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The DNA concentration was 25 nM.

Figure 5.13. (A) The K4 of the ATP DNA-molecular beacon towards AMP. (B) The K4 of the ATP
DNA-molecular beacon versus those of the biotinylated ATP DNA-aptamer (8 bp) towards AMP
at 25 °C with their corresponding standard deviations.

Figure 5.14. The intensity values represented versus the concentration of target molecule of the
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and path length of the cuvette 1 mm, experiments were done in duplicate with negligible
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Figure S7.9. Raw images of agarose gels containing BP, AP 1 or the mixture of BP and AP 1 in
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Figure $8.1. (A and C) Frequency and dissipation curves obtained in QCM-D upon immobilization
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dienophile (3) were added to 2 mL of each media and stirred at 60 °C overnight. Then, the

solutions were cooled and filtered. The obtained liquid was measured by UV-Vis.
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Resumen: ADN funcional en disolventes alternativos

Desde hace millones de afios los acidos nucleicos son esenciales en todas las formas de
vida conocidas, y desde hace unas décadas, su utilidad se amplia también a contextos no
bioldgicos. La capacidad del ADN y del ARN para formar interacciones especificas entre sus bases
o incluso otras moléculas ha posibilitado su integracidn en diversas aplicaciones y la creacion de
un drea de investigacion propia: la nanotecnologia de ADN y ARN.

Mediante diversos estudios fundamentales, en esta tesis se lleva el ADN sintético o de
esperma de salmdén a contextos no convencionales. De esta forma, se pretenden identificar
mejor los factores que determinan su estructura, estabilidad y capacidad de reconocimiento.
Ademds de crear nuevos entornos, se estudian también estructuras no convencionales de ADN,
como pueden ser las nanoestructuras programables o los complejos entre ADN y ligando que se
utilizan en reacciones cataliticas.

El primer capitulo de la tesis consta de una revisién bibliografica centrada en el
comportamiento del ADN en disolventes organico, eutécticos profundos y liquidos idnicos. Por
otro lado, se presentan distintas aplicaciones nanotecnolégicas basadas en el uso del ADN en
estos medios. Después, en el segundo capitulo se detallan los materiales y métodos de todo el
trabajo experimental realizado.

El trabajo experimental se ha dividido en seis partes, del capitulo tres al ocho. En los
primeros dos capitulos se estudia la estabilidad conformacional y térmica de la doble hélice del
ADN cuando esta disuelta en medios no fisioldgicos. Estos estudios se han realizado cambiando
sistematicamente el medio y la secuencia del ADN, permitiendo asi obtener informacién muy
amplia que no se encuentra en la literatura. Los estudios se han realizado de manera
experimental y computacional, utilizando los mismos sistemas en ambos casos para poder
comparar entre los resultados.

Después, en el capitulo cinco se estudia un aptdmero de ADN en los disolventes previos.
De esta forma se quiere entender mejor como afecta el entorno no sélo a la estabilidad del ADN,
también a su capacidad para reconocer otras moléculas. Por otro lado, la estructura del ADN se

ha monitorizado durante varios afios en diversos medios, observando que el medio no acuoso
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reduce o incluso evita, la degradacién del ADN. En el siguiente capitulo, el sexto, se sigue
estudiando la capacidad de reconocimiento de los aptameros de ADN, pero en esta ocasion no
se utiliza un aptdmero ya conocido, se realiza una nueva seleccion. De esta forma se han
obtenido nuevas secuencias de aptamero especialmente adaptadas al medio no fisioldgico, que
ademads tienen nuevos mecanismos de reconocimiento.

En el séptimo capitulo de la tesis se estudia la construcciéon y capacidad de
reconocimiento de una nanoestructura de ADN conocida como supersandwich. Hay varios
articulos que plantean el uso de este disefio en sistemas estimulo-respuesta, pero hasta ahora
no se habia hecho un estudio a tiempo real de las cinéticas de la nanoestructura. Por otro lado,
se propone la utilizaciéon de nanoestructuras de ADN en medios no fisiolégicos, mostrando que
los estudios fundamentales realizados en los primeros tres capitulos pueden servir para predecir
la estructura y capacidad de reconocimiento del supersandwich.

En el octavo capitulo, primero, se estudia la inmovilizacion del ADN en superficies de
alimina. Después, con el protocolo desarrollado, se inmoviliza el supersandwich de ADN en una
superficie de alimina isoporosa para crear una membrana con capacidades estimulo-respuesta.
Esta membrana inteligente se lleva después a un sistema microfluidico disefiado en la tesis.
Mediante estudios de permeacién se observan varias ventajas de utilizar un sistema
microfluidico y distintos retos que supone el uso de nanoestructuras de ADN en estos disefios.

En la dltima seccién del octavo capitulo, lo aprendido en todo el trabajo previo, se
traslada a un proyecto de colaboracién en curso. En este proyecto se pretende crear el primer
reactor de ADN para llevar reacciones de catalisis asimétrica mediadas por ADN a una mayor
escala. En esta tesis se hace un primer balance sobre los retos que se deben afrontar y se
presentan varias propuestas. Para terminar, el noveno capitulo contiene las conclusiones

generales de la tesis.
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Abstract: Functional DNA in non-conventional solvents

Nucleic acids have been essential to all known life forms for millions of years, and in
recent decades, their usefulness has been extended to non-biological contexts as well. The
ability of DNA and RNA to form specific interactions between their bases or even other
molecules has enabled their integration into various applications and the creation of two
research areas: DNA and RNA nanotechnology.

By means of several fundamental studies, this thesis takes synthetic DNA or salmon-
sperm DNA to unconventional contexts. In this way, the aim is to better identify the factors that
determine its structure, stability and recognisability. In addition to creating new environments,
unconventional DNA structures are also studied: programmable nanostructures or DNA-ligand
complexes used in catalytic reactions.

The first chapter of the thesis consists of a literature review focusing on the behaviour
of DNA in molecular solvents, deep eutectic solvents and ionic liquids. On the other hand,
different nanotechnological applications based on the use of DNA in these media are presented.
Then, in the second chapter, the materials and methods of all the experimental work carried out
are detailed.

The experimental work has been divided into six parts, from chapter three to eight. In
the first two chapters, the conformational and thermal stability of the DNA double helix when
dissolved in non-physiological media is studied. These studies have been carried out by
systematically changing the medium and the DNA sequence, allowing us to obtain extensive
information not found in the literature. The studies have been carried out experimentally and
computationally, using the same systems in both cases in order to be able to compare the
results.

Then, in chapter five, a DNA aptamer is studied in the previous solvents. The aim is to
better understand how the environment affects not only the stability of the DNA, but also its
ability to recognize other molecules. On the other hand, DNA has been monitored for several
years in various media, and it has been observed that the non-aqueous medium reduces, or even

prevents, DNA degradation. In the following chapter, the sixth, the recognition capacity of DNA
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aptamers continues to be studied, but this time a new selection is made rather than using an
already known aptamer. In this way, new aptamer sequences specially adapted to the non-
physiological environment have been obtained, which also have new recognition mechanisms.

In the seventh chapter of the thesis, the construction and recognition capacity of a DNA
nanostructure known as supersandwich is studied. There are several articles that propose the
use of this design in stimulus-response systems, but until now there has not been a real-time
study of the kinetics of the nanostructure. On the other hand, the use of DNA nanostructures in
non-physiological environments is proposed, showing that the fundamental studies carried out
in the first three chapters can be used to predict the structure and recognition capacity of the
supersandwich.

In the eighth chapter, first, the immobilisation of DNA on alumina surfaces is studied.
Then, using the developed protocol, the DNA supersandwich is immobilised on an isoporous
alumina surface to create a membrane with stimulus-responsive capabilities. This smart
membrane is then taken to a microfluidic system designed in the thesis and manufactured in a
local company. Permeation studies showed several advantages of using a microfluidic system
and various challenges of using DNA nanostructures in these designs.

In the last section of the eighth chapter, the lessons learned in all the previous work are
transferred to an ongoing collaborative project. This project aims to create the first DNA reactor
to bring DNA-mediated asymmetric catalysis reactions to a larger scale. This thesis takes a first
stock of the challenges to be faced and presents some proposals. Finally, the ninth chapter

contains the general conclusions of the thesis.
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Functional DNA in non-conventional solvents






Functional DNA in non-conventional solvents

1.1 Introduction

Nucleic acids are essential in all forms of life that are known. It is estimated that life was
formed on the earth 3,800,000,000 years ago' and our species origin was around 200,000 years
ago>*. However, it was possible to isolate them until the middle of the 19* century® and one
hundred years later, the shape of the double helix of deoxyribonucleic acid (DNA) was
elucidated®®. The understanding of the most common structure of DNA triggered a revolution
in life sciences with discoveries describing mechanisms of life in eukaryotes, prokaryotes or
viruses®. Not only that, after millions of years, nucleic acids found new functions when
curiousness and creativeness encouraged the scientist to study possible uses beyond their
biological roll in the cell.

RNA and DNA started to be studied outside of their purely biological context in 1980s°
and both allow the formation of a great variety of nanostructures and technological applications.
Their principal advantage as a building block in nanotechnological applications is based on the
fact that despite the variety of functions they may fulfil, the chemical structure always relies on
four types of nucleotides and their overall physico-chemical nature basically remains unaltered
whatever its sequence. In order to understand the connection between their sequence,
solvation and function, it is useful to separate the events in different structures.

The primary structure corresponds to the composition of nucleic acids containing
nitrogenous bases, sugars and phosphate groups. In example in Figure 1.1 is shown the
composition of the phosphate backbone and the adenosine (A) and thymine (T) nucleosides.

Guanosine (G) and cytosine (C) repeating units are also part of natural DNA. The secondary
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structure is defined by the interactions between nucleotides and with the environment; in the
example the two DNA strands are forming the classic Watson-Crick double helical secondary
structure. On the other hand, the tertiary structure can be described as the three-dimensional
folding of a single or multiple strands and gives information about the steric or mechanical
properties. In this case, the steric properties of the double helix correspond to the B-form
dsDNA?, The double helical DNA is usually classified in A-, B- or Z-forms depending on its

geometries, which are highly dependent of the surrounding media.
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Figure 1.1. An example of the double helical DNA.
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It is common to use and study DNA and RNA separately. Regarding their chemical
composition, the extra hydroxyl group allows RNA to interact more strongly with surrounding
molecules increasing the recognition and catalytic capacities®?. It also has a single-stranded
nature, resists better acidic pH than DNA and designed sequences can even be expressed inside
the cell using a DNA template®®!*. However, its composition makes more prone to hydrolysis or
can autocleavage®® and furthermore have increased purification and synthesis costs>. With
regard to their conformation, both nucleic acids have an unique specific base-pairing, but their
structures have huge differences in the same media®®.

In example, at physiological conditions double-stranded (ds) RNA is in A-form and dsDNA
in B-form. How significant are these differences? Huge, in example the conditions needed to
achieve similar conformations vary a lot: in case of the A-form in DNA, the double helix would
need to be dehydrated to a 75 wt. % of water content using co-solvents or macromolecules?’. In
case of G-quadruplexes, it was seen that using the same sequences, certain metallic cations are
able to stabilize only the RNA ones or vice versa®®. Fortunately, new findings can be adapted for
both nucleic acids, in example, aptamers and ribozymes were originally selected using RNA and
then they extended to DNA®? and higher ordered structures that were thought for DNA such

as those of the origami technic, are being used also with RNA2%22,
1.2 Bottlenecks of DNA nanotechnology in physiological media
RNA and DNA can relate and mutually benefit or even form hybrid designs, and

bottlenecks to be fronted in nanotechnological applications are also common for both nucleic

acids. One of these challenges is that static and dynamic designs need to be structurally stable
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for long periods. Unfortunately, due to its primary structure, nucleic acids can be rapidly
hydrolyzed due to the presence of enzymes or even in their absence?’. In example, the
depurination of DNA in water happens because the glycosidic bonds linking deoxyribose with
DNA bases are labile (Figure 1.2A). These issues could be prevented modifying chemically DNA
and RNA bases?, but with an high synthesis cost?¢7,

Another bottleneck in nanotechnology are destabilizing factors such as electrostatic
interactions between different double strands that prevent the formation of nanostructures.
This can be faced increasing the ionic strength of the solution, shielding the high density of
negative charges of both strands and allowing the formation of the double-helix at high
temperatures (Figure 1.2B). However, a trade-off appears between the stability of the double-
helix and the dynamic behaviour of the design?®: stabilizing the structure also prevents new
strands or molecules to form interactions with the already formed double-helix that needs to be

dehybridized partially or completely?>3°,
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Figure 1.2. (A) DNA hydrolysis by depurination. (B) A simplistic representation of the stabilization

of the double helix by salts and the interactions of these with DNA.
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Usually these events consist in a strand displacement reaction (SDR)3!, where one strand
of a DNA duplex or one end of a DNA-hairpin is replaced with another DNA strand that usually
can form a larger number of matched nucleotides (called a fuel strand). Unfortunately, due to
the trade-off between structural stability and dynamic behaviour, some nanostructure need
long periods to open due to a slow kinetics and energetic traps in the
dehybridization/hybridization events that can have multiple intermediate states3*33. This can be
observed in DNA-origami boxes used as carrier which can maintain their structural stability for
long periods and have a specific response but need hours to open34%.

The hairpin-form also appears usually while using DNA oligonucleotides with molecular
recognition capacity, known as functional nucleic acids (FNAs)**3’. The FNAs of DNA comprise
DNA-aptamers and DNAzymes, which are obtained through in vitro selection protocols called
“systematic evolution of ligands by exponential enrichment” (SELEX)® and are used in a plethora
of different applications®. The size of selected sequences commonly varies between 10 and 80
bases, which can arrange into different functional single stranded structures such as hairpins, G-
guadruplexes or bulges. These sequences can be used to recognize a huge variety of different
targets that comprises inorganic or organic low molecular weight compounds, nucleotides,
amino acids, peptides, proteins, and even whole cells.

