treated with conc. NH3 at 55°C for a minimum of 3 h or o.n in
most cases. ODN 11, 13, 15, 17 and 19 were purified by RP-HPLC using
conditions A (for ODN 13) or C (for ODN 11,15,17,19). By-products corresponding
to the 5'-carboxamide-ODNs (coming from nucleophilic substitution of NHS ester
groups with NHs) were eluted as small peaks before the desired products. These
oligonucleotides were also isolated and analyzed. Retention times are indicated in
the table 3.20 of this thesis. Determined masses of the oligonucleotides by MALDI-
TOF ([M-H]) and their calculated theorical values (between parentheses) are as
follows: 8A-COONHS: 2691 (2692); 8A-°propargyl: 2728 (2730); CT-
SCOONHS: 3441 (3442); CT-*propargyl: 3479 (3481); pyr-CT->COONHS: 3837
(3839); pyr-CT->propargyl: 3873 (3877); CT.ong-s'COONHS: 4961 (4965);
CTiong=" Propargyl: 4999 (5003).
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6.4.7. Synthesis of oligonucleotides carrying an alkynyl group at the 5’-end
using the phosphoramidite derivative of hex-5-yn-1-ol.

The hex-5-yn-1-ol phosphoramidite was used for the introduction of an
alkynyl group at the 5’-end of oligonucleotides 20 (CT->hexynyl) and 21
(GA-hexynyl). Coupling was performed in the automatic synthesizer using a
coupling time of 300 s. After ammonia deprotection (55°C, o.n), the resulting
oligonucleotides were purified by RP-HPLC. Oligonucleotide 20 eluted at 9.7 min
(conditions C). MALDI-MS ([M-H] ): 3351 (calc. 3353). Oligonucleotide 21 eluted
at 10.3 min (conditions A). MALDI-MS ([M-H] ): 3636.3 (calc. 3639).

6.4.8. Synthesis of oligonucleotides carrying an azido group at the 5'-end
using 5'-amino-oligonucleotides.

ODN 8 (8T->aminohexyl) was synthesized on 1 pmol scale as described
above (section 6.4.5). After the removal of the MMT group the resulting amino-
oligonucleotide-support was treated with 20 equivalents of succinimidyl 5-
azidovalerate in dioxane for 1 h at r.t. The resulting support was washed and
treated with conc. NH; at r.t. for 2 h. ODN 22 was purified by RP-HPLC using
conditions A. The desired product eluted at 13.2 min. ESI-MS: 2716 ([M + 2 Na]*).

6.4.9. Synthesis of oligonucleotides carrying azido groups at the 5'-end
using the iodination, followed by azide displacement.

Sequences CT and GA (ODN 3 and 4 respectively) were synthesized on 1
umol scale and the last DMT group was removed. GA sequence was synthesized
with dmf-protected guanines. The supports were treated with (triphenoxymethyl)
phosphonium iodide (0.226 g, 0.5 mmol) in DMF (0.85 ml) to yield the 5'-iodo-
oligonucleotides 23 and 25 (CT-’iodo and GA-%iodo). In this procedure the
iodination solution was passed several times back and forth between two syringes
fitted to the ends of the DNA synthesis column. The resulting supports were then
washed with DMF and DCM and dried. Finally, resin carrying the 5'-iodo-
oligonucleotide was treated with NaN; (68 mg, 1 mmol) in DMF (1 ml) overnight at
r.t.

A small amount of resin was cleaved before undergoing each reaction to
determine the yield of every step. Iodination was achieved with a yield of 85 %
while azide displacement gave a final conversion of 70-73%, based on relative peak
areas of HPLC chromatograms. Cleavage from the resin was performed with NH; for
3 h at r.t in the case of CT->azido and for 1h at 55°C in the case of GA->azido.

ODN 24 and 26 were purified by RP-HPLC using conditions A (for ODN 24)
or C (for ODN 26). Retention times of these products as well as of their
intermediates are indicated in the table 3.29 of this thesis. Determined masses of
the oligonucleotides by MALDI-TOF ([M-H]) and their calculated theorical values
(between parentheses) are as follows: CT: 3194 (3194); CT-%iodo: 3302 (3304);
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CT-%azido: 3217 (3219); GA: 3476 (3479); GA->iodo: 3586 (3589); GA-azido:
3502 (3504).

6.4.10. Synthesis of oligonucleotides carrying azido groups at the 5'-end
using the phosphoramidite derivative of 6-bromohexan-1-ol.

The phosphoramidite of 6-bromohexan-1-ol was introduced in the DNA
synthesizer and incorporated into the CT and GA sequence (coupling time = 300 s).

A small amount of CPG beads carrying the 5’-bromohexyl oligonucleotides
were treated with concentrated ammonia at 55°C o.n which resulted in nucleophilic
substitution of bromine atom to give 5’-aminohexyl oligonucleotides as the major
product (85 % yield), as concluded from analysis by RP-HPLC (figure 3.33) and
MALDI-TOF. MALDI-MS ([M-H]): CT->aminohexyl: 3373 (calc. 3372) and GA-
>aminohexyl: 3657 (calc. 3658).

The rest of the support carrying the *-Br-oligonucleotide (CT->bromohexyl
and GA->bromohexyl; ODN 28 and 30) was treated with NaN; (68 mg, 1 mmol) in
DMF (1 ml) o.n at r.t to yield the desired *>-Ns-oligonucleotides (ODN 29 and 31).
CT->azidohexyl and GA-°azidohexyl were cleavaged from the support and purified
by RP-HPLC (conditions C) eluting at 11.7 and 12.8 min respectively in 75-94%
yield. Determined masses of the oligonucleotides by MALDI-TOF ([M-H]") and their
calculated theorical values (between parentheses) are as follows: CT->azidohexyl:
3397 (3398); GA->"azidohexyl: 3683 (3684).

6.4.11. CuAAC reactions to ligate two oligonucleotide strands in solution

To find the optimal conditions for the coupling reaction a small excess of 8T-
>propargylglutaryl (ODN 9, 19.5 nmol) was mixed with 8T->azidobutyryl (ODN 22,
15 nmol) in the presence of either CuSQO,/ascorbic acid or Cul. Three conditions
were tested:

1) 0.1 equiv. of CuSO4 and 0.5 equiv. of ascorbic acid in 0.07 ml of H,O/t-BuOH
(2:1), r.t. under Ar, 72 h.

2) 10 equiv. of CuSO4 and 50 equiv. of ascorbic acid in 0.075 ml of H,O/ t-BuOH
(2:1), r.t. under Ar, 72 h with stirring.

3) 300 equiv. of Cul and 400 equiv. of DIPEA in 0.06 ml of H,O/ACN (1:1), r.t.
under Ar, 40 h with stirring.

Best results were obtained in trials 2 and 3 (75% vyield) where an excess of
the copper source was used. When copper catalyst was only 0.1 equiv. yield was
between 10-15%. The presence of the product of cycloaddition was confirmed by
gel electrophoresis. Mass spectrometry gave a mass value higher than expected
(found 6157, calc. 5378) probably due to the presence of copper ions that were not
completely eliminated from the reaction.
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6.4.12. CuAAC reactions to ligate two oligonucleotide strands in solid
phase

General protocol for click reaction on the resin:

A few milligrams of CGP resin functionalized with the 5’-azido-sequences
(0.05 - 0.15 pmol) were placed in a 1 mL screw cap septum vial. In an Eppendorf
tube, Cul (1-5 mg) was dissolved in 10 ul H,O and 40 pul of ACN containing 3-7 ul of
DIPEA, and then TBTA (0.5-2 mg) dissolved in 10 pl of DCM was added. This
mixture was vortexed and added to a separate vial containing the 5’-alkyn-
sequence in 40 ul of H,O. The final solution was added to the vial containing the
solid-supported DNA. This vial was filled with argon and gently rotated over two
days. The solution was filtrated and the resin was washed thoroughly with ACN, a
solution of ascorbic acid (0.02 g/ml) in H,O, H,0, 0.1 M EDTA, H,0, and DCM/MeOH
(1:1).

Variations of these protocols were performed in several experiments:

- when using homopyrimidine sequences: 2-4 mg of ascorbic acid in H,O was added
instead of TBTA/DCM

- use of ChemMatrix: in some experiments CM was used instead of CPG as solid
support

- reactants inversely immobilized: in this case 5’-alkyne-sequence was on the resin
and the 5’-azido-sequence in solution

The conditions used in all experiments are collected in the table below (table 6.3).
In the last column, the methods employed for the characterization of the ligation

products are indicated.

Azido-ODN | Alkyn-ODN | Cul/DIPEA | Ascorbic TBTA
Characterization
(nmol) (equiv) (equiv) (equiv) | (equiv)
100 nmol 2 eq. RP-HPLC (tg=14.4 min), UV,
150/170 -- --
ODN 22 ODN 13 enzymatic digestion
120 nmol 4 eq.
200/240 -- -- n.d
ODN 24 ODN 21
120 nmol 4 eq.
200/240 -- -- n.d
ODN 29 ODN 21
100 nmol 9 eq. RP-HPLC (conditions C, tg=11.2 min, 35%),
200/240 100 --
ODN 24 ODN 11 PAGE ; MALDI-MS: 5870 (calc.5877)
100 nmol 5eq. RP-HPLC (conditions C , tg=12.0 min,
200/240 100 --
ODN 29 ODN 11 40%);PAGE ; MALDI-MS:6051 (calc.6056)
100 nmol 5eq. RP-HPLC (conditions C,
200/240 100 75
ODN 29 ODN 11 tr=13.0 min, 40%)
500 nmol 1.5 eq. RP-HPLC (tg=14.0 min with program C,
a 200/240 100 --
ODN 27 ODN 11 70%) ; MALDI-MS: 5990 (calc.5992)
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150 nmol 2.5 eq.
b 160/190 160 -- n.d
ODN 31 ODN 15
140 nmol 3 eq.
70/135 -- -- PAGE
ODN 31 ODN 15
97 nmol 1.9 eq.
80/440 -- -- PAGE, enzymatic digestion
ODN 31 ODN 15
60 nmol 1.6 eq.
113/622 -- 22 PAGE, enzymatic digestion
ODN 31 ODN 19
64 nmol 1.6 eq. PAGE, enzymatic digestion,
122/672 -- 30
ODN 31 ODN 17 fluorescence (345 nm)
45 nmol 2.6 eq.
105/577 -- 21 PAGE, enzymatic digestion
ODN 26 ODN 15
48 nmol 2 eq.
109/598 -- 20 PAGE, enzymatic digestion
ODN 26 ODN 19
58 nmol 1.8 eq.
118/648 -- 23 PAGE, enzymatic digestion
ODN 26 ODN 17
150 nmol 1.3 eq.
70/380 -- 54 PAGE, fluorescence (345 nm)
ODN 24 ODN 17
2 eq. 70 nmol
c c 75/410 -- 88 AEC, PAGE
ODN 31 ODN 15

Table 6.3. Conditions used in different click reaction between two ODN strands.
3 5'-azido-ODN is supported in ChemMatrix
b No product was isolated, nor on CPG or CM
©In this case, the 5'-alkyne-ODN was immobilized on CPG and the 5'-azido-ODN was added in solution

6.4.13. Reaction of CT->hexynyl and 8T->propargyl with benzylazide

The solid support carrying oligonucleotide sequence CT->hexynyl (ODN 20;
1.6 mg, 50 nmols) was treated with benzylazide (2 ul) in the presence of 4 mg of
Cul, 4 ul of DIPEA , and 2 mg of ascorbic acid at r.t., in 0.15 ml of H,O/ACN (1 : 1),
stirring for 17 h. After the reaction, the support was extensively washed as
described above and oligonucleotide was cleaved from the support. The desired
compound eluted at 12.7 min (conditions C) as a major product. MALDI-MS: 3489
(calc. 3484).

A similar protocol was used to react 8T->propargyl (ODN 11; 3 mg, 90
nmols) with benzylazide (2 pl) adding 3 mg of Cul, 4 ul of DIPEA , and 4 mg of
ascorbic acid at r.t., in 0.14 ml of H,O/ACN (1 : 1). The desired compound eluted at
17.6 min (conditions C) as a major product. MALDI-MS: 2792 (calc. 2792).