In nanostructures such as DNA-origami boxes, the trade-off between the structural
stability and dynamic behaviour could be improved using hybrid designs formed by

functionalized hydrogels*®*' or nanoparticles**** that forms less charged structures and

therefore recognition events can be accelerated. However, these might not be competitive in
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comparison with other stimuli-responsive materials**. Other alternatives could involve the
modification of nucleotides using click chemistry*> or using synthetic nucleic acids**™*® but
increasing costs and complexity of synthesis and SELEX technic.

Moreover, in other cases, the main bottleneck for the technology development might
be in the physiological media, as it can easily evaporate or hydrolyse nucleic acids. Furthermore,
the recognition or catalytic efficiency of reactions involving hydrophobic, negatively charged and
planar molecules is limited also by this aqueous media®. These and previous bottlenecks
encouraged researchers to study alternative media that can better regulate the structure and

function of nucleic acids without modifying the natural nucleic acids>°.
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1.3 Behaviour of DNA in non-physiological media

In order to develop nanotechnological applications in new media, it is important to
deepen in the understanding of the thermal stability, kinetics and conformational or mechanical
properties of DNA. However, the knowledge is very limited comparing with that already acquired
for physiological media (composed merely by water and metallic ions). Fortunately, in the last
decade different studies, mainly experimental, have started to go deeper into the subject of
DNA solvation in non-conventional environments.

One of these is the crowded media, which aims to replace aqueous buffer solutions by
a cellular-like environment with solutes that cause volume exclusion®! and serve to prevent
hydrolysis and digestion®23 or regulate processes such as aging®*. Polyethylene glycol (PEG) is
one of the most commonly used polymers in aqueous solutions to mimic cellular environment
acting as a crowding agent®>, as it is assumed that PEG does not interact chemically with
nucleotides but merely serves as physically reducing the space. Instead of using PEG, another
strategy that increases the excluded volume of nucleic acids is the molecular confinement, in
example with DNA nanocages®?, but technics are yet being developed and are somehow limited
by their complexity.

Thereis a different approach, simpler than previous ones that prevents nucleic acid from
degradation, apart from offering novel interactions and conformations with both, enthalpic and
entropic contributions®’°8, the use of solvents other than water. This possibility started to be
studied with molecular solvents, after the development that proteins underwent in them®®,

while increasing compound solubility® and the degree of solvent freedom in biotransformation
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for processes involving enzyme-based catalysis®*®*. Apart from these molecular solvents, there
is a more recent class of media, which could be another convenient alternative to replace water
molecules and even counterions: ionic liquids (ILs) and deep eutectic solvents (DESs). ILs and
DESs are also formed by organic molecules and can be liquid at room temperature but opposite
from molecular solvents, they are charged, possess a reduced volatility and flammability as well
as many novel properties®.

Differently from ILs which are composed solely by a cation and an anion®, DESs need a
co-solvent to reduce their melting temperature but as an advantage, are cheaper, less-toxic®”:%
and formed by bio-based molecules®. Both of them, ILs and DESs, could be used to face solvent

7071 and with them,

evaporation or long-term application controlling water and nuclease activity
the tuneability of DNA environment increases exponentially comparing with physiological
media’%’3. However, it is of upmost importance to understand the behaviour of DNA and
develop prediction capabilities that allow choosing the best ILs or DESs in each
nanotechnological application.

To make this text clearer, findings will be separated depending on the secondary
structures of DNA studied. In this manner, these can be grouped in DNA structures that forms
Watson-Crick (WC) interactions, the most common in DNA double helix, or Hoogsteen (HG)
interactions that are characteristic of certain duplexes, or non-canonical structures such as G-
guadruplexes and i-motifs. On the other hand, the interactions with specific target molecules

create rare local secondary structures as happens with FNAs. Combining previously knowledge

makes possible to understand the behaviour of each secondary structure in non-physiological

10
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media but also that of complex DNA nanostructures that have multiple structures and can
acquire a dynamic function.

An example of the latter is the ATP DNA-aptamer that forms the three key-interactions
mentioned before with only 27 nucleotides. The Watson-Crick base pairing can be found in two
base pairs close to the loop and four base pairs at the end of the hairpin (Figure 1.3A). On the
other hand, the binding pocket is flanked by reversed Hoogsteen G-G mismatch pairs and

recognizes the molecular target using G-A mismatches’ (Figure 1.3B).

11
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.G A
A-C-C-T-G-—- G G-G-A-G-T
ATP
7-6-G6-A-A-G-6  GATPg.c.g. -
\A/ T

Figure 1.3. The ATP DNA-aptamer when it recognizes the AMP molecular target (PDB: 1aw4).
(A) Focus on the Watson-Crick base pairs. (B) Focus on the Hoogsteen G-G mismatch pairs and

the interaction with the target.
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1.3.1 While forming Watson-Crick interactions

The WC base pairing is characteristic of the most common form of DNA, the DNA double
helix. Apart from this base pairing, there are other inter- and intramolecular interactions in the
helical DNA that have implications in the thermal and structural stabilities of this secondary
structure. In example, the electrostatic repulsion between the two double-stranded segments
and the stacking between adjacent bases. Regarding the implication of the surrounding media,
in physiological media, metallic salts usually increase the melting temperature of the duplex
because they reduce the repulsion between strands without interfering in the interactions
between DNA strands or bases and water. However, after a critical point, they can reduce the
melting temperature due to an excessively charged environment and replacement of water
molecules. It is already possible to predict the conformation, thermal stability and kinetics of
DNA in these systems”>80,

One of the major challenges to predict DNA behaviour appears when water molecules,
ubiquitous in the cellular environment?®, are displaced from the double-helix solvation shell.
Even if it is possible to predict qualitatively implications of water displacement®, it is still a
challenge to quantify changes in the thermal and structural stability of the DNA double helix. In
fact, water forms complex nanostructures close to DNA such as the chiral spine of hydration®

and stabilize biomolecules such as DNA beyond simple hydrogen-bonding®+2¢

. In example,
molecular crowding and confinement strategies (Figure 1.4) need to be applied carefully

because they reduce the amount of water molecules in close contact with DNA®¥. In

consequence, the latter can dehybridize, condensate or adapt its double-helix from the B- to A-

13
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or Z-forms®® or form non-canonical structures in specific helix sites that no longer form Watson-
Crick interactions®. It is known that the impact on thermal stability can be reduced increasing
the length of duplexes®, due to the cooperative nature of the dehybridization process of DNA
because even if water molecules per base-pair are reduced equally in both DNA sequences the

probability of re-hybridization is higher in the longer DNA sequence®.

Figure 1.4. A representation of (A) macromolecular crowding and (B) confinement of DNA

double helixes.

On the other hand, non-charged and highly apolar macromolecules used in crowded and
confined media usually do not interact strongly with DNA®2, but they can stabilize the duplexes
by volume exclusion®® because they limits the movement of the entropically favored ssDNA%. It
is suggested that nature uses the volume exclusion to control compacted dsDNA in the cell%>%

and it was possible to achieve new DNA-origami designs®’ or stabilize three way junctions for

14
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nanotechnological purposes®. However, this stabilization is hardly noticed in short
oligonucleotides, which have higher movement freedom.

Regarding the use of solvents other than water, as it is the case of molecular solvents,
the stability of DNA duplexes can change drastically even at low concentrations. In different
studies it is pointed that even if the molecular solvents have low dielectric constant what
increases the Columbic interactions between phosphate groups of DNA and cations® the dsDNA
thermal stability is reduced mainly due to the disruption of the hydrogen bonds between
Watson-Crick base-pairs'®. The B-form double helix can adapt in these cases a condensated
shape, especially when it is formed by thousands or hundreds of thousands of base pairs%102,
In the worst scenario, the apolar environment of certain solvents produces the aggregation and
precipitation of DNA, The possibility of using high concentrations of apolar solvents in
presence of peptide nucleic acids (PNAs) is under study, but this strategy increases the costs of
the designi®. Nevertheless, even if the stability of the DNA double helix is affected, these
solvents can be used as co-solvents due to their ability to accelerate hybridization kinetics
decreasing the activation energy barrier.

An example of the latter can be found in studies where the kinetics of the DNA strand
displacement reaction (SDR) were improved between 10 to 100 fold maintaining the specificity
of the hybridization using polar molecular solvents such as ethanol or isopropanol (from 20 to
55 wt %)% (Figure 1.5A). Furthermore, it can be interesting to use DNA-aptamers and

DNAzymes in media with some quantity of molecular solvents because a static stable system

(high thermal stability of the duplex) is not always the best scenario to perform dynamic actions.
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It was found that the hybridization or recognition kinetics of aptamers'®” and DNAzymes!%81%
also can have faster kinetics. This accelerated unwind of the duplexes in apolar environments
could be used by helicases in the cell as catalyst**°.

Polyol solvents are usually used to increase thermal stability of proteins!!. As can be
observed in Figure 1.5B, they do not stabilize the Watson-Crick base pairing but these media
reduce less the thermal stability of the DNA duplex than other molecular solvents!!?,
Unfortunately it is still not possible to predict the solvation of DNA in these media but systematic
studies have shown that between the different molecular solvents!'®, the chemo-physical

properties of ethylene glycol (i.e. relative low viscosity and wide liquid range!!*) make it an

interesting polyol media to substitute water*>116,
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Figure 1.5. (A) Kinetics of molecular beacon hybridization in 300 mM NaCl 10 mM HEPES, pH 7.6
with different ethanol percentages and with 50 nM molecular beacon and 200 nM target DNA.
(B) Melting temperatures of the molecular beacon hybridized to the target DNA in 300 mM NaCl,
10 mM HEPES, pH 7.6 with various percentages of molecular solvents. Reproduced with

permission from ref. 106.
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However, it is interesting to broaden the plethora of alternative media and ionic liquids
were proposed as an alternative a decade ago. lonic liquids offer a much greater diversity of
environment compared to crowded and confined media or polyol solvents, as they can have
multiple combinations of cation and anions. The possibility of solvating DNA in almost anhydrous
media cannot be achieved with any salt or crowding agent, i.e. PEG saturates in water at a
maximum concentration of 60 wt %'*’. Moreover, with most molecular solvents or even polyols,
short duplexes would not be stable at RT in anhydrous media. ILs offer the possibility of
improving the trade-off between water reduction and thermal stability of the duplex apart from
having unique properties as solvents.

Firstly, DNA was started to be studied in imidazolium-based ILs, as they were the best
known class of these solvents, had low viscosity, had high nucleobases-solubilizing ability'*® and
had been previously used to increase conductivity of DNA films912°, At low concentrations,
these ionic liquids behaved as salts stabilizing duplex structures effectively, differently from
molecular solvents and caused by the charged nature of ILs, but while using them at more than
15-30 wt % they destabilized DNA™*!22_ |t was found that anions used, usually composed by
functional groups, competed with Watson-Crick base-pairing via hydrogen bonding
interactions!?3, but their hydrogen bonding ability could be tuned and reduced?#12>,

On the other hand, even if they can act as counterions!?®, imidazolium cations had also
a destabilizing effect because apart of forming hydrophobic!?” and H-bonds'? interactions, its
planar charged ring has been proposed as intercalating and destabilizing agent at high

concentrations via NH-Tt interactions!?7132, As seen at highly crowded conditions and molecular
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solvents, long dsDNA such as that of calf-thymus or salmon-sperm was able to maintain the
duplex structure at RT and high concentrations of these ILs (up to 75 wt %)*3%13%, but DNA
nanotechnological applications usually use shorter duplexes.

5

ILs based on alkylammonium cations*®> were soon presented as an alternative to

imidazolium- or morpholinium-based®3® ILs. Firstly, because salts containing these cations had

previously probed to maintain short duplexes stable at high concentrations3713°

and secondly,
because there were already studies about the protein solvation capacity of these ILs!*°, which
allowed the use of enzymes at very high temperatures**%2, |t was seen that salmon-sperm and

143

calf-thymus DNA were stable in choline-based ILs with different anions**> and lower hydration

levels of the duplex could be achieved to obtain the same thermal stability than that of
imidazolium-based ones**14,

The enhanced thermal stability of DNA in this ILs is explained principally by the chemo-
physical differences between imidazolium- and alkylammonium-based cations, as anions are in
general the same!%. Between the huge variety of possible anions, small ones offer relative low
viscosity and wide liquid range to the IL, i.e. choline lactate!*” (CL) or choline formate*®14°_ (CF)
that are liquid in a range from -70 to more than 200 °C in anhydrous conditions. Other choline-
based ILs just need small amounts of co-solvents (20 wt % water) to be in a liquid state at RT, as
it is the case of choline dihydrogenphosphate (CDHP) or choline nitrate (CN)**%%>! and in the last
years, alkylammonium ILs based on biocompatible anions are being developed!®2. However, the

155-157

nanostructure of neat®**>** and aqueous ionic liquid media is still matter of study what is

necessary to further predict DNA solvation.
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There are different in vitro and in silico studies that aim to understand the main solvation
mechanisms of DNA in presence of these ILs. In case of the cation, it seems to be more
appropriate than larger ones such as imidazolium, because the latter are less effective at
shielding the charged phosphate residues in B-form as they cannot approach to the DNA

138

backbone as closely as choline'**. Moreover, the hydrogen-bonding ability with water and DNA

allows choline to stay more time close to DNA backbone than sodium or imidazolium what
improves the stabilization capacity at low concentrations®®>%,

There are very few systematic studies about DNA solvation, but recently it was published
one where multiple tetraalkylammonium-based ILs were used as co-solvents to solvate salmon-
sperm DNA2, |t was possible to detect the main interactions in the backbone that affect dsDNA
stability in IL aqueous solutions using NMR technic. It was seen that at low concentrations (5 wt.
%), less electrostatic interactions are established between the IL cation and the DNA phosphate
groups compared with slightly higher IL concentrations (30 wt. %). On the other hand, at these
higher concentrations, ILs could compete more effectively with water molecules for the dsDNA
phosphate backbone, as seen in the decrease of the 3P NMR intensity peak values. Moreover,
the hydrophobicity of the IL cation played a main role since an increase in the DNA ellipticity and
a decrease in — base stacking was observed with more hydrophobic ILs cations, leading to the
perturbation of the dsDNA native B-form conformation.

Regarding the interactions with the base-pairs, studies conducted by the group of Naoki

Sugimoto found that tetraalkylammonium-based salts and ILs interact with the base pairs of B-

form duplexes mainly throw H-bonding!®® and in a very specific manner, destabilizing more GC-
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rich duplex sequences than AT-rich ones, to the point that they can even have similar melting
temperatures®®®. The latter was not surprising as it was previously observed in alkylammonium
osmolytes such as glycine betaine?71%5, presumably these cations bind strongly to guanine and
cytosine bases when they are not paired'® and preferentially interact with the AT minor groove
due to its narrower width and more electrostatically polar environment relative to the major
groove (Figure 1.6). This specific behaviour has been proposed as the reason for the enhanced

destabilization of GC- over AT-rich sequences which is not observed with other cations!®’.

Minor G.

AT-rich

Figure 1.6. Base-specific interactions between choline cations (blue dots) and DNA major and

minor grooves. Adapted with permission from ref. 166.

The library of possible choline-based media has been recently expanded with deep
eutectic solvents!®®1%° which are usually formed by choline chloride salt as hydrogen bond
acceptor (HBA) group and polyols or urea as hydrogen bond donor (HBD) groups*’®*’®, These
can be obtained with a lower cost and greener synthesis compared with ILs. At this moment,

there are fewer studies about the solvation of DNA duplexes in DES media than in ILs. Probably
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because at high concentrations the thermal stability of DNA duplexes is equally or even more
reduced than using ionic liquids with the same cation, principally due to the HBD group'”’.
Therefore, the challenge of maintaining the thermal stability of short duplexes in absence of
water cannot be faced at least with DESs studied so far. DES has been applied in neat conditions
to longer duplexed structures that remain stable at room temperature.

It has been reported that it is possible to form self-assembled nanostructures with
duplexes of 32 base pairs at RT*’®, In that study, the solvent consisted in a mixture of choline
chloride with glycerol (1:4 molar ratio) and different DNA nanostructures where built in
anhydrous or residual water conditions. Apart from maintaining its B-form double helical
structure at room temperature, it was found that the design reached to a new thermodynamic
minimum compared with aqueous media, maximizing the base pairings. This could not be
achieved in physiological media because the intermediate shapes had an enhanced stability in
aqueous media.

Leaving aside the thermal stability, ILs and DESs offer new opportunities for DNA
nanostructures, i. e. achieving the energetically lowest landscapes as in the previous study it was
possible to prevent the mechanical strain induced by the crossovers'’®, increasing the usage time
of DNA nanostructures®®®. Therefore, in sensing, nanofabrication or nanoelectronics
technologies, these solvents might present opportunities other than negligible solvent volatility
and prevention of DNA degradation but there is still a lot of research to be done. On the other
hand, during the self-assembly in that DES, it was possible to control the folding kinetics

changing the viscosity of the solvent, varying from less than 3 hours to more than 6 days.
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The structure of the different forms of the DNA double helixes in ILs and DESs can be of
interest not only from the nanotechnological but also from the fundamental point of view,
because they could help understanding how DNA structure is regulated into the cell. It is known
that the B-form DNA can be locally transformed into A- and Z-forms that usually keep the
Watson-Crick base pairing but helix structure is altered or even left-handed as it is the case of
the Z-form (Table 1.1). Regarding its biological role, i.e. the Z-form is recognized with high affinity
and great specificity by certain classes of proteins&,

Table 1.1. General properties of B-, A- and Z-forms of DNA.

B A z
Helix sense Right handed Right handed Left handed
Bp per turn 10 11 12
Vertical rise per bp 3.4A 2.56 A 19A
Rotation per bp +36 degrees +33 degrees -30 degrees
Helical diameter 19 A 19 A 19 A

From a nanotechnological point of view, this could be useful i.e. to expand the utility of
DNA-hybrid catalysis or create new nanostructure designs for sensing and actuation at the
nanoscale®8 |n 3 systematic study of several short double helixes, it was found that in neat
reline DES the duplexes can adapt partially the A- and Z-forms depending on their sequence®**,
It is also interesting that ILs and DESs have the ability of displacing sodium cations from DNA
what can be used as co-solvents to accelerate the recovery of B-form duplexes after being stored
in ethanol solution in condensated A-form'%4. However, more studies are needed to understand

the interconversion mechanism in both directions.
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Moreover, even if the general structure of double helixes is not altered at low
concentrations, their mechanical properties can be changed upon addition of ILs and DESs. The

185187 something contrary to what was

persistence length of DNA is higher in presence of ILs
found with common salts and this can prevent the entanglement of the double-helix that is an
issue in sensing applications!®. It is suggested that the greater number of interactions formed
between ILs and DNA grooves compared with common salts and the release of water molecules

close to DNA are the major reasons for the increase in DNA rigidity81%°,

1.3.2 While forming Hoogsteen and other non-canonical interactions

There is evidence about the presence of Hoogsteen base pairs in double helixes,
especially for A- and Z-forms®%. Nevertheless, HG interactions are well known for being of three

non-canonical structures of DNA: G-quadruplexes, i-motifs and triplexes!®? (Figure 1.7). These

structures are of upmost importance in cells to perform specific DNA and RNA functions!%71%

196,197 198,199

and are also part of different nanotechnological applications such as sensors , gating
systems?%92%! or nanomachines?2. In vitro and using physiological media, acidic conditions or
specific metallic cations are needed for their formation?°32%, But contrary to what happened
with Watson-Crick based structures, non-physiological conditions can enhance the thermal
stability of these structures, because they are naturally designed to work at lower hydration

levels206:207
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Figure 1.7. Different secondary structures of DNA that are formed throw Hoogsteen base
pairing. (A) Intramolecular G-quadruplex (PDB: 2hy9). (B) Intermolecular i-motif (1cn0). (C)
Intermolecular triplex (149d).

In nature, these structures are formed usually with the partial denaturation of the
duplex, in example to create parallel or anti-parallel G-quadruplexes, as has been seen in vivo?®.

|209,210

Usually the environment of cell nucleus is mimicked with crowding agents, i.e. paralle and

antiparallel?!! G-quadruplexes formed in crowded and confined media have been applied in
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213 and

biosensing?!?. The dehydration capacity of PEG also served to stabilize i-motifs
triplexes®-214215 The studies about non-canonical structures in cellular-like environments have
been revisited very recently in an extensive review?!®. These can enable the development of
therapeutic strategies for cancer, neurodegenerative, and age-related diseases by targeting
specific non-canonical structures of nucleic acids or the design of DNA designs that can function
in intracellular environments!%217,

However, for nanotechnological purposes, the use of crowding or confinement
strategies might not be appropriate, as they need macromolecular solutes that narrow the
working conditions or need complex designs?'#21%, Solvents other than water could be more
versatile as they can be finely tuned. In case of molecular solvents, only few of them are able to
enhance thermal stability of non-canonical structures, probably due to their apolar
behaviour??®%!, The melting temperature only increased, compared to physiological media,

while conjugating DNA with lipids, other surfactants??

or adding polyethylene glycol (PEG) to
the oligonucleotide chain (DNA PEGylation??3), as it is the case of these DNAzymes that remained
active in methanol??#??>, Fortunately, ILs and DESs offer a more favorable media to solvate G-
guadruplexes, i-motifs and triplex structures without the need of modifying DNA.

There are few studies about their use, but it was seen that choline dihydrogenphosphate
(CDHP) ionic liquid increases the melting temperature of the three types of structures,
comparing with physiological media??72%, Very recently, it was verified for the first time and

using ionic liquids, the presence of G-quadruplexes in extracellular DNA structures that are used

by P. aeruginosa in the formation of biofilms*! that are used as protection?*?. These G-
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quadruplex structures could not be detected using apolar solvents in extractions procedures
because they lyse biofilms, but the use the ionic liquid maintained the networked structure and
it was found using NMR that G-quadruplexes were essential for its formation.

Unaware that nature was already doing so, the tetrameric conformation of guanines has

233235 gnd conductive nanowires?%.

been already used to produce viscoelastic hydrogels
Recently, the G-based higher order structure has been formed for the first time in a deep
eutectic solvent and was named as “G4 eutectogel”?’, showing viscoelastic properties,
injectable nature, high thermal stability and ionic conductivity that make these eutectogels well
suited for use in flexible optoelectronic devices. The latter example is based in individual guanine
molecules, but it is known that G-quadruplexes formed by DNA has also an enhanced thermal
stability in DES compared with physiological or crowded media®3 (so far, only probed with
parallel G-quadruplexes). H-bonds are pointed as the main forces that enhance the thermal
stability of these G-quadruplexes in reline and can be formed even in absence of metallic
cations?3,

As observed in DNA double helix, the effect of urea on DNA is different when it is part
of a DES (reline) or it is solvated in pure water. The same concentration of urea that would

239-241

denature DNA in aqueous media can stabilize G-quadruplexes in presence of choline

242

chloride***. Moreover, tuning the solvent it is possible to achieve new secondary structures as

those obtained with the human telomere sequence ((TTAGGG),)**® and the previously
mentioned thermal stability of G-quadruplexes in reline has been further applied in

244

nanotechnological designs***. Moreover, the thrombin binding aptamer (TBA) which recognition
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site is based-on a G-quadruplex can be used also in this media?*®. Unfortunately, the recognition

capacity of the TBA was not matter of study, just the structural and thermal stabilities.

1.3.3 While forming interactions with target molecules

It is of upmost importance to not only study the static structures that DNA can adoptin
ILs and DESs, but also the dynamic movements of these conformations when they are part of
functional nucleic acids (FNAs). In this work, aptamers are considered as the main FNA to create
dynamic DNA nanotechnology. However, DNAzymes or their RNA equivalents (ribozymes) are
also capable of giving dynamic action, although they are especially used in catalysis and their
recognition capacity is focused on metal ions. In addition, a recently published review has
already dealt with the ability of the latter to function in non-physiological environments?%,

The use DNA-aptamer in non-physiological media would allow the detection of new
targets (hydrophobic, negatively charged and planar molecules) or the use of DNA-based sensing
devices for long-periods among other benefits. Another advantage is that kinetics might be
accelerated in these media due to a reduction in the thermal stability of certain structures that
are formed in absence of the target as in case of FNAs based on stem-loops?*’ or molecular
beacons?*®. However, these solvents might have an effect on the molecular recognition site of
DNA-aptamers, which may loose sensitivity and selectivity, because they ensure fitting and high
specificity toward their targets through multiple molecular interactions as well as steric
arrangements based in a non-covalent and an energetically favourable interaction. All of these

are optimized for the incubation media used in SELEX technic?*® (Figure 1.8).
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Figure 1.8. A schematic representation of the conventional SELEX procedure.
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It is not surprising that the ATP DNA-aptamer originally reported by Huizenga et al. in
aqueous buffer’#%° was able to maintain its function in a hydrated alkylammonium ionic liquid
at least until 20% (v/v), but with a significantly reduced extent®!. This shows that changing
media conditions will in many cases need a repetition of SELEX, what is time and cost consuming.
However, the repetition or the realization of new selections in ILs and DESs might bring new
opportunities because these media conceive a toolbox comprising the versatility of functional
nucleic acids and the tuneability of the solvent, which would enable a selection of
unprecedented sequences for previous and new targets.
To this day, two studies have repeated a SELEX using high contents of non-aqueous

d?*2, and DNA was modified to increase

solvents. In the first case, methanol in 25% (v/v) was use
its potential interactions and solubility in the organic media?®*?** but at the same time
complicating the procedure and raising its costs. They obtained an adenine aptamer with higher
binding affinity in methanol than the original aptamer selected in aqueous media, butin expense
of the modified nucleotide to achieve this enhanced affinity and target specificity.

In the second case, not-modified DNA-aptamers were selected using deep eutectic

25 specifically ethaline solvent®®%7 These selection was done towards a 33-mer

solvents
peptide of gluten, which is usually recognized by antibodies but these have low efficiency in
extraction media. Those sequences with a recognition motif similar to the aptamers selected in

aqueous media but new secondary structure were studied, and these could recognize the

peptide in ethaline media with similar sensitivity. Unfortunately, a vast number of sequences
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appeared while sequencing (830000) and due to this, it was not possible to study if those with
new motifs had an enhanced recognition capacity.

Then, the challenge has remained to prove that sequences of FNAs can exist which are
different from those encountered in mainly aqueous solutions and which are particularly better

adapted to work in non-physiological environments.
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1.4 DNA nanotechnology in non-physiological media

258,259

DNA nanotechnology started in the 80s , with the aim of creating 2D and 3D

immobile networks using a Holliday Junction?®. This approach has enabled the construction of
nanostructures with high accuracy for further use in crystal engineering, due to the formation
of regular lattices able to act as host scaffold for guest molecules?* and it continued gaining
complexity and nanoscale accuracy with the introduction of DNA-origami?®%2%3, The aim was to

create higher ordered DNA nanostructures as template, for synthesis, characterization or

266

sensing for applications such as X-ray?®#?%>, single-molecule studies?®®, or drug/gene delivery?®’.