6.4. 14. Synthesis of novel unnatural amino acids by click chemistry
All the different synthetic steps to obtain the (S)-Na-t-Boc-propargylglycine,

the Na-t-Boc-p-amino-L-alanine and the subsequent click reactions are described in
the sections below:
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6.4.15. Synthesis of (3R)-3,6-Dihydro-2,5-diethoxy-3-isopropyl-pyrazine

A mixture of 3(R)-isopropylpiperazine-2,5-dione (4.67 g, 30 mmol) and
Et;0-BF, (37.9 g, 197.8 mmol) in DCM (250 ml) was stirred at room temperature
under nitrogen for 6 days. The solution was added in portions to a vigorously
stirred mixture of saturated aqueous NaHCO; (300 ml) and DCM (200 ml) at 4°C,
while maintaining the pH between 8 and 9 by the addition of 3 M NaOH as required.
The phases were separated and the aqueous phase was extracted with DCM (2 x
150 ml). The combined organic phases were washed with brine (200 ml), dried with
MgS0O, and concentrated under vacuum to give the crude as a yellow oil. Flash
chromatography using hexane/ethyl acetate (9:1) as eluent yielded the pure
product in 49 % vyield (3.15 g, 14.7 mmol) as a colourless oil. R¢=0.32.

J 1H-NMR (400MHz, CDCl5): & 0.75 (d, 3H), 1.0 (d, 3H), 1.24-
%, N -OEt 1.28 (m, 6H), 2.15-2.27 (m, 1H), 3.91-3.97 (m, 3H), 4.0-
j/ 4.21 (m, 4H). 3C-NMR (400 MHz, CDCl5) & 14.4, 17.1, 19.1,

N

2.6, 46. . 1.1, 161.9, 164.4
EtO N 32.6, 46.9, 60.8, 61.1, 161.9, 16

6.4.16. Synthesis of (3R)-3,6-Dihydro-2,5-diethoxy-3-isopropyl-(6S)-
propargyl-pyrazine

1.359 g of (3R)-3,6-Dihydro-2,5-diethoxy-3-isopropyl-pyrazine (6.36 mmol)
were dissolved in 25 ml of dry THF under nitrogen atmosphere and allowed to cool
to -789C. A solution of 2.5 M butillithium in n-hexane (2.8 ml, 7 mmol) was added
dropwise and the mixture was stirred 45 minutes. A precooled solution (-789°C) of
propargylbromide (0.99 g, 8 mmol) in 10 ml of dry THF was added slowly and the
reaction mixture was stirred overnight. The solvent was removed in vacuo and the
residue was treated with 100 ml of 0,1 M potassium phosphate buffer (pH=7). The
suspension was extracted with diethylether (3 x 100ml) and the combined organic
phases were dried over MgSO, and concentrated under reduced pressure. The
crude product was purified by flash chromatography on silica eluting with
dichlorometane/ethylacetate (99:1) obtaining the pure product in a 67% yield (1.07
g, 4.24 mmol). Rf = 0.33.

N o 'H-NMR (400 MHz, CDCl5): 8 0.64 (d, 3H), 0.98 (d, 3H),
t

IR 1.22 (t, 6H), 1.83 (t, 1H), 2.19-2.27 (m, 1H), 2.57-2.71
(m, 2H), 3.93 (t, 1H), 4.0-4.2 (m, 5H). *C-NMR (400
EtO \N X MHz, CDCls): & 14.3, 16.6, 19.1, 25.1, 31.7, 54.4, 60.7,

60.9, 69.9, 80.7, 161.3, 164.3.

184



6.4.17.Synthesis of (S)-ethyl-2-(tert-butoxycarbonylamino)-pent-4-ynoate

1.07 g of (3R)-3,6-Dihydro-2,5-diethoxy-3-isopropyl-(6S)-propargyl-
pyrazine (4.24 mmol) were dissolved in 16 ml of water/acetonitrile (1:1) and 0.96
ml of 99% TFA were added (12.73 mmol, 3 eq). The solution was stirred 5 minutes
in the microwave oven at 60 °C. The solution was concentrated to about 10 ml and
20 ml of DCM were added. The two phases were separated and the pH of the
aqueous phase was brought to 10 by addition of 25% aqueous NHi;. The mixture
was extracted with DCM (3 x 15 ml) and the organic solution was dried over Na,SO,4
and evaporated. Crude product from the hydrolysis was dissolved in 40 ml of dry
THF and 2 eq. of tert-butyldicarbonate were added. The mixture was stirred under
reflux overnight. The solvent was evaporated and the residue was purified by flash
chromatography on silica using hexane/diethylether (8:3) as eluent. Pure product
was obtained in 73 % yield (0.75g, 3.11 mmol). Rf = 0.47.

o ONO 1H-NMR (400 MHz, CDCl3): & 1.28 (t, 3H), 1.44 (s,
9H), 2.02-2.03 (t, 1H), 2.72- 2.73 (m, 2H), 4.18-4.29
XOLHNI/X (m, 2H), 4.41-4.46 (m, 1H). 3C-NMR (400 MHz,
CDCl;): & 14.3, 23.0, 28.4, 52.0, 61.9, 71.6, 78.8,
80.2, 155.2, 170.7.

6.4.18. Synthesis of (S)-No-t-Boc-propargyiglycine

0.75 g of (S)-ethyl-2-(tert-butoxycarbonylamino)-pent-4-ynoate (3.11
mmol) were dissolved in 22 ml of water/THF (1:1) and 261 mg of LiOH-H,0O (6.22
mmol, 2 eq) were added. The mixture was heated for 20 minutes at 60°C in a
microwave oven. The solution was concentrated to about 2 ml and DCM (2 x 25 ml)
was added. The phases were separated and the pH of the aqueous phase was
brought to 3 by addition of 10 ml of 10% aqueous citric acid. The organic phase
was dried over Na,S0O, and the solvent was removed under vacuum obtaining the
desired product in 76 % vyield as a yellow oil (0.44 g, 2.07 mmol).

'H-NMR (400 MHz, CDCls): & 1.44 (s, 9H), 2.07 (s,

H
o © © 1H), 2.73-2.83 (m, 2H), 4.50-4.52 (m, 1H). *C-NMR
>< )J\ S (400 MHz, CDCl5): & 22.6, 28.4, 51.8, 72.0, 78.4, 80.8,
0~ THN N 155.5, 175.3. IR Lmay (KBr; cm™): 3431, 3308, 2980,

1717, 1508, 1394, 1368, 1160, 1063.

6.4.19. Synthesis of No-t-Boc-f-amino-L-alanine

A slurry of Na-t-Boc-L-asparagine (0.51 g, 2.18 mmol), ethyl acetate (2.4
mL), acetonitrile (2.4 mL), water (1.2 mL), and PIDA (0.832 g, 2.58 mmol) was
cooled and stirred at 16 °C for 30 min. The temperature was allowed to reach 20
°C, and the reaction was stirred until completion (4 h). The mixture was cooled to 0
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°C and filtered. The filter cake was washed with 2 mL of ethyl acetate and dried in
vacuo at 65 °C to give the desired product (2.70 g, 60 % vyield). R=0.11
(EtOAc:MeOH 6:4).