However, nowadays these designs have evolved?®® to include also a dynamic behaviour
and a wider variety of uses that need an optimal trade-off between static structural stability and

dynamic behaviour. A widely used mechanism in these designs is the strand displacement

reaction (SDR)?%°72’1, This plays a key-role to create nanomachines that include nanotweezers?’2

274,275

and DNA walkers?”® or platforms as DNA circuits or logic gates , nanochannels®’®, dynamic

277 280,281

origami objects?”” or the creation of diagnostic tools and sensors?’82’° to be used ex vivo

and in vivo?8%283,

On the other hand, the molecular recognition capacity of DNA using DNA-aptamers28428

286,287

or DNAzymes , are also of upmost importance, improving the variety of dynamic functions

288' as

that previous designs can achieve. DNA-aptamers are used in a wide variety of fields

° or as an alternative to

biosensors in order to detect allergens, pathogens and toxins
antibodies®*°. Moreover, their conformational change upon target recognition make them

suitable to be used in nanopores as drug-delivery systems, as sensors or as gatekeepers in a

31



Chapter 1

single-molecule manner?®!. In case of DNAzymes, they are usually specific to metallic cofactors

292

and are able to cleave specific bonds; they are used as gene-silencing agents?? or in sensors?%

294

and can be integrated in bigger structures as happens with DNA-aptamers=”*. Moreover, thanks

to its programmability, biocompability and modular nature?*>?°¢, DNA can also form hybrid

298-300

nanostructures with other materials, such as peptides?’, hydrogels . dendrimers3°,

302

nanotubes®®? or nanoparticles®**3%.

Some of these nanotechnological desighs are patented and few are being

d305

commercialized®, the latter cases are based on DNA-origami for super-resolution

307 and drug-delivery3®. As explained in previous section, new

microscopy3®, DNA microarrays
opportunities could emerge solvating nucleic acids in non-physiological media, especially in ionic
liquids and deep eutectic solvents. In this manner, it can be possible to face solvent evaporation,
DNA degradation or bottlenecks in the dynamic function without being necessary the chemical

modification of nucleic acids3%°.

At first, the use of these solvents was intended only to replace molecular solvents in

310-315 316,317

different procedures, such as extraction and purification applications because ILs and
DESs not evaporate and their chemo-physical properties can be finely tuned to optimize product
recovery, moreover they can be magnetic to facilitate DNA extraction®'¥32%, They have been also
proposed as co-solvents in polymerase chain reaction (PCR) to enhance the traditional and
isothermal amplifications or extraction procedures®?°2? pecause ILs can reduce the melting

temperature of DNA duplexes without affecting the efficiency of the enzyme, in contrast to

organic solvents. But after foretelling their potential while observing that DNA could maintain
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its structural stability in ILs and DESs323324, they started to be used as main media for DNA

nanotechnological applications®?>73%,

1.4.1 DNA-linked gold nanoparticles

One of the first studies where ILs were used as main media for a technological
application showed that DNA-linked gold nanoparticles, which are usually used in aqueous
colorimetric biosensing, could be used also in a great variety of hydrated ILs up to 60 wt % in
water preventing DNA degradation. In similar conditions using molecular solvents, the DNA lost
its hybridization capacity and the nanoparticles aggregated®?°. In this article, ethylammonium
and propylammonium nitrate ILs were presented as better solvent candidates than the better-
known imidazolium-based ILs, as it was found that DNA and gold nanoparticles solvated better
in the former two. This marked a precedent for future studies.

A drawback found in this work related with nitrate anion-based ILs was that even if they
can effectively solvate DNA, they adsorb strongly in UV region overlapping with DNA spectra
what limits several sensing applications. Fortunately, the multiple possible combinations of
cations and anions have solved this issue in future studies, maintaining the cations but using

lactate or phosphate anions instead (Figure 1.9).
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Figure 1.9. The sensing mechanism of gold nanoparticles and situations found in different non-

physiological media. Adapted with permission from ref. 329.

1.4.2 Triplex-based devices

More sophisticated nanotechnological applications based on ILs emerged while

324

understanding better the behaviour of DNA in them?>%*, as it is the case of triplex-based sensors.

Microarrays, a common method used for DNA sequence sensing in aqueous media require to
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have the analyte sequence as a single-stranded DNA (ssDNA) because they are based on
Watson-Crick base-pairing®3%331, Therefore, there is interest in being able to detect specific
sequences directly in a double-stranded DNA (dsDNA) form to simplify the procedure®!. For that
purpose, the ssDNA of the sensor forms a triplex structure with the dsDNA of the analyte.
Unfortunately, mismatch discrimination of triplex structures in agueous media is low, giving rise
to false positives.

The thermal stability of the triplex was enhanced using a hydrated alkylammonium IL
(70 wt % of CDHP in water) and in this manner it was possible to improve the mismatch
discrimination capacity. It was also possible to prevent the degradation of DNA in the sensor
inhibiting the nucleases and controlling water activity even at pH7332. Computationally, it was
observed that the increase in thermal stability was mainly due to the stabilization of the
Hoogsteen base pairs by choline cations that bind specifically to the third strand??8, because HG

interactions are more stable in dehydrated conditions.

1.4.3 Hemin/G-Quadruplex designs

The use of a task specific ionic liquid (TSIL) with a DNAzyme improved its matrix
interference resistance3. Firstly, the TSIL was used to extract selectively the metallic ions from
the sample and then, the TSIL solution was diluted in an aqueous solution containing the
DNAzyme that was structurally stable in presence of this ionic liquid. The DNAzyme can only form
a G-quadruplex if there is Hg?* in the media. Then, this secondary structure coordinates with Hemin

and give a colorimetric response334, Using the ionic liquid that specifically extracted mercury, in
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this procedure it was possible to reduce interferences of other metallic ions that could also

provoke the formation of the G-quadruplex.

1.4.4 Sandwich-assays for hydrophobic compounds

Very recently it has been published the first aptasensor that works in an almost
anhydrous deep eutectic solvent3*. The aptasensor sequence was obtained in the previously
mentioned SELEX done in ethaline?*® (choline chloride/ethylene glycol (1:2)). The ethaline DES
was able to extract efficiently gluten from food it can also solvate greater concentrations of DNA
than physiological media apart from keeping it stable and be liquid between -60 and 200 °C33¢,
The design of the sensor is based on a truncated aptamer that allows the creation of a sandwich-
type assay. Furthermore, the sensitivity of the assay was improved compared to agueous media

due to an increased peroxidase activity in this type of DESs3?’.

1.4.5 The combination of DNA and metals for catalysis

An application of DNA related with catalysis is its use as template to perform different
reactions. One strategy is to synthesis nucleic acid analogues with different functional groups33&-
341 But, it is also possible to use natural DNA, the cornerstone of this text, in example DNA
double-helixes or more complex DNA nanostructures can be metallized reducing the ions when
they are in contact with DNA backbone3#?#3%3, New opportunities can appear while combining
non-aqueous media with the inherent chirality and nanostructure of DNA because this media

could expand the scope of reactions, improve their enantioselectivity and fasten the kinetics

apart from keeping DNA stable for long periods. Different modifications of DNA nucleotides have
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been already done in ILs*** and DESs3*>3%, but there is one study where ethaline DES was used
not only to prepare metallized DNA (Pd-DNA-Fe;04 dual functionalized) but also perform the
successive C-C coupling and reduction reactions®¥. Using this strategy, the long duration of
synthesis process and loss of DNA helicity that encountered in aqueous media were reduced,

moreover, the recyclability of the solvent made it greener and scalable (Figure 1.10A).
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Figure 1.10. A schematic representation of (A) DNA metallization in presence of DES and (B) a

metal complex anchored to DNA. Adapted with permission from ref. 34,

On the other hand, DNA has been proposed as support for asymmetric catalysis using
metal complexes3#-%1, The inherent chirality of dsDNA can be transferred to metal complexes
anchored with aromatic groups that are intercalated in a noncovalent manner between

guanines3#35235% (Figyre 1.10B), the procedure is simpler and have lower cost than modifying
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DNA with previous methods. However, so far, ILs and DESs have only been used in a Michael

reaction as co-solvents at low concentrations®>%¢, but considering the plethora of enzymatic

357-362 363

reactions that can be found in neat media and the possibility of using G-quadruplexes>*>,

which are highly stable in ILs and DESs, probably similar works that use DNA will emerge.

1.4.6 DNA functionalized carbon nanostructures

Graphene and carbon quantum dots are nanostructures with sizes below 100 nm and
potential applications in many technological fields such as sensors, bioimaging®*,
photochemical catalysis or photovoltaic devices®®. At first the use of DNA with these
nanomaterials was intended to prepare solid films with higher mechanical properties®®®3¢7, but
nowadays its uses include also sensing using DNA base-pairing or DNA-aptamers. ILs and DESs
are included in the design as media able to solubilize DNA and prevent the aggregation of
graphene368370,

Actually, DNA is not solvated in the ILs or DESs in the sensing step, therefore these
designs are somewhat removed from the context discussed in this text. But, among other

advances3”!

, it is remarkable that these studies have aided to create a graphene field-effect
transistor which in the wake of the global pandemic of COVID-19 is able to detect the SARS-CoV-

2, using DNA as a complementary sequence and an ionic liquid to modulate the charge transport

in the semiconductor device®”? (Figure 11).
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SARS-CoV-2 virus

Packaged chip G-FET-based biosensor
Figure 1.11. The graphene field-effect transistor containing DNA and ionic liquids. Reproduced

with permission from ref. 372.

1.4.7 Long-term use and storage of nucleic acids

IL and DES media have the potential of making DNA designs usable for long-periods or
store at low-cost in a wide range of temperatures. The prevention of degradation seem to be
always based on the reduction of water and nuclease activity and their interactions with DNA,

what prevent the hydrolysis of the phosphodiester bond, depurination and deamination?.
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However, none of the studies done so far study these events at the molecular scale or consider

if there could be another non-desired changes in the structure of DNA caused by ILs and DESs.

Their degradation prevention capacity has not been quantified neither and it is not possible to

predict the minimum amount necessary to maintain DNA stable for a concrete period.
Nevertheless, it is a great advantage to use these non-conventional media as has been

seen in numerous studies that DNA remains stable after months or years at room temperature.

In example, it was possible to store plasmid DNA or salmon-sperm and calf-thymus DNA up to

143 373,374

six months'* or one year at RT, even in nuclease-rich samples®’>37®, Unfortunately, so far,

there are no studies about the capacity of IL and DES to preserve DNA-origami nanostructures®”’
or short DNA duplexes and other non-canonical structures for long-periods.

Apart from the long-term stability, another advantage of ILs and DESs is their nucleic
acid solubilization capacity, which is higher than physiological media®’®. Up to now the solubility
of DNA can already be of 25 wt % in an ionic liquid®”® and 5.5 wt % in a deep eutectic solvent3&°,
On the other hand, as could be expected, the preservation strategy can be used also with RNA,
but differently from DNA3%?, acidic ILs or DESs (pH between 3.5 and 4.2) were not able to
maintain the RNA primary structure in agueous media being lost in few hours. However, they
prevented RNA degradation in neutral and alkaline media (pH between 8.6 and 12.4) for at least

one month®*?, what denotes the importance of buffering these media3®®?

. Moreover, it is possible
to extract the RNA directly from cells in the preservation media even in presence of nucleases,

what eliminates the necessity of purifying the samples384,
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Recently, a patent was published were it is described a method to preserve DNA and

RNA integrity at room temperature for at least two years using molten salts, similar to ILs but

with a higher melting temperature. Instead of using choline-based ILs, they use aprotic-protic

salts (APS) and add a minimum water amount to have then in a glassy state at RT*%. Even if the

storage conditions are not suitable for most nanotechnological uses at RT, this strategy allows

the direct PCR amplification of nucleic acids and their better preservation due to a greater

reduction of water activity and molecular motions. On the other hand, the long-term storage

has been also studied with proteins and there are some ILs and DESs that could be successfully
applied to nucleic acids in the future38,

387 even if their

Furthermore, most of the studied ILs and DESs seem to be biocompatible
toxicity is yet under study3#-3% there are some studies about the use of ILs and DESs with DNA
in vivo. In example, ILs might be able to protect DNA of plants from fungicides by interacting
with DNA groove and hindering it from dodine3!. Related with therapeutics, different media
have been already proposed to be used in topical skin delivery of nucleic acids, i.e. it was
observed that a DNA nanostructure remain stable during the transdermal delivery®®?, what can
be used in example for treatment of psoriasis3®. A very recent patent describe a method where

deep eutectic solvents are used to deliver encapsulated viruses, what can be used for vaccines

with enhanced long-term stability between 2-8 °C3%,
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1.5 Conclusions

New opportunities for DNA nanotechnology emerge with the use of non-physiological
environments, in this work the focus is put on ionic liquids and deep eutectic solvents with
negligible volatility, wide liquid range and tunable chemo-physical properties®*>=>’. However,
the huge scope of possible media presents an intrinsic bottleneck due to the necessary costs
and time to elucidate DNA behaviour in them in absence, so far, of theoretical or computational
reliable methods able to predict DNA thermal and structural stabilities beyond physiological
conditions3%,

As can be seen in the fundamental studies presented, the variety of media used so far is
relatively narrow and in most cases the sequence and structure of DNA is not systematically
studied. Even so, with the scientific evidence so far it is already possible to observe that these
solvents have the potential to achieve new DNA conformations and stabilities that were limited
by the use of water or media based-on molecular solvents or crowding agents that had a limited
tuneability.