1H-NMR (400 MHz, DMSO-D¢): & 1.39 (s, 9H), 2.73-
2.78 (m, 1H), 3.00-3.04 (m, 1H), 3.63-3.65 (m, 1H).

o) OH
0
>< )k j/ NH, 2C-NMR (400 MHz, DMSO-D¢): & 28.7, 40.7, 51.6,
0" SN R

78.7, 155.5, 171.8.

6.4.20. General Procedure for sequential one-pot process for diazo transfer
and azide-alkyne cycloaddition using CuSO, and sodium ascorbate.

Triflyl azide (TfN3) was freshly prepared prior to each reaction. NaNs (6 eq
per substrate amine) was dissolved in a minimum volume of water (solubility of
NaNs; in water is approximately 0.4 g/ml). At 0 °C an equal volume of
dichloromethane was added and triflic anhydride (Tf,0) (3 eq) was added dropwise
to the vigorously stirred solution. After stirring for 2 h at 0 °C the aqueous phase
was once extracted with the same volume of dichloromethane. The combined
organic phases were washed with sat. NaHCO; solution and used without further
purification.

The substrate amine, CuSO; (4 mol%) and NaHCOs; (2 eq) were
dissolved/suspended in the same volume of water as the volume of the TfN3
solution to be employed. The TfNs; solution was added, followed by addition of
methanol to get a homogeneous solution with a proportion of 3:10:3 of
H,0/MeOH/DCM. The reaction was stirred at room temperature (1.5 - 2h) until TLC
showed complete conversion of the starting amine. IR of the azide product showed
a peak at 2110 cm?, as expected for azide compounds.

Then the acetylene component (1.1 eq), TBTA (5 mol %) and sodium
ascorbate (30 mol % per substrate amine) were added and the reaction was heated
to 70 °C in sealed vials under microwave irradiation (Biotage Initiator Instrument)
until TLC showed complete conversion of the azide intermediate (about 30 min). In
addition, as the click product and the starting azide showed similar Rf, reaction was
let stirring at room temperature overnight to be sure that reaction is finished.

The reaction mixture was diluted with water and the organic solvents were
removed under reduced pressure. The water was removed under reduced pressure
by co-evaporation with toluene/ethanol (1:1). The crude product was purified by
flash chromatography.

186



6.4.21. Synthesis of (S)-2-(tert-butoxycarbonylamino)-3-(4-phenyl-1H-
1,2,3-triazol-1-yl)propanoic acid

Na-t-Boc-B-amino-L-alanine (268 mg, 1.3 mmol) was reacted to
phenylacetylene (143 uL, 1.3 mmol) according to general procedure detailed above.
After flash chromatography (DCM/MeOH 8/3) the product was isolated as a yellow
solid with 97 % yield. (419 mg, 1.26 mmol). Rf = 0.26.

0 COOH /N;N 'H-NMR (400 MHz, DMSO-Dg): & 1.29 (s,
)J\ ) N A 9H), 4.12 (m, 1H), 4.47-4.60 (m, 1H), 4.83-
0 N

H 4.86 (m, 1H), 7.30 (t, 1H), 7.42 (t, 2H), 7.80
(d, 2H), 8.33 (s, 1H). *3*C -NMR (400 MHz,
DMSO-Dg): & 28.6, 50.4, 54.2, 79.1, 122.6, 125.6, 128.4, 129.5, 131.3, 146.7,
155.8, 171.5. IR V.« (KBr; cm™): 3407, 2978, 1700, 1608, 1419, 1365, 1250,

1166, 1060, 763, 693.

6.4.22. Synthesis of (S)-2-(tert-butoxycarbonylamino)-3-(4-(pyridin-2-yl)-
1H-1,2,3-triazol-1-yl)propanoic acid

No-t-Boc-B-amino-L-alanine (108 mg, 0.53 mmol) was reacted to 2-
ethynylpyridine (56 puL, 0.55 mmol) according to the general procedure. After flash
chromatography (DCM/MeOH 7/3) the product was isolated as a yellow solid with a
86 % yield. (152 mg, 0.45 mmol). Rf = 0.21.

1 - - .
o COOH N=N H-NMR (400 MHz, DMSO-Dg): 0 1.28 (s,

)k J N/ P =, 9H), 4.12 (s, 1H), 4.60-4.65 (m, 1H), 4.88-
%o N K \ y 4,91 (m, 1H), 7.31 (t, 1H), 7.87 (t, 1H), 8.00
N (d, 1H), 8.39 (s, 1H), 8.56 (d, 1H). 13C -NMR

(400 MHz, DMSO-Dg): 6 28.6, 52.5, 56.2, 78.5, 119.8, 123.3, 124.2, 137.6, 147.4,
150.8, 155.4, 172.1. IR vy, (KBr; cm™): 3409, 2978, 1693, 1615, 1417, 1366,
1249, 1165, 1058, 784.

6.4.23. Synthesis of (S)-2-(tert-butoxycarbonylamino)-3-(4-(prop-1-en-2-
yl)-1H-1,2,3-triazol-1-yl)propanoic acid

Na-t-Boc-B-amino-L-alanine (108 mg, 0.53 mmol) was reacted to 2-methyl-
1-buten-3-yne (53 uL, 0.55 mmol) according to the general procedure. After flash
chromatography (DCM/MeOH 7/3) the product was isolated as a yellow solid with a

86 % vyield. (135 mg, 0.45 mmol). Rf = 0.44.

o COOH N=N 'H-NMR (400 MHz, DMS0-Dg): & 1.30 (s, 9H),
)J\ ),///h{ P 2.01 (s, 3H), 4.13-4.14 (m, 1H), 4.47-4.53 (m,
0 N~ 7 1H), 4.78-4.82 (m, 1H), 5.00 (s, 1H), 5.56 (s,

1H), 7.96 (s, 1H). 3C -NMR (400 MHz, DMSO-
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De): &20.9, 28.6, 52.0, 56.1, 78.5, 111.6, 122.2, 134.4, 147.5, 155.3, 172.6. IR
Umax (KBr / cml). 3410, 2979, 2106, 1699, 1599, 1418, 1367, 1248, 1167, 1062,
1026.

6.4.24. Synthesis of (S)-2-(tert-butoxycarbonylamino)-3-(4-(1-hydroxy
cyclohexyl)-1H-1,2,3-triazol-1-yl)propanoic acid

Na-t-Boc-B-amino-L-alanine (108 mg, 0.53 mmol) was reacted to 1-ethynyl-
1-cyclohexanol (68 mg, 0.55 mmol) according to the general procedure. After flash
chromatography (DCM/MeOH 7/3) the product was isolated as a white solid with a
guantitative yield. (188 mg, 0.53 mmol). Rf = 0.41.

'H-NMR (400 MHz, DMSO-D¢): &1.31 (s,
COOH N=N HO

j\ ) ] 9H), 1.39-1.47 (m, 4H), 1.64-1.67 (m, 4H),
%o N "//,/Ny\O 1.79-1.86 (m, 2H), 4.10-4.11 (m, 1H), 4.44-
: 4.50 (m, 1H) , 4.74-4.79 (m, 1H), 7.71 (s,

1H). **C -NMR (400 MHz, DMSO-D¢): & 22.2, 25.9, 28.7, 38.4, 38.5, 51.8, 56.2,
68.5, 78.4, 121.8, 155.4, 155.8, 172.6. IR L (KBr / cm™): 3410, 2934, 2860,
1699, 1599, 1506, 1418, 1366, 1253, 1167, 1060, 965, 850, 757.

6.4.25. Synthesis of (S)-2-(tert-butoxycarbonylamino)-3-(4-p-tolyl-1H-
1,2,3- triazol-1-yl)propanoic acid

No-t-Boc-B-amino-L-alanine (108 mg, 0.53 mmol) was reacted to 4-
ethynyltoluene (70 uL, 0.55 mmol) according to the general procedure. After flash
chromatography (DCM/MeOH 7/3) the product was isolated as a yellow solid with a
quantitative yield (211 mg, 0.61 mmol). Rf = 0.43.

'H-NMR (400 MHz, DMSO-D¢): & 1.27 (s,
(@] COOH N=N

J 9H), 2.30 (s, 3H), 4.19-4.28 (m, 1H),
%O " WMNW 4.57-4.62 (m, 1H), 4.86-4.88 (m, 1H),
. 7.21 (d, 1=8 Hz, 2H), 7.68 (d, 1=7.7 Hz,

2H), 8.28 (s, 1H). 3C -NMR (400 MHz, DMSO-Ds): & 21.4, 28.6, 52.2, 56.2, 78.6,
121.9, 125.6, 128.8, 129.9, 137.4, 146.6, 155.4, 172.9. IR Umax (KBr; cm™): 3420,
2978, 1699, 1596, 1424, 1366, 1250, 1166, 1062.

6.4.26. Synthesis of (S)-2-(tert-butoxycarbonylamino)-3-(4-(4-(trifluoro
methyl) phenyl)-1H-1,2,3-triazol-1-yl)propanoic acid

Na-t-Boc-B-amino-L-alanine (108 mg, 0.53 mmol) was reacted to 4-ethynyl-
a,a,o-trifluorotoluene (90 uL, 0.55 mmol) according to the general procedure. After
flash chromatography (DCM/MeOH 8/2) the product was isolated as a white solid
with a quantitative yield (217 mg, 0.54 mmol). Rf = 0.34.
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COOH N=N 'H-NMR (400 MHz, DMSO-Dg): 8 1.25

+ )k "’/N\)\Q\ (s, 9H), 4.27-4.28 (m, 1H), 4.61-4.66
(m, 1H), 4.90-4.92 (m, 1H), 7.73 (d,

J=8 Hz, 2H), 7.99 (d, J=7.7 Hz, 2H),

8.5 (s, 1H). *C-NMR (400 MHz, DMSO-D¢): & 28.6, 52.4, 56.2, 78.6, 123.7 (t,
J=80 Hz), 126.0, 126.2, 126.3, 128.3 (q, J=128 Hz), 135.5, 145.1, 155.4, 172.7.

IR Vo (KBr; cm™): 3389, 2983, 1693, 1621, 1520, 1417, 1329, 1165, 1124, 1066,
848.

6.4.27. Synthesis of (S)-2-(tert-butoxycarbonylamino)-3- (4-((S)-2-(((9H-
fluoren-9-yl)methoxy)carbonylamino)propyl)-1H-1,2,3-triazol-1-yl) propa
noic acid

Na-t-Boc-B-amino-L-alanine (200 mg, 0.98 mmol) was reacted to Fmoc-propargyl
glycine (401 mg, 1.2 mmol) according to the general procedure. After flash
chromatography (gradient of increasing polatity from DCM/MeOH 8/2 to DCM/MeOH
6/4) the product was isolated as a yellow solid with a 95% vyield. (523 mg, 0.93
mmol).

T

o £ooH =N LOH 'H-NMR (400 MHz, DMSO-

%OLNJ ,,,/N Zash )J\ .O De): 81.33 (s, 9H), 4.20-4.62

(m, 9H), 7.22-7.86 (m, 9H).

O 3C-NMR (400 MHz, DMSO-

De): &28.7, 47.3, 49.2, 55.5,

56.2, 66.1, 78.6, 120.6, 125.7, 127.7, 128.1, 141.2, 144.3, 144.5, 155.1, 155.6,
173.1, 175.1.

6.5. Experimental section (Chapter 4)

6.5.1. Conjugation of oligonucleotides to 1,4,8,11-tetraazacyclotetradecane

The 6-bromohexyl-(2-cyanoethyl)-(N,N-diisopropyl)-phosphoramidite was
introduced in the DNA synthesizer and incorporated into the oligonucleotide
sequences 15C and ¥-disulfide-15C. After oligonucleotide synthesis, each *Br-
(CH,)s-ODN-support was placed on a screw cap vial and incubated with 1 ml of
DCM/DIPEA (95:5) containing 100 equivalents of cyclam at 55°C for 24 hours. The
resulting oligonucleotide 15C-%-crown1 and ¥-disulfide-15C->-crown1l were
cleavaged from the support and purified by RP-HPLC (conditions C) eluting at 11
and 12.3 min respectively. Determined masses of the oligonucleotides by MALDI-
TOF ([M-H]) and their calculated theorical values (between parentheses) are as
follows: 15C-5-crownl: 4929.7 (4927.9); ¥-disulfide-15C->-crown1: 5168.8
(5171.9).
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6.5.2. Conjugation of oligonucleotides to 1,5-diaza-9,13-dithiacyclohexadecane