On the other hand, nanotechnological applications combining the use of these solvents
and nucleic acids started to emerge in the last years demonstrating that there is growing interest
in the field of nanotechnology for the use of non-conventional environments. So far, these have

focused in sensing or long-term use and storage of nucleic acids, but there is a huge potential in

other areas such as catalysis.
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Materials and Methods

2.1 Materials (General)

2.1.1 Aqueous solutions and mixed solvents

All aqueous solutions were prepared with ultrapure water (18 MQ) from Ultra Clear TWF
with El-lon CEDI electro deionization system. The Tris Buffered Saline (TBS) aqueous buffer used
mainly in Chapter 3-6 was prepared using powder from foil pouches (Sigma-Aldrich, T6664) that
solvated in one liter consists in 50 mM Tris, 140 mM NaCl and 2.7 mM KCI. Then, 5 mM MgCl,
were added using magnesium chloride hexahydrate (Sigma-Aldrich, M2670). The pH of the
buffer was adjusted to 7.4 at 25 °C with HCI or NaOH. The rest of buffered solutions containing
only water as solvent, were prepared with the corresponding amount of salts (sodium chloride,
choline chloride, sodium lactate, etc.) or urea, and a mixture of Trizma HCI (Sigma-Aldrich,
T3253) and Trizma Base (Sigma-Aldrich, T1503) using the quantities indicated by the
manufacturer (Supelco, Spain). Once being prepared, the aqueous buffered solutions were
filtered and stored at 6-8 °C.

Molecular solvents such as ethanol, ethylene glycol, triethylene glycol, glycerol or lactic
acid were purchased from Sigma-Aldrich and used without further purification. In case of deep
eutectic solvents, firstly, the hygroscopic reagent choline chloride was dehydrated under high
vacuum and then, its hydration level was determined by Karl Fischer Titration. Afterwards, it
was mixed within the corresponding hydrogen bond donor group at 80 °C for two hours. Before
storing the solution at 6-8 °C they were filtrated and the water amount was measured again.

While storing the almost anhydrous solutions for long periods (few months), it was extremely
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important to heat them up to 80 °C for an hour, because precipitation of choline chloride was

detected visually and using *H-NMR. This did not happen when deep eutectic solvents contained

more than five wt. percentage of water. All ionic liquids were purchased directly from the

manufacturer (Solvionic, Toulouse, France), and then their water amount was determined prior

usage.

2.1.2 Chemicals

Table 2.1. Manufacturers of chemicals used throw the whole thesis and not mentioned

elsewhere.
Name Purchased from
Adenosine 299%. Sigma-Aldrich. Catalog N2 A9251
Agarose BioReagent. Sigma-Aldrich. Catalog N2 A9539

Alexa Fluor 488
AMP
APS
ATP
Atto 488
Gluteraldehyde
GMP
Guanosine
Hydrochloric acid
SDS
Sodium hydroxide
TECP

Tween 20

Termo Scientific. Catalog N2 A20000
297%, from yeast. Sigma-Aldrich. Catalog N2 A2252
97%. Sigma-Aldrich. Catalog N2 281778
Grade |, 299%, from microbial. Sigma-Aldrich. Catalog N2 A2383
>90% (HPCE). Sigma-Aldrich. Catalog N2 41051
Grade Il, 25% in H,0. Sigma-Aldrich. Catalog N2 G6257
299%, from yeast. Sigma-Aldrich. Catalog N2 G8377
298%. Sigma-Aldrich. Catalog N2 G6752
ACS reagent, 37%. Sigma-Aldrich. Catalog N2 320331
BioReagent, 298.5% (GC). Catalog N2 L3771
BioUltra, 10 M in H,0. Sigma-Aldrich. Catalog N2 72068
Hydrochloride, 298%. Millipore. Catalog N2 580560
Sigma-Aldrich. Catalog N2 P9416
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2.1.3 DNA

All modified and non-modified DNA oligonucleotides used in Chapter 3, 4, 7 and 8 were
ordered in Biomers GmbH (Munich, Germany) purified with HPLC. After being solvated, usually
in ultrapure water, their concentration was calculated using UV-Vis Spectroscopy and the molar
absorptivity indicated by the manufacturer. In case of salmon testes used in Chapter 3, 6 and 8,
the salmon sperm sodium salt, the “short” one, was purchased from Sigma-Aldrich (D1626) and
the “long” one from Thermo Scientific (15632011). While solvating DNA in each media, it was
firstly heated up to 60 °C for several minutes and then cooled down slowly to room temperature.
If DNA was solvated in almost anhydrous media, it was let mixing for several days or weeks at

40 °C (until a constant absorbance value was obtained) prior usage.

2.2 Methods (General)

2.2.1 UV-Vis spectroscopy

The UV-Vis absorbance was measured with two different instruments. On the one hand,
the concentration of DNA (A260) and proteins (A280) was always assessed using a Nanodrop
2000c Spectrophotometer (Thermo Scientific, Spain) with a 2 pL volume sample of the
biomolecule previously dissolved in water. The molar absorptivity (€) used was that indicated by
the company.

On the other hand, in those measurements where a cuvette or a temperature control
was required, the Evolution 201 UV-Vis Spectrophotometer (Thermo Scientific, Spain) was used
with a PCB-PLUS 1500 Peltier-Controlled External Water Recirculator. Furthermore, due to the
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strong absorption of certain compounds, it was necessary to use a quartz cuvette with 1 mm
path length (Hellma 110-QS) for melting measurements unless stated otherwise.

To determine the baseline of UV-Vis measurements, each media was previously
measured in absence of the solute (usually, DNA). As can be observed in Figure 2.1, lactate
anion-based media absorbed light in the UV range of interest, therefore, this media was heated

in absence of DNA in order to correct the baseline of melting curves.

2.2.2 Circular Dichroism (CD) spectroscopy

Secondary structure analysis was carried out using a J-815 CD spectrometer (Jasco) with
a Peltier FDCD Attachment (PFD-4255/15) used to maintain the temperature at 25 °C in all
measurements if another temperature is not mentioned. The equipment is located in Nanogune
(San Sebastian, Spain). The CD spectra of DNA and proteins were recorded from 350 to 180 nm
and using the corresponding solvent as baseline; the data gathered per spectrum were the
average of 5 time scans at a scanning rate of 200 nm/min and a bandwidth of 5 nm to minimize
the noise and to smooth the signal. In parallel, it was also possible to measure the UV/Vis
absorbance. Due to the strong absorption of certain compounds, it was necessary to use a quartz
cuvette with 1 mm path length (Hellma 110-QS) unless stated otherwise.

In order to determine the baseline of measurements, each media was previously
measured in absence of the solute (usually, DNA). As can be observed in Figure 2.1, only choline
lactate media showed strong ellipticity above 220 nm and in this case, the data analyzed was

that above 260 nm. Certain DES and IL also showed ellipticity but could be baselined. In other
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cases, there was no ellipticity but the huge absorption of light below certain wavelength made

impossible to acquire the ellipticity data of the solutes.

4 4 4
g 37 g 37 g 3
5 5 5
s 2 s 2 Reli B
a b eline 2
3 2 >99 wt. % =2
11 11
0 0 . —_—
180 200 220 240 260 180 200 220 240 260 180 200 220 240 260
800 800 800
hei Twt. % v
6004 > 600 600
s
5]
= [ =
S 400 A T 400 T 400
i
T =
200 200 200
Reline >99 wt. %
0 . . . 0 ; : . 0 . . .
180 200 220 240 260 180 200 220 240 260 180 200 220 240 260
200 40 40
T wt. %
@ 150 > ® 201 ¥ 20
© ael o
£ 1001 £ £
z z Z 0
] S o
g 0] g B
o | ] T 20
0 &= e A TAS
\/ TS Reline >99 wt. %
-50 . : . -40 . : . -40 . : .
180 200 220 240 260 180 200 220 240 260 180 200 220 240 260
Wavelength (nm) Wavelength (nm) Wavelength (nm)
. — EG — Glycerol
— Sodium lactate — Urea y
. . — Ethaline — Glyceline
— Choline lactate — Reline y
— CC — CDHP

77



Chapter 2

Figure 2.1. Absorbance, HT voltage and ellipticity data of different media. (A) Sodium lactate 11,
20 and 37 wt. percentage; Choline lactate 20, 37 and 71 wt. percentage. (B) Urea 10, 20, 40 and
50 wt. percentage; Reline 22, 53, 81 and >99 wt. percentage. (C) Ethylene glycol >99 wt.
percentage; Glycerol >99 wt. percentage. Ethaline 23, 55, 85 and >99 wt. percentage; Glyceline
28, 66, 96 and >99 wt. percentage; Choline chloride 12, 30 and 45 wt. percentage; Choline
dihydrogenphosphate 20, 37 and 66 wt. percentage. The data was acquired in circular dichroism

instrument. The baseline was ultrapure water.

2.2.3 Karl Fischer titration

For the preparation of different media, it was necessary to assess accurately the water
quantity, Karl Fischer Titration was used for this purpose, specifically the Mettler Toledo™ V20S
Compact Volumetric KF Titrator (Thermo Scientific, Spain). The determined water content varied
between 100 ppm and 50 wt. % and the sample volume used in each case varied according to
the manufacturer recommendations. The reagents needed for the measurements were
specifically adapted to dissolve the deep eutectic solvents and ionic liquids prepared:
HYDRANAL-Titrant 5 and HYDRANAL-Solvent from Thermo Scientific (15634420 and 15674410,
respectively). For instrument calibration after long periods without being used, it was necessary

to use HYDRANAL-Water Standard 10.0 from Thermo Scientific (15644510).

2.2.4 Gel-electrophoresis

The length and double-strand formation of DNA oligonucleotides and salmon-sperm
DNA were analyzed using the Bio-Rad equipment (excepting Chapter 6). Specifically an agarose
(2-4 wt. %) gel-electrophoresis formed by TBE Running Buffer. The agarose gel experiments were

carried out at 40-90V by 40-80 min, depending on the ionic strength of the media and DNA
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length. GelRed™ Nucleic Acid Stain (10.000x in water) from Quimigen, Spain (41003) was used
as staining dye (0.1 pL/g). As reference two ladder types were used, on the one hand the Gene
Ruler Ultra Low Range DNA Ladder of 10-300 base pairs (Thermo Scientific, 11823983), and on
the other hand the Gene Ruler 100 bp Plus DNA Ladder of 100-3000 base pairs (Thermo

Scientific, 10309339).
2.2.5 Size-Exclusion Chromatography

The molecular weight (MW) and molar mass distribution (MWD) of DNA were analyzed
by SEC/RI. The equipment was composed by a LC20 pump (Shimadzu, Spain) coupled to a Optilab
T-Rex differential refractometer (A=658 nm) (from Wyatt Technology Corp., USA). Separation
was carried out using three columns in series (Ultrahydrogel 120, 250 and 2000; with pore sizes
of 120, 250 and 2000 A, respectively, all from Waters, Spain). The analyses were performed at
25 °C and the mobile phase had a flow rate of 0.6 mL/min. DNA oligonucleotides with different

lengths (3930-616000 g/mol) were used to perform the calibration curve.
2.2.6 Nuclear Magnetic Resonance spectroscopy

Liquid *H NMR or 3C NMR spectra were recorded at 400 or 500 MHz and 101 or 126
MHz for 13° NMR, in a Bruker Advance spectrometer. At standard temperature and pressure,
equipped with a z gradient BBOF probe, in CDCl; or D,0. The data are reported as s = singlet, d
=doublet, t = triplet, m = multiplet or unresolved, br s = broad signal, coupling constant(s) in Hz,

integration. Data analysis was carried out with MestReNova software package.

79



Chapter 2

2.2.7 Steady state and time-resolved fluorescence studies

Steady state measurements were conducted employing a FS920 single photon counting
spectrofluorimeter from Edinburgh Instruments (Edinburgh, UK) equipped with a 450 W xenon
arc lamp. The fluorophore-labelled samples were excited at 480 nm and fluorescence was
monitored with the kinetic scan setup acquiring the emission at 525 nm, and a monochromatic
bandwidth of 3 nm for excitation or 1 nm for emission. During measurements, the T-App
Temperature Control Application software controlled the temperature.

Time-resolved measurements were done in the same equipment using the Time-
Correlated Single Photon Counting (TCSPC) technique. The Pulsed Diode Laser from Edinburgh
Instruments (Edinburgh, UK) had an excitation wavelength of 485 nm (linewidth <1.5 nm) and
the emission bandwidth was set to 1 nm. The lifetime decays were acquired using pulses of 50
ns, 4096 channels and 5000 counts. In all cases, samples were measured into a quartz cuvette

of 10 mm light path.
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2.3 Materials and Methods (Chapter 3)

2.3.1 Density measurements

The density of solutions formed by molecular and deep eutectic solvents and different
water quantities were measured using volumetric flasks. Great part of these values could be
already found in the literature and they were corroborated with this method, on the other hand
the densities of CC/EG (1:3) aqueous mixtures are not published yet in the literature. The
volumetric flask used was of 1 mL and the calculated densities were the average of three

independent measurements.
2.3.2 Viscosity measurements

The viscosity measurements were carried out with a controlled stress rheometer (AR-
G2, TA Instruments). It was employed to analyse viscosities of different mixed solutions, using
cone and plate geometry with 40 mm diameter. This rheometer is especially suitable for testing
ionic liquids as it only requires a very small amount of sample (1-2 mL) to wet the whole cone
surface. Samples were initially equilibrated for 5 min, and then the shear rate was exponentially
increased from 10 to 8000 s via stress controlled feedback over 5 minutes recording 10 points
per decade.

Since studied DESs and ILs are highly hydrophilic and the solution measured contained
already water, each independent measurement was performed with a new sample, discarding
the volume used in previous ones. Repetitiveness was very good with root-mean square

deviations (RMSD) less than 5% in all series. The temperature of viscosity measurement was
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always assessed at 298 K employing a Peltier plate to set the temperature. All measurements

were performed at atmospheric pressure.