The 6-bromohexyl-(2-cyanoethyl)-(N,N-diisopropyl)-phosphoramidite was
introduced in the DNA synthesizer and incorporated into the oligonucleotide
sequences 15C and ¥-disulfide-15C. After oligonucleotide synthesis, each *Br-
(CH,)s-ODN-support was placed on a screw cap vial and incubated with 1 ml of
DMSO/DIPEA  (95:5) containing 100 equivalents of 1,5-diaza-9,13-
dithiacyclohexadecane at 55 °C for 24 hours. The resulting oligonucleotide 15C-5'"-
crown2 and *-disulfide-15C->-crown2 were cleavaged from the support and
purified by RP-HPLC (conditions C) eluting at 11.9 and 13.2 min respectively.
Determined masses of the oligonucleotides by MALDI-TOF ([M-H]) and their
calculated theorical values (between parentheses) are as follows: 15C-5-crown2:
4988.5 (4991.9); ¥-disulfide-15C->-crown2: 5228.1 (5235.9).

6.5.3. Copper chelation studies with the 5'-crown-oligonucleotides

1 O.D of each 5-crown-ODN was incubated overnight with 10 equivalents of
CuCl, in 0.5 ml of milliQ water at 4 °C. The excess of copper was removed by
passing the solution through a NAP-5 (Sephadex G-25) column. Desalted samples
were analyzed by MALDI-TOF and the found MW was compared with those
calculated for ODNs complexated with one Cu?* atom per strand. Determined
masses of the oligonucleotides by MALDI-TOF ([M-H]) and their calculated theorical
values (between parentheses) are as follows: 15C-%-crownl /Cu?*: 4996.5
(4991.4); ¥-disulfide-15C-*-crown1 /Cu?*: 5243.4 (5235.4). 15C-5-crown2
/Cu?*: 5000.2 (5055.4); ¥-disulfide-15C->-crown2 /Cu?*: 5243.1 (5299.4). As
deduced from this values, only oligonucleotides derivatized with crown 1 appeared
to chelate Cu (II) strong enough to remain bound after passing through the
desalting cartridge.

6.5.4. Gold Electrode Preparation

Polycrystalline gold disk electrodes (0.5 cm in diameter, 0.196 cm?) were
polished with a microcloth coated with a suspension of 1 um alumina powder
(Buehler GmbH, Germany), rinsed, and sonicated for 15 min in Milli-Q water to
remove any remaining polishing agent. The electrodes were then dipped in 0.1 M
H,S0O, and activated by holding the potential at +2.0 V for 5 s and then at -0.35 V
for 10 s, followed by potential cycling from -0.35 to +1.5 V at 4 V/s for 100 scans.
Finally, the CV characteristic of a clean polycrystalline gold surface was recorded in
0.1 M H,S0,4 at 0.1 V/s. The microscopic area was calculated by integration of the
cathodic peak associated with the reduction of the gold oxide using a value of 400
puC-:cm™ for a monolayer of chemisorbed oxide on polycrystalline gold. The
electrodes were subsequently washed with Milli-Q water.

In the experiments in which gold surfaces were modified with thiolated

SAMs, reductive desorption with KOH solution was performed at the end of
electrochemical measurements, as detailed in section 6.5.10.
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6.5.5. Electrochemical measurements

Voltammetric experiments were performed with a potentiostat PGSTAT10
from Autolab, using GPES 4.9 software for electrochemical measurements (Eco
Chemie BV, The Netherlands). A conventional three-electrode cell with a
polycrystalline gold working electrode, a platinum gauze wire as the counter
electrode and a saturated calomel reference electrode (SCE) were used. Other
electrode references such as Ag/AgCl, NaCl (3M in H,0) and Hg/Hg,S0,, K,SO4
(saturated in H,O) were used when indicated. All solutions were deoxygenated by
bubbling nitrogen or argon for 30 min before the measurements, and all
experiments were carried out at room temperature.

6.5.6. Formation of alkanethiol self assembled monolayers

To form alkanethiol monolayers, gold electrodes were immersed into
solutions with thiol-containing molecules for different time periods.

Thioctic SAMs were obtained by dipping of the gold electrode in a 1 mM
solution of thioctic acid in EtOH during 24 hours. After the self-assembly step the
electrode was thoroughly rinsed with EtOH to remove physisorbed molecules.

Mixed monolayer surfaces containing ssDNA and MCH or MCE were prepared
by immersing the clean gold substrate in a solution of R-S-S-ssDNA or HS-ssDNA
(see 6.5.7 section below), followed by a 2 h exposure of the sample to either an
aqueous solution of 2.0 mM MCH or MCE. Before electrochemical analysis,
electrodes were rinsed thoroughly with milliQ water.

6.5.7. DNA immobilization on gold electrodes

Two procedures for DNA immobilization were performed. In first instance,
ODNs were directly attached without performing reduction of disulfide groups. In
this protocol ODN solutions were prepared either at 30 or 300 uM in phosphate
buffered saline (PBS; 0.1 M phosphate, pH 7.4). KCI and MgCl, were added in some
cases to achieve 1M and 4 mM final concentrations respectively, according to the
table 4.33 of chapter 4. Then, 10 pl of each ODN solution was placed on the gold
surfaces. The electrodes were covered with a plastic chamber to avoid evaporation
of the solution and left at room temperature during 20 hours.

The second protocol for DNA SAM formation consisted in reduction of the
disulfide bridges before oligonucleotide immobilization on gold electrodes and
higher functionalization density was achieved. In this case 1 ul of 300 uM disulfide-
modified DNA sequences was mixed with 2 ul of 10 mM TCEP and incubated at r.t.
for 2.5 hours to reduce the disulfide bond. Then, samples were diluted to a total
volume of 20 or 200 ul with PBS (pH=7.2; 10 mM KH,PO4 with 1M KCIl and 1 mM
MgCl,). Gold electrodes were treated with 20 pl of each ODN solution at room
temperature overnight.
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Nonspecifically adsorbed DNA was displaced with an alkanethiol SAM as
detailed in the previous section. Modified electrodes were rinsed thoroughly with
milliQ water before the electrochemical measurements.