2.3.3 Hybridization studies of DNA using steady state fluorescence

For hybridization studies, firstly, the Oligol labelled with Alexa Fluor 488 (17 nM) was
solvated in the corresponding solvent and the fluorescence intensity was let stabilizing at 25 °C.
Then an equivalent amount of Oligo2 labelled with Black Hole Quencher 1 was added to the
solution and the fluorescence change was monitored, from which it was possible to obtain the
hybridization percentages (Equation 2.1) and rates were obtained by fitting the experimental

data with Equation 2.2 and using the value of bto resolve Equation 2.3.

100

Hybridization % = 100 — (F¢- F—) Equation 2.1
0

F(t) =Fy,+a-e®'t Equation 2.2

b = Coligoz * kn Equation 2.3

Where, Frand Fy are the fluorescence values after and before hybridization, respectively
and F(t) is the fluorescence at time t. a and b are constants obtained through curve fitting. Once
knowing the value of constant b and the initial concentration of Oligo2 (17 nM), it is possible to
obtain the hybridization rate between the two oligomers in each media. After hybridization, the
sample was cooled to 0 °C and heated up to 80 °C at a rate of 1 °C/min, what allowed the
calculation of the melting temperature from the first derivative. In general, the melting
temperature was measured only once, because it was observed in several measurements that

obtained values were highly accurate and reproducible (£0.5 °C) for the purpose of the study.
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On the other hand, the fluorescence values of Oligo1-AF488 and Oligo2 in absence of BHQ-1
were also measured varying temperatures and media and were used to correct the baseline of

melting curves.
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2.4 Materials and Methods (Chapter 4)

2.4.1 Procedure of Ab Initio calculations

Prior geometry optimizations and frequency calculations, the system was prepared with
the Avogadro 1.2.0 open software. The Gaussian 16 (Gaussian, Inc., Wallingford CT, 2009)
package! was used for Density Functional Theory (DFT) calculations and these were done in the
Cluster Arina provided by SGlker (UPV/EHU/ ERDF, EU). Specifically, at the m062x/6-311+G**
theory level was used for calculations. The aqueous environment was simulated with the iefpcm
model. Geom=(connectivity) was included in the input, in order to avoid the angle errors during

optimization (Code 2.1).

HH##
%mem=7520mb
%nprocshared=8
SRunGauss

#mO62x/6-311+Gx*x opt Freq SCRF(iefpcm,Solvent=Water)

Hih Code 2.1
The changes in Enthalpy (AS) and Gibbs Free Energy (AG) were calculated from absolute
values obtained with individual components or when they were solvated together. The AS and

AG values are expressed in kcal/mol (1 Hartree = 627.41 kcal/mol).
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2.4.2 Force Fields used in Molecular Dynamics calculations

The force field parameters of DNA, TIP3P water model, choline, glycerol, urea and
metallic salts were obtained directly from the CHARMM36 Force Field. The force field of
ethylene glycol was refined from CHARMM?36 based-on a recently published article which is
specially adapted to aqueous solutions?. On the other hand, the force fields of DESs were based
in those of their separated compounds; this strategy has been approved in several articles®”.
However, for future works, it needs to be considered that rescaling the partial charges allows
for proper sampling of the equilibrium properties of neat DESs as well as hydrated DESs®°.

Unfortunately, this article was posterior to simulations.

2.4.3 Procedure of Molecular Dynamics calculations

Firstly, in order to prepare the boxes (Figure 4.2), it was necessary to adjust the box size
and it was found that 8.5 nm? were enough to prevent the interaction between nucleic acids in
periodic boundary conditions. For the creation of the box, firstly, in packmol software?, the
HBA, HBD or DES molecules were randomly placed within 8.8 nm? (Code 2.2), slightly higher
volume than desired. In presence of DNA, it was not filled with HBA, HBD or DES molecules in

the space where DNA would be located (Code 2.3).

HH#

tolerance 2.0

filetype pdb

output thedesiredoutputname.pdb
structure theHBAorHBDmolecule.pdb

resnumbers 2
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number thedesirednumberofmoleculesinthebox
inside box -45. -45. -45. 45. 45, 45.

end structure

#H# Code 2.2

HH#

outside box -12.5 -12.5 -23.5 12.5 12.5 23.5

inside box -45. -45. -45. 45. 45, 45,

Hi Code 2.3

Then, DNA was placed in the box (if necessary) using solvate tool of VMD software?,
Water was introduced using once again the solvate tool of VMD and finally metallic ions were
added with add ions tool of VMD by replacing part of these water molecules, in this manner the
boxes were ready for equilibration.

The equilibration calculations were done using NAMD 2.13 (University of lllinois)
package and the Cluster Arina provided by SGlker (UPV/EHU/ ERDF, EU). When the box
contained DNA, its atoms were labelled as 1 in the beta column in VMD (Code 2.4) and then
frozen in equilibration input (Code 2.5). The box was firstly equilibrated for 2 ns at 800 K (nvt),
and other 2 ns at 298 K and 1 atm (npt). Finally, DNA was unfrozen and all atoms were

equilibrated for 15 ns at 298 K and 1 atm (npt conditions).

HH##
mol load psf thepsfstructure.psf pdb thepdbstructure.pdb
set all [atomselect top all]

set fix [atomselect top "nucleic"]
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sall set beta 0
$fix set beta 1
$all writepdb theoutputpdbstructure.pdb

mol delete all

#H# Code 2.4

HH##

if {1} {

fixedAtoms on

fixedAtomsFile theinputpdbstructure.pdb
fixedAtomsCol B

}

Hih Code 2.5

In absence of DNA, all atoms were equilibrated for 2 ns at 800 K (nvt) and then for 12 ns
at 298 K and 1 atm (npt). The systems were prepared for MD calculations by applying 10000
steps of energy minimization using the steepest descent method. Electrostatic interactions were
evaluated using the particle-mesh-Ewald (PME) summation technique. The equations of motion
were solved by using the leap-frog algorithm with 1 fs time step. The cut-off distance for the
short-range interactions was set to 1.2 nm with a switching function used from 1.0 to 1.4 nm.
The data used in analysis was that acquired in the last 10 ns in presence of DNA and 7 ns in its

absence (with steps of 20 ps).
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2.4.4 Analysis of Molecular Dynamics calculations

Prior analysing the output files, it was necessary, in presence of DNA, to use the PBC
Wrap command in VMD in order to re-center the nucleic acid during the whole trajectory (Code

2.6).

HH##
pbc wrap -center com -centersel "nucleic" -compound residue -all

thedesiredtrajectoryoutputfile.dcd

Hith Code 2.6

Then, different tools of VMD were used in the analysis of the last 10 ns of each
calculation (with steps of 50 ps), i.e. they were used to calculate the densities, root mean square
deviations (RMSD), radial distribution functions (RDF), and hydrogen bonding. The number of
molecules were determined using Code 2.7. On the other hand, the atoms of minor and major

grooves and backbone were selected using the three lines presented in Code 2.8.

HH##
set mol [molinfo top]
set sel [atomselect $mol {theatomormoleculetobecounted}]
set frames [molinfo $Smol get numframes]
set fp [ open "theoutputfile.dat" w ]
for {set i 0} {$i < $frames} {incr i} {
$sel frame $1i
$sel update
set n [$sel num]

puts $fp "$i $n"
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Ssel delete
close S$fp

unset mol sel frames fp i n

BH# Code 2.7
Hit#
(resname GUA and not resid 14 and name N3 N2) or (resname CYT and not resid 5 and

name 02) or (resname ADE and not resid 3 and name N3 H2) or (resname THY and not resid 16

and name 02) ### Selected atoms of minor groove without considering ending bases

(resname GUA and not resid 14 and name N7 06) or (resname CYT and not resid 5 and
name N4 H5) or (resname ADE and not resid 3 and name N7 N6) or (resname THY and not resid
16 and name 04 C5M) ### Selected atoms of major groove without considering ending bases

(backbone and resname ADE and not resid 3) or (backbone and resname GUA and not
resid 14) or (backbone and resname THY and not resid 16) or (backbone and resname CYT and

not resid 5) ### Selected atoms of phosphate backbone without considering ending bases

Hih Code 2.8

However, for further structural analysis of DNA it was necessary to use the Curves+ and
Canal software!? in Linux using Fortran code. Firstly, the trajectories of DNA (dcd) were
converted to crd in VMD and then the analysis of each step was done using Curves+ software
(Code 2.9), with Canal it was possible to analyse the whole trajectory (Code 2.10) with the input
created with Curves+. With these software it was possible to obtain the helical, backbone and

groove parameters of DNA.

HH##
/Cur+executablelocation <<!
&inp file=inputtrjfile.trj ftop=inputtopfile.top, lis=outputfilename,

lib=/standardfilelocation, &end
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21-100
1:12

24:13

#H# Code 2.9

HH##

/canalexecutablelocation <<!

&inp lis=outputfilename, levl=2,lev2=11,histo=.t,corr=.t.,&end
curvesinputfilename AGGTTCCAGGTG

#H# Code 2.10
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2.5 Materials and Methods (Chapter 5)

2.5.1 Binding studies using Surface Plasmon Resonance

A Pioneer FE SPR System was used for analysing the affinity of the ATP DNA-aptamer
towards different target molecules (ATP, AMP, adenosine and GMP) in different solvent
mixtures. Firstly, the biotinylated DNA was immobilized on a SADH (Streptavidin) biosensor, with
streptavidin immobilized in a dextran hydrogel. For the latter procedure, the running buffer was
always TBS, with 0.05 wt. % of Tween 20. The DNA was injected until the surface of the
sensorchip was saturated and response kept constant. Finally, before proceeding with the
affinity studies, 20 mM of NaOH were used to clean the DNA bound non-specifically. Then, the
media was changed to the desired media, and after obtaining a constant response, the target,
solvated in each media, was injected at increasing concentrations. The flow rate was always of

25 pL/min.
2.5.2 Binding studies using Steady State Fluorescence

For molecular recognition studies, 50 nM of the ATP DNA-molecular beacon were
solvated in the corresponding media. On the other hand, a 10 mM stock solution of the target
(AMP or GMP) was prepared in the same solvent conditions. Then, the excitation at 525 nm was
constantly acquired upon excitation at 480 nm and the target molecule was added at a constant
temperature. The fluorescence intensity was let to stabilize before the addition of each target
concentration. The intensity values were corrected depending on the concentration of the

molecular beacon in each target addition.
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2.5.3 Calculation of the dissociation constant from binding studies

The dissociation constant (K4) was calculated from the mathematical fitting to one site
binding saturation equation (Equation 2.4) using the response or fluorescence values obtained

upon the addition of the different concentrations of target molecule.

Bmax Ctarget .
f(CrargedN =~ o~ Equation 2.4
d * Ltarget

Where Bnax is @ constant value obtained upon curve fitting, Crarget is the concentration of the
target in each step and f(Crarget)n is the response or fluorescence values obtained in each step

minus the value obtained in absence of the target.
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2.6 Materials and Methods (Chapter 6)

2.6.1 DNA Oligonucleotides and target molecules

The nucleic acids and molecular targets used in this chapter were ordered from Ella
Biotech GmbH (Planegg, Germany) (Table 2.2), due to the close collaboration of Prof Mayer’s
group with this manufacturer. The initial population of single-stranded random-sequences was
formed by a D3 DNA pool, the library had a randomized internal region of 43 nucleotides flanked
by two primer regions with 18 and 19 nucleotides at the 5’ and 3’ ends. In addition, two primer
sequences were designed for further amplification of eluted sequences, the reverse primer was
5’-phosphate labelled to make possible the later digestion by the lambda exonuclease. The
target molecule of SELEX was 8-Amino-hexyl-adenosine triphosphate immobilized in sepharose-
beads, and two other ATP and GTP beads were used in binding assays.

Table 2.2. Used starting library, primers and targets during SELEX and binding assays.

Name Sequence 5’ to 3’
Starting library GCTGTGTGACTCCTGCAANA43GCAGCTGTATCTTGTCTCC
Fwd primer GCT GTG TGA CTC CTG CAA
Rv primer Phosphated-GGA GAC AAG ATA CAG CTG C
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8-Amino-hexyl-ATP NH;
H N

/IJ‘\"

o S A

y-Amino-hexyl-ATP o

y-Amino-hexyl-GTP 879 . < I:L/)\N
. /

2.6.2 SELEX procedure

Incubation step. The first step of each round consists in incubating the starting library

with the target. For that purpose, the beads were deposited in bio-spin chromatography

columns with a porous 30 um polyethylene bed support and 1,2 ml bed volume (Bio-Rad,

France), 100 uL of suspension of target beads (= 5 uM) were firstly dried by centrifugation and

then weighed to ensure always the same amount of them. Then, the column with beads was

washed with 200 uL of the selection buffer three times and finally 200 uL of the selection buffer

were added with the desired concentration of DNA. Salmon sperm DNA purchased from Thermo

Fisher Scientific, Inc. (Karlsruhe, Germany), was used as a competitor and introduced in the
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solvent matrix in each incubation step at a concentration of 1 mg/mL. The final mixture was
incubated at 25 °C for the desired period of time. In order to separate unbound sequences from
bound ones, the solution was taken out from the column by gravity and the flow through
obtained was discarded.

Partitioning and elution steps. The remaining unbound or weakly bound DNA was
washed off the column using 200 uL of selection buffer the desired amount of times, these
solutions were discarded by gravity. The DNA that was strongly bound to the beads was
separated using thermal elution strategy: 200 pL of pure water were added to the column and
heated up to 95 °C for 2 minutes and the solution was recovered by centrifugation (30 sec. 12400
rpm) for further amplification of sequences.

Amplification and conditioning steps. Each PCR reaction was carried out in presence of
200 uM of A, G, C and T deoxynucleotides triphosphates (dNTPs) from Genaxxon (Ulm,
Germany); 2 mM of MgCl, and 2.5 units of Taq polymerase per 100 uL of solution. The primers
concentration was 1 uM for both of them and the thermal cycling was: 95 °C for 60 s, 64 °C for
30s, 72 °Cfor 45 s (repeated the needed cycles) and 72 °C for 120 s in final extension step, then
solution was cold down to 10 °C. Prior SELEX procedure, it was confirmed that residual amount
of choline lactate did not affect the PCR reaction.

After amplification, the formation of double-stranded DNA (dsDNA) was confirmed by
4% agarose gel electrophoresis. Each electrophoresis experiment was carried out at 130-150 V
by 10-15 min. As reference the Gene Ruler Ultra Low Range DNA Ladder (10-300 base-pairs)

from Thermo Fisher Scientific was used. Then the dsDNA amplified was purified with a PCR
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clean-up kit (Macherey-Nagel, Germany), and the phosphate complementary strand was
digested by lambda exonuclease (Thermo Fisher Scientific) following a standard protocol, the
completion of the reaction was verified by agarose gel electrophoresis. Finally, ssDNA was
purified using the previous PCR clean-up kit. Purified sequences were used for the next SELEX

round and all the previous steps were repeated the necessary number of rounds.

2.6.3 Cloning and sequencing

In order to split up the library members into single members, the final pool was cloned
into a bacterial vector, obtaining single-member colonies. Then, the plasmids were extracted
and Sanger sequencing was carried out. The analysis of obtained sequences was carried out

using MUSCLE software and bioinformatic tools developed in Prof. Mayer's group.

2.6.4 Radioactive phosphorylation of sequences for binding studies

After SELEX steps and isolation of possible aptamer sequences, binding assays were
performed labelling radioactively the DNA. For this purpose, firstly plasmid-DNA was amplified
and purified using standard protocols.

Purified ssDNA was 5’ labelled with 32P from y-ATP using T4 polynucleotide kinase
(Thermo Fisher Scientific) by incubating 40 pl DNA solution (ca. 45 pmol) with 5 pl T4 PNK buffer,
2.5 ul T4 PNK (10 U/ pl) and 0.9 pl radioactive ATP (10 pCi/ul) (Perkin Elmer) for 40 min at 37 °C.
The labelled DNA was purified from unreacted y-ATP with G25 spin columns by centrifugation

for 2 minutes (750 g) (GE Healthcare).
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Finally, before performing binding assays, the successful labelling and removal of y-ATP
was confirmed by 10% polyacrylamide gel electrophoresis (PAGE). 0.5 ul of each ssDNA sample

was inserted and carried out at 130-150 V by 10-15 min.

2.6.5 Binding studies using liquid scintillation counting (LSC)

Binding assays of radioactively labelled samples were done with the pool of 1 rounds
as negative control and the pool of final rounds as positive control. Once the SELEX procedure
validation assays finished, further binding assays of unique sequences were optimized and had
few differences with the former: radioactive DNA amount was always 10 pmol (0.05 uM), the
duration of incubation step was fixed to 30 minutes and solution was taken out by centrifugation
(30 sec. 12400 rpm). Beads were washed twice and solutions were centrifuged as in incubation.
In thermal elution step the column was heated up to 80 °C for 5 minutes and the solution was
recovered by centrifugation (60 sec. 12400 rpm).

Radioactivity of obtained solutions were measured by LSC: one solution of incubation
step (also called supernatant), several solutions in partitioning step (one per washing), one
solution of elution step and another one of the beads (inserting directly the column in the
eppendorf). Considering that the sum of the counts per minute (CPM) of the collected solutions
plus the beads corresponded to 100% of radioactivity, it was possible to calculate the percentage

of DNA found in each solution.
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2.7 Materials and Methods (Chapter 7)

2.7.1 Immobilization assay in Surface Plasmon Resonance

The Biacore T200 Surface Plasmon Resonance equipment was used for online
monitoring the DNA nanostructure. A High-affinity Streptavidin (SA) Sensor Chip was used for
the immobilization of the biotinylated DNA. This DNA was injected until surface saturation and
then the non-specifically bound DNA was removed using 20 mM of NaOH. The flux rate was of

25 pL/min in immobilization experiments and further assays with DNA and molecular targets.
2.7.2 Immobilization assay in Quartz Crystal Microbalance

The QCM-D equipment was specifically the Q-Sense E1system (Biolin Scientific, Sweden).
A standard gold sensor chip was used (QSX301, Q-Sense, Sweden) with the following
specifications: frequency 4.95 MHz + 50 kHz, diameter 14 mm, thickness 0.3 mm, RMS surface
roughness of electrode <3 nm. Before usage, the sensor was cleaned with an UV cleaner for 10
min, thereafter with basic piranha (1:1:5 of H,0,, 25 wt. percentage ammonia solution and
ultrapure water) at 80 °C for 5 min, and again with UV treatment for 10 min.

For the immobilization of DNA in the gold surface, an aqueous solution of the thiolated
DNA (100 uM, 100 pL) was firstly pretreated with 100 pL of TECP disulfide reducing gel for 30
minutes. Next, the reducing gel was removed by centrifuging (12800 rpm). Using physiological
media (TBS), the treated DNA solution was diluted to 10 UM and injected to the QCM-D

containing the gold sensorchip. NaOH 20 mM was used to remove non-specifically bound DNA.
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All QCM-D measurements were done at a stabilized temperature of 23 °C and the flux was 35

uL/min.

2.8 Materials and Methods (Chapter 8)

2.8.1 Scanning Electron Microscope (SEM) and Confocal Microscopy (CM)

After cleaning the empty AAO membranes using boiling water and a solution of 5 wt.
percentage HCl, the SEM measurements were done by the General Research Services of
UPV/EHU (SGlker) using a magnification of 100 kx. Then, the pictures were analyzed using
FlJI/Image) Software (PixelSize=0.9921875 nm), obtaining an average Feret of 35 + 10 nm.

Confocal microscopy studies were done using the Leica SP2 AOBS confocal microscope
(Leica Microsystems, Wetzlar, Germany) with a lens that has 63x zoom and a numerical aperture
of 1.4. The excitation wavelength was at 488 nm and the emission spectra were taken from 505
to 535 nm. The voltage 477 V was applied to obtain fluorescence intensity of the membrane
surface. Two different pictures were obtained in the same time: the fluorescence and the

reflection mode of the laser.
2.8.2 Immobilization of DNA on anodized aluminum oxide (AAOQ)

The DNA immobilization protocol on AAO surface was equal in the QCM-D sensorchip
and isoporous membrane and was based-on a published protocol®3. First, they were cleaned
with boiling water for one hour and then they were immersed in HCl solution (5 wt. percentage)

for 30 seconds. Then, they were washed with ultrapure water and were dried in nitrogen gas.
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Second, they were immersed into an acetone solution containing 5 wt. % of APTES (Sigma-
Aldrich, Catalogue N2 A3648) for 8 hours. Then, they were washed in acetone and baked at 120
°C for 2 hours. After that, they were left overnight in agueous solution containing 25 wt.
percentage of gluteraldehyde.

After thoroughly washing with ultrapure water and drying in nitrogen gas, the
sensorchip or the membranes were modified with the amino-modified DNA by drop-coating
using 100 pL of a physiological solution (TBS, pH 7.4) containing amino-modified DNA at 100 uM
for 8 hours. Then the sensorchip or membranes were rinsed with hot ultrapure water until no
DNA was detected in the washing solution. All procedures were done at 25 °C unless mentioned
otherwise. Further layers of DNA or the one-step supersandwich were hybridized with the
capture probe immersing the membranes in a salty solution (0.5 M NaCl) containing the DNA at
10 uM for 8 hours or injecting this DNA with a flux of 35 pL/min in QCM-D, in case of the

sensorchip.

2.8.3 Side-Bi-Side diffusion cell

The diffusion cell was manufactured by PermeGear Inc. (Hellertown, USA) and had a
capacity of 7 mL in each chamber (Figure 2.2). In order to do the permeation studies, the AAO
membrane was placed between the two chambers using two black Viton® gaskets (Merck,
Catalog N2 27355) to avoid leakage. After filling both chambers with the corresponding media,
the permeation of the erioglaucine disodium salt, also known as brilliant blue!* (Merck,
Catalogue N2 861146), was monitored by UV-Vis (630 nm) in the spectrophotometer using a

peristaltic tubing pump (Ismatec, Wertheim, Germany) and a flow-through cuvette from Hellma
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GmbH (Millheim, Germany). The stirring speed in the donor and receptor chambers was 1200

rom and two small PTFE stirring bars were used in each side.

Figure 2.2. The Side-Bi-Side diffusion cell and a picture of the cuvette in the holder.

2.8.4 Custom-made microfluidic diffusion cell

The flow was in opposite directions to increase the transfer of matter and recirculated
using a peristaltic tubing pump in case of aqueous solutions (Ismatec, Wertheim, Germany).
While using organic solvents, the flow was recirculated with a ReaXus LD Class piston pump
(Teledyne Isco, Lincoln, USA). The permeation of the dye was monitored inserting a cuvette
(Hellma GmbH, Millheim, Germany) in the circuit of the receiving channel and using the
spectrophotometer.

The diffusion coefficient of the dye across the membrane was calculated using Equation
2.5, derived from Fick’s first law of diffusion'®. Where D is the diffusional coefficient (cm?/s); C,

C: and Cs are the initial, intermediary and final concentrations of the dye (mol/L) in the receptor
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channel, respectively. Vi and V, are the volume of the liquid (cm?3) in the donor and receptor
channels, respectively; L is the thickness of the dry membrane (cm); and A is the effective
diffusion area of the membrane (cm?). In all experiments, a plot of In[(C¢Ci)/(CeCy)] versus
time (t), showed a straight initial line. From this, the diffusion coefficient could be calculated

using the Equation 2.6 where K is the gradient of the straight line.

ViV, L 1 Ce—Gi

T Va4V, At -1 (cf—ci) Equation 2.5
=K. Ve L ,
D=K (Vi+Vy) A Equation 2.6

2.8.5 Catalytic Diels-Alder reaction

The Diels-Alder reactions were done in aqueous solution containing 20 mM MOPS and
a pH of 6.5. The DNA bound catalyst was prepared by mixing an aqueous solution of salmon-
sperm DNA with an aqueous solution of catalyst [Cu(ligand)(NOs)2] 24 hours in advance. Then,
an aliquot of a stock solution (0.5 M) of dienophile was added and the MOPS buffer was added
achieving a final concentration of 20 mM MOPS, 1.3 mg/mL DNA, 0.39 mM of ligand, 0.3 mM of
metal and 1 mM of dienophile. The mixture was cooled to 5 °C. The reaction started by addition
of freshly refluxed cyclopentadiene (final concentration 15 mM) and was mixed at 1200 rpm for

5 days.
2.8.6 High Performance Liquid Chromatography (HPLC)
After extracting the reactants and products using dichloromethane (DCM), the DCM was

evaporated and 2 mL of ethyl acetate were added to each sample. Then, the ethyl acetate
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solutions were sonicated, filtered and injected in the HPLC vials. Ivan Rivilla, from the F. P.
Cossio’s group performed the HPLC measurements injecting 15 pL of sample and using an
already published protocol®®. The column consisted on a Daicel chiralcel-ODH (heptane/iPrOH
98:2, 0.5 ml/min).

The endo percentage (Equation 2.7) and the enantiomeric excess percentage of the endo
isomer (Equation 2.8) were calculated with the areas of each product obtained at a wavelength
of 266 nm using a HPLC with a UV-Vis spectrophotometer. On the other hand, calibration curves
of the dienophile and products were done in each HPLC measurement round, in order to
calculate the yield and conversion, this was done measuring the total area of products (=10-16’)

or dienophile (=16-21’) at 313 and 266 nm, respectively (Figure 2.3).
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Figure 2.3. (A) The UV-Vis spectra of the dienophile (red) and product (blue). (B) The HPLC
chromatogram of dienophile (red) and product (blue). (C) An example of the calibration curve
obtained from the area of the peaks of HPLC chromatogram for dienophile (red, left Y-axis) and

product (blue, right Y-axis).
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3.1 Introduction

The double helical DNA and nanostructures based on this secondary structure are
usually solvated using physiological conditions, consisting in water molecules and
inorganicions that neutralize the negative charge of phosphate groups. These conditions
are the most conventional liquid environment for DNA and are the ideal conditions for
the thermal stabilization of Watson-Crick base-pairs, as explained in Chapter 1. However,
the use of physiological media presents some challenges in technological designs. For
example, when storing DNA in water hydrolytic reactions take place, which cause the
degradation of DNA. Moreover, water can also easily evaporate in microfluidic systems
or be a limitation to dissolve different target molecules?. This brought about the interest
of studying the structure and stability of the double-helix in non-conventional media that
could solve previous issues; molecular solvents, deep eutectic solvents (DESs) and ionic
liquids (ILs) are the main alternative media.

So far, due to its time-cost, it is not possible to studies the solvation of the DNA
sequence of interest in all media. Multiple fundamental studies have been made with the
aim of being able to predict the thermal and conformational stability of the DNA double
helix, but these have succeeded specially for physiological media®™>, in contrast, very little
is known yet about its thermal and conformational stability beyond those specific
conditions with water as the unique solvent®. In this chapter, a systematic spectroscopic
study was done about the structural and thermal stabilities of different double-helix

structures, especially in molecular solvents and deep eutectic solvents in order to expand
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and add new perspectives to the work done by Isabel Machado in her PhD thesis about
the use of DNA in ionic liquids (2016, UPV/EHU).