6.5.8. DNA hybridization and electrochemical characterization

Hybridization was carried out with a 30 uM solution of the complementary
oligonucleotide in PBS (pH=7.2; 10 mM KH,PO, with 1M KCl and 1 mM Mg?").
ssDNA/Au electrodes were incubated at room temperature with 10 ul of this
solution during a minimum of 4 hours and overnight in some cases. Both ssDNA/Au
and the resulting dsDNA/Au electrodes were treated with PBS containing 1 mM
methylene blue for 1.5 h, subsequently rinsed and transferred to 0.1 M KH,PO,
solution of pH 7.4 for DPV measurements. Differential pulse (DP) voltammograms
were registered in the potential interval 0 to -0.5 V versus Ag/AgCl, and the DP
conditions were as follows: step potential, 1 mV; pulse amplitude, 20 mV;
modulation time, 0.02 s; interval time, 0.1 s.

6.5.9. Electrochemical study of copper-dsDNA-gold electrodes

Gold electrodes functionalized with oligonucleotides (ssDNA and dsDNA)
were incubated with a 10 mM solution of CuSO, in H,O during 4 hours at room
temperature and rinsed with water. Cyclic voltammograms were registered at
different scan rates between 0.5 to -0.5 V (vs Ag/AgCl, 3M NaCl) in 0.1 M KH,PO,
at pH 7.4.

6.5.10. Reductive desorption of thiolated SAMs from gold electrodes

Electrochemical desorption experiments were performed by immersing
thiolated SAMs into thoroughly degassed 0.50 M KOH. Unless indicated, the initial
potential (respect to Ag/AgCl, NaCl, 3M in H,0) was 0 V, the switching potential
was -1.5 V, and the scan rate was 100 mV-s™. Potential was cycled until constant
voltammograms were obtained.

6.6. Experimental section (Chapter 5)

6.6.1. Synthesis of the quadruplex forming sequences

The oligonucleotides used in this chapter were prepared on 0.2 umol scale in
the automatic synthesizer using phosphoramidite chemistry on polystyrene solid
support (LV200).

The first part of the quadruplex was synthesized with the appropriate T and
G standard 3’-phosphoramidites. 8-amino-dG-3'-CE phosphoramidite was used to
introduce a modified guanine in desired positions. The trebler phosphoramidite was
then coupled and synthesis was carried on using T and G 5'-phosphoramidites. As
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trebler provides three elongation points. reversed phosphoramidites were used in
0.3 M concentration, instead of 0.1 M. Coupling times for trebler, 8-Amino-dG and
5’-phosphoramidites are indicated in the table below.

phosphoramidite coupling time (s)
8-amino-dG-3'-CE 300
trebler 900
dT-5'-CE 180
dmf-dG-5'-CE 180

Table 6.4. Coupling times for non standard phosphoramidites used in this
work.

Oligonucleotides were synthesized without performing final detritylation to
facilitate reverse-phase HPLC purification. Deprotection and cleavage from the
support was performed by a 0.1 M mercaptoethanol solution in aqueous
concentrated ammonia for 24 hours at 55 °C.

ODNs were purified with the “"DMT ON" protocol and peak corresponding to
the DMT-protected product was collected. (tg= 12.82 min). The purified
oligonucleotides were detritylated with 1 ml of 80 % aqueous acetic acid (45
minutes at room temperature + 30 minutes at 55 ©C), desalted by NAP-10, and
analyzed by MALDI-TOF and denaturing PAGE, following the protocols described in
“General Methods”.

6.6.2. CD experiments

All samples were heated to 95 °C and slowly cooled to room temperature
prior to measurements. CD spectra of the quadruplexes were registered every 10
OC (in the interval 10-90 °C) at 5 uM quadruplex concentrations. The wavelength
was varied from 210 to 320 nm at 50 nm-min’’. The spectra were recorded with a
response of 4 s, at 1.0 nm bandwidth and normalized by subtraction of the
background scan with milliQ water. CD thermal denaturation experiments were
performed monitoring the CD value (mdeg) at 260 nm in the range 10-90 °C with
0.5 °C/min heating rate.

6.6.3. 'H-NMR of quadruplex structures

'H-NMR studies were performed in the Instituto de Quimica Fisica
Rocasolano (CSIC), with the kind supporting of Dr. Carlos Gonzdlez and Dra. Irene
Pinto, using a Bruker spectrometer operating at 600 MHz and equipped with

cryoprobes.

Experiments were performed with a 25 uM QO solution and 75 uM Q4
solution in 9:1 H,0/D,0 containing 5 mM of KCIl. 'H NMR spectra were acquired at
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different temperatures, ranging from 5 to 45 °C. Water suppression was achieved
by including a WATERGATE ! module in the pulse sequence prior to acquisition.

(1] Piotto, M., Saudek, V., and Sklenar, V. (1992). Gradient-tailored excitation for single-quantum NMR

spectroscopy of aqueous solutions. Journal of Biomolecular NMR 2, 661-665.
6.6.4. Study of quadruplex oligomerization state by native PAGE

0.16 OD of QO and 0.3 OD of Q4 sequence dissolved in 25 and 15 ul of
milliQ water respectively was mixed with 2 ul of non denaturing buffer and samples
were loaded onto 15% native polyacrylamide gel according to the protocol
described in “General Methods”. 0.25 OD of the sequence TG4T in 20 pul of
cacodylate buffer containing 100 mM K* was mixed with 2 pl of non denaturing
buffer and used as a reference for monomeric quadruplex.
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7. Conclusions

The synthesis of parallel-stranded hairpins or clamps carrying LNA residues
at the Hoogsteen strand has been described and the stability of the triplex formed
with their DNA and RNA target sequences were analyzed by melting experiments.

The presence of LNA residues in the polypyrimidine strand enhances the
stability of parallel duplexes, and therefore the stability of Hoogsteen base pairs,
especially at pH 5.0.

Regarding triple helix-formation, LNA-modified parallel clamps bind to their
polypyrimidine target strands with greater affinity than hairpins containing only
natural bases, with an increase in Tm between 8 and 12 ©°C respect to the
unmodified triplexes. Triplex stabilization by LNA residues is even stronger when
the polypyrimidine target strand is an RNA sequence, in which case an increase in
Tm of 15-20 °C relative to unmodified triplexes was observed.

A novel strategy to obtain parallel clamps using the non-templated chemical
ligation of two oligonucleotides by 5’-5’ linkages has been reported. Efficient
protocols for introducing azido and alkyne functionalities at the 5" end of
oligonucleotides have been developed. The chemical ligation of such structures by
Cu(I)-catalyzed cycloaddition reaction has been performed and the following
remarks have been noted:

- An excess of copper ions (and not a catalytic amount) is required, likely
due to the retention of this cation by phosphate groups of DNA, and exclusion of
atmospheric oxygen is essential to avoid oxidation of Cu(I). Moreover, adding
ascorbic to Cul gave very good results for ligation of homopyrimidine sequences
but partial degradation was observed when using this reducing agent in the
presence of guanine rich DNA sequences so TBTA was employed as the only Cu(I)
stabilizer when working with homopurine strands.

- Alkyne groups activated by a neighbouring electrowithdrawing amide
moiety gave better yields than hex-5-ynyl group.

- Direct attachment of the azido group to the C5 of ribose ring (from 5’'-
iodinated precursor) gave lower CuAAC yields than those cases in which a hexyl
chain is the linker between azido group and C5. This effect is more pronounced for
purine terminated oligonucleotides.

- The use of ChemMatrix support for the synthesis of oligonucleotides and
subsequent click reaction gave higher yields than CPG in the case of linking two

polypyrimidine sequences, probably due to the hydrophilic nature of this support.

Synthesis of parallel hairpins has been achieved but moderate yields (less
than 20%) were observed in some CuAAC reactions carried out in this thesis, which
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might be explained because of the lacking of proximity between azido and alkynyl
groups, according to several studies reporting the distance dependence of the
reaction.

Cu(I)-catalyzed azide-alkyne cycloaddition reaction has been also used to
synthesize novel unnatural aminoacids. A small library of compounds was
synthesized from different alkynes by click chemistry with No-t-Boc-a-azido-L-
alanine and the triazole products were isolated in very good yields.

The synthesis of ODNs carrying Cu(II) complexes was described. Several
sequences were functionalized with a bromohexyl group and conjugated to two
different copper tatradentate ligands by nucleophilic substitution.

These modified DNA strands were immobilized to gold electrodes either
directly, by covalent attachment though sulfur-gold bonds or indirectly, through
hybridization with a complementary strand linked to the electrode surface.
Electrochemical studies were performed with both systems.

Cyclic  voltammetry studies, although still preliminary, showed
electrochemical signals corresponding to redox processes of copper ions chelated to
cyclam linked to the hybridized strand, probably due to a better electron transfer
through this system.

A novel system to construct stable monomolecular parallel G-quadruplexes
was developed. The use of a branching unit has enabled the synthesis of a molecule
containing four G-rich DNA strands whose 5’-ends are covalently attached and this
system allows introduction of single modifications in just one of the strands.

This novel structure was shown to form a very stable parallel G-quadruplex,
even in absence of stabilizing cations.

The effect of 8-amino-guanine substitutions in quadruplex stability was
studied by NMR and CD thermal denaturation studies. We have reported that
oligonucleotides with 8-amino-guanine substitutions provide more stable structures
than non-modified sequences, especially when replacement is carried out in the
internal region of the quadruplex.
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8. Appendix

8.1. Scientific publications:

The work developed during this thesis lead to the publication of the following
articles:

* Alvira, M., Eritja, R. (2010) “Triplex-stabilizing properties of parallel clamps
carrying LNA derivatives at the Hoogsteen strand” Chem Biodivers. 7(2):376-
82.

* Alvira, M., Quinn, S.]., Avifid, A., Fitzmaurice, D., Eritja, R. (2008) “Synthesis of
oligonucleotide conjugates carrying viologen and fluorescent compounds”.
The Open Org. Chem. J., 2, 41-45.

* Mazzini, S., Garcia-Martin, Alvira, M., Avino, A., Manning, B., Albericio, F., Eritja,
R. (2008) “Synthesis of oligonucleotide derivatives using ChemMatrix
supports”. Chem Biodivers., 5, 209-218.

* Alvira, M., Eritja, R. (2007) “Synthesis of oligonucleotides carrying 5'-5’
linkages using copper-catalyzed cycloaddition reactions” Chem. Biodivers.,
4, 2798-2809.

8.2. Oral communications and posters:

The work developed during the PhD has also been presented in several
communications and posters in different congresses:

Oral talks:

» “1,3-dipolar cycloaddition reactions for promising modifications of therapeutic
oligonucleotides”. Perspectives on Nucleic Acid Chemistry for Therapy. Sesimbra,
Portugal. June 2008.

* "Synthesis of oligonucleotides carrying azido and alkynyl groups at the 5’- ends
and their use in Huisgen’s 1,3-dipolar cycloaddition reactions”. 3rd Nucleic Acid
Chemistry and Biology (NACB) PhD Summer School, Odense, Denmark. 24-28 June
2007.

* “Synthesis of oligonucleotides carrying azido and alkynyl groups at the 5’-end and

their use in Huisgen’s 1,3-dipolar cycloaddition reactions.” 62 Reunién de Acidos
Nucleicos y Nucleétidos (RANN-VI), Valencia, Spain. 22-23 November 2007.
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Poster presentations:

* “Synthesis and applications of modified oligonucleotides for triplex and quadruplex
formation” Alvira, M., Avifid, A., Fabrega, C., Tintoré, M., Ferreira, R., Mazzini, S.,
Eritja, R. IRT 2010 - XIX International Round Table on Nucleosides, Nucleotides and
Nucleic Acids. Lyon, France 29th August-3rd September 2010.

* “Triplex and quadruplex DNA: Chemical synthesis of modified DNA structures and
study of their stability” Alvira, M. Eritja, R. First IRB Barcelona PhD Student
Symposium: "The Architecture of Life". Barcelona, November 2009

* "Use of synthetic DNA for the assembly of nanostructures” Eritja, R., Garibotti, A.,
Manning, B., Ramos, R., Avifié, A., Alvira, M., Leigh, S., Preece, J. IBEC
Bioengineering and Nanomedicine Symposium ‘07, Barcelona, 7 November 2007.

“Synthesis of oligonucleotides and oligonucleotide-peptide conjugates using
ChemMatrix supports”. Mazzini, S., Garcia-Martin, F., Avifié, A., Alvira, M.,
Albericio, F., Eritja, R. 3rd Nucleic Acid Chemistry and Biology (NACB) Symposium,
Odense, Denmark. 27-28 June 2007.

“Triplex formation using oligonucleotide clamps carrying 8-aminopurines”. Avifid,
A., Grimau, M.G., Alvira, M., Eritja, R., Gargallo, R., Orozco, M., Gonzalez, C. XVII
IRT on Nucleosides, Nucleotides and Nucleic Acids, Bern, Switzerland. September
2006.
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