During this work, apart from studying two salmon-sperm DNA (s-sDNA) with
different average lengths, the greatest part of the studies have been done using short-
DNA oligonucleotides (12 nucleotides) with well-defined sequences. These short
sequences are in the length range of complementary oligonucleotides of the DNA-
origami scaffolds, functional DNA or the sequences used for the SDR”®, Therefore, the
obtained data can be used directly in dynamic DNA nanostructures. On the other hand,
the molecular solvents, ILs and DESs were mixed with water at different ratios, from
diluted conditions to almost anhydrous ones. In this way it has been possible to
understand how the stability of the double helix changes as the level of DNA hydration

varies.
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3.2 Results and Discussion

3.2.1 The thermal stability of a short double helix in deep eutectic solvents

Despite the systematic study of Isabel Machado about the double helical DNA solvation
in several ionic liquids, the thermal and structural stabilities of this DNA in deep eutectic solvents
are yet completely unknown. The latter media can offer some advantages compared with ionic
liquids, being the most relevant ones their easy synthesis, natural source and their low-cost. In
order to study how varies the thermal stability in the principal DESs’, firstly, a short DNA duplex
has been solvated at a great variety of concentrations of three DESs and their individual
components (HBA and HBD groups), from diluted to almost anhydrous conditions. Choline
chloride salt was selected as HBA group, in order to compare results with those obtained using
choline-based ILs®. As HBD groups, urea and two different polyol molecules were chosen, which
form reline, ethaline and glyceline, the most used DES in industry and technology®*3. On the
other hand, another DES was added as a potential media with low viscosity and wide liquid
temperature range, which is formed between choline chloride and ethylene glycol in a molar

ratio of 1:3 (Figure 3.1).The DESs were synthesized using the protocol described in Section 2.1.1.

Hydrogen bond acceptor group Hydrogen bond donor groups
“r j\ HO_~ HO\/OKH/OH
‘ - HoN" “NH, OH
HO/\/ \ Urea Ethylene glycol (EG) Glycerol (Gly)
Choline chloride (CC) 12 12 12
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Figure 3.1. The HBA group and different HBD groups used in the synthesis of DESs. Below of its

HBD group is shown the molar ratio between HBA and HBD groups.

The thermal stabilities of the duplex formed between Oligol and Oligo2 were
characterized using steady state fluorescence studies. For that purpose, the Oligol was modified
with a fluorophore (Alexa Fluor 488) at the 5’ position and the Oligo2 with a quencher (BHQ-1)
at the 3’ position. On the other hand, it was necessary to prepare the different media
systematically. In order to do so, it was firstly necessary to elucidate if the introduction of
metallic salts could improve the thermal stability of the short duplexes in presence of deep
eutectic solvents. It is well known that metallic salts, until certain concentration (1-2 mol/L),
increase the thermal stability of duplexes in water shielding the electrostatic repulsion between
backbones, but as DESs are charged media, they could substitute the role of metallic salts.

In order to elucidate if it was necessary to introduce salts to enhance the stability of the
double helix, the melting temperatures were evaluated in presence of different DES/water/salt
mixtures using ethaline as DES and NaCl as salt. The ethaline/water mixtures were prepared in
absence of NaCl, in presence of a constant concentration of NaCl and decreasing gradually the
concentration of NaCl proportional to the decrease in water concentration. Moreover, as blank,
water/NaCl mixtures were prepared reducing metallic salts concentration. The details can be
found in Table 3.1 and calculated melting temperatures and hybridization percentages are

shown in Figure 3.2.
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Table 3.1. Prepared mixtures in water. (A) In absence of DES, varying NaCl concentration. (B)
Substituting water with ethaline but maintaining NaCl concentration constant. (C) Substituting
water with ethaline and reducing NaCl concentration. (D) In absence of NaCl, varying ethaline

concentration.

Mixture | Compound The concentration in each sample (M)
A NacCl 0.14 | 0.12 0.11 0.09 0.08 0.06 0.05 0.03
Ethaline 0 0.44 0.87 1.30 1.74 2.18 2.61 3.42
B
NaCl 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
Ethaline 0 0.44 0.87 1.30 1.74 2.18 2.61 3.42
C
NaCl 0.14 | 0.12 0.11 0.09 0.08 0.06 0.05 0.03
D Ethaline 0 0.44 0.87 1.30 1.74 2.18 2.61 3.42
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Figure 3.2. Melting temperatures and hybridized percentages at 25 °C of the duplexes formed
between Oligol and Oligo2 in each mixture described in Table 3.1. The concentration of each

DNA oligonucleotide was 17 nM.
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As can be seen in Figure 3.2, it was found that the presence of metallic salts in ethaline
DES enhanced the thermal stability of the duplex formed between Oligol and Oligo2. This
enhancement was very significant while using ethaline at concentrations of 1.74, 2.18 and 2.61
M. But, at the highest concentration of ethaline (3.48 mol/L; = 85 wt. %) the stabilization effect
of metallic salts was almost lost. On the other hand, there were no significant differences
between maintaining the original concentration of salts (B mixture) or reducing them gradually
(A and C mixtures), probably because there were enough metallic cations in contact with DNA
which was at a very low concentration (17 nM).

Considering that a minimum metallic salt concentration could be beneficial, the
mixtures based-on DESs and their individual compounds were prepared using the same
procedure of C mixture. The density of each solution was measured as explained in Section 2.3.1,
in order to work not only in molar concentration but also in mass and molar fractions. The details
of the different mixtures prepared are shown in Table $3.1 and in Figure 3.3 can be found all
melting temperatures of the duplexes. For the best of our knowledge, this is the first systematic
study about the thermal stability of a duplex in several deep eutectic solvents and their
individual HBA and HBD groups and serves to understand how to design the solvent and choose
the right water fraction. These data are discussed in more depth below.

In Figure 3.3A and 3.3B can be observed that at a same concentration or molar fraction,
urea had the highest destabilization effect between the three HBD groups and the melting
temperatures in the two polyol solvents were almost equal. On the other hand, the HBA group,

choline chloride (Figure 3.3C and 3.3D), had certain thermal destabilization effect above 1 M.
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These results were not surprising as urea is usually used at 8 M as denaturant and the similar
effect of polyols has been already reported in the literature!* . The destabilization capacity of

salts above 1 or 2 M can be also found in the literature with other ions such as NaCl or CaCl,"".
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Figure 3.3. Melting temperatures of the duplexes formed between Oligol and Oligo2 in (A)(B)

HBD groups and (C)(D) HBA group and DESs. The concentration of DNA oligonucleotides was 17
nM.
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What remained unknown until now is the destabilization effect of DESs and the
comparison with their individual components. In case of the most famous DESs, ethaline (CC/EG
(1:2)), glyceline (CC/Gly (1:2)) and reline (CC/Urea (1:2)), they destabilized in a similar manner
the duplex, at least until 2.61 M (64 — 77 wt. % DES). Then, in some cases there was a huge fall
in the melting temperature that could not be measured with the equipment used (the minimum
temperature that could be achieved was -10 °C). On the other hand, it was found that the molar
ratio of HBD needs to be minimized as much as possible to maintain the duplex thermally stable,
this was seen comparing between CC/EG (1:2) and CC/EG (1:3), where the latter destabilizes
more the duplex than the rest of the DESs above 1 M or 0.05 molar fraction.

Curiously, as can be better observed in Figure S3.1, in case of reline, the DES destabilized
less the duplex than the HBD group. This needs to be better studied but probably the hydrogen
bonds that urea forms with the HBA group reduce the creation of hydroxide ions close to DNA.
Furthermore, it is interesting that when represented versus molar concentration, the thermal
destabilization fits a second order polynomial trend at least until 2.61 M in all cases (77 wt. %
DES) and 3.48 M in others (= 85 wt. % DES). The latter could permit, in example with hairpin-
based aptamers, to adjust the best DNA, DES and physiological media combination to achieve
the desired trade-off between thermal stability, stimuli-responsiveness and solvent properties.

On the other hand, during the measurements, it was possible to calculate also the
hybridization percentages and rates at 25 °C, shown in Figure S3.2. It can be observed that
hybridization percentages also followed a second order polynomial curve. Unfortunately, in case

of the hybridization rates, which have important implications in sensing and stimuli-responsive
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designs, the values obtained did not follow any trend. With both, HBD groups and DESs, the
hybridization rates decreased while increasing their concentration. This is contrary to the
behaviour measured in ethanol or observed in other molecular solvents or ionic liquids in the
literature!®!®, One reason of the decrease in rates in DESs could be the increase in viscosity of
solution (Figure S3.3). However, increasing concentration of ethylammonium nitrate ionic liquid
accelerated the hybridization rates between two oligonucleotides?®® even if its viscosity also
increased. Therefore, further studies are still needed to understand the kinetics of DNA in non-

physiological media?23,

3.2.2 The nanoenvironment close to DNA via time-resolved fluorescence

Time-resolved fluorescence studies were done to gain insights about the interactions
between solvent and DNA. Firstly, the lifetime of the hydrophilic and highly negatively charged
Alexa Fluor 4882* was measured in each mixture, while being linked to Oligol and also in its free
state in presence of Oligol. It was observed that there was only one lifetime decay in all cases,
but first, a strong dynamic quenching occurred when AF488 was covalently attached to Oligol
as has been already observed with other linked dyes?>2°, The lifetime decreased from 4.3 to 3.31
ns from free to labelled-state in aqueous media. Second, the trend in lifetime values was very
different if the fluorophore was free or linked to DNA: the lifetime of the free fluorophore
decreased while increasing the concentration of HBA, HBD and DES media whereas the lifetime
of AF488 attached to Oligol did not decrease in presence of HBA, HBD or DES media. It increased

or maintained close to the value of 3.31 ns (Figure 3.4).
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The different lifetime values of Alexa Fluor 488 (AF488) can vary due to multiple
parameters such as changes in the nanoenvironment (viscosity, pH, polarity, solvation) or
molecular interactions of the fluorophore with DNA, including dynamic quenching?”%, However,
some of these could be discarded as main factors: it seems that viscosity did not influence the
lifetime of free AF488, as it should lengthen it? but glycerol and glyceline had the shortest

lifetime values. On the other hand, the fluorophore is pH insensitive between 4 and 10%°,
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Figure 3.4. Lifetime values of Alexa Fluor 488 free in solution (black) and attached to Oligol
(coloured) at 25 °C. (A)(B) In HBD media. (C)(D) In HBA and DES media. The concentration of the

fluorophore and DNA oligonucleotide was 17 nM.

In case of polarity, the mixtures tend to be less polar while decreasing the concentration

of water what could explain the linear decrease in lifetime of free AF488 while increasing HBA,
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HBD and DES media concentration3!. Contrary to free AF488 that showed a linear change in
lifetime values, the changes in lifetime values of AF488 attached to Oligol might be influenced
also by the interactions of the media with DNA. This could explain why these changes in lifetime
followed a second or third order polynomial trend.

The initial lenghtening of the lifetime could be explained by a decrease in the dynamic
quenching that DNA was causing?2. This decrease can be due to structural changes on DNA, but
it can be discarded that the lifetime depends on the non-covalent interactions with nucleotides
of Oligol, because upon addition of Oligo2 the lifetime maintained at 3.30 ns in TBS (data not
shown). On the other hand, the lifetime values of the linked fluorophore in DES only increased
linearly until a certain concentration or molar fraction then they decreased, differently to what
occurred in HBD groups were they did not decrease. This might be due to the dynamic quenching
that high salt concentration could provoke on the fluorophore®? and therefore it means that the
choline salt interacts strongly with ssDNA upon this concentration, independent of the HBD
group. The characterization of interactions between solvent and DNA continues in the next

section and in Chapter 4 using computational methods.

3.2.3 The secondary structure of DNA characterized by circular dichroism

Fluorescence studies allowed the accurate determination of the thermal stabilities of
DNA in non-physiological media, apart from giving some clues about the microenvironment.
However, those technics did not give information about possible changes in the secondary

structure of the double helix. Characterizing the secondary structure of DNA it could be possible
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to observe the structure of the melted sequences and minor changes in the hybridized helixes.
For that purpose, circular dichroism studies were done to Oligol and the duplexes formed
between both oligonucleotides.

Firstly, in physiological conditions (TBS), the circular dichroism (CD) spectra of Oligol
and Oligo2 were measured separately or altogether (Figure 3.5A), including that of the duplex
at different temperatures (Figure 3.5B). It can be observed that the spectra of each
oligonucleotide in TBS are very similar to that of the duplex at 80 °C, what means that at 25 °C,
Oligol and Oligo2 are in a random-coil form in absence of their complementary sequence, at
least in physiological conditions. The red shift in the positive peak of the duplex from fully
hybridized to denatured state (from 267 nm to 277 nm) and the disappearance of the negative
peak denotes the loss of ellipticity.

On the other hand, it was possible to calculate the melting temperature of the duplex
being of 56 °C, this was confirmed using UV-Vis, which gave a similar value (54 °C) (Figure S3.5).
These values were slightly higher than the value of 52 °C found by spectrofluorimetry, the
enhanced thermal stability of DNA at higher concentrations is due to the cooperative effect of

DNA hybridization, the higher number of DNA molecules increases the probability of the
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complementary base pairing. The concentration was 5 uM in CD or UV-Vis studies and 17 nM in

fluorescence studies.
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— 702C — 75°eC — 80°¢C

— Duplex formed by Oligo1 and Oligo2
--- Oligol (CAC CTG GAA CCT)
- Oligo2 (AGG TTC CAG GTG)

Figure 3.5. CD spectra of DNA oligonucleotides (5 uM) in TBS media. (A) The spectra of the
duplex and individual oligonucleotides at 25 °C. (B) The spectra of the duplex at different

temperatures.

Then, CD studies continued solvating the Oligol and duplexes at low (= 0.9 M) and high
DES concentrations (= 3.4 M), plus the equivalent concentrations of their individual components.
All CD spectra can be found in Figure $3.6-S3.9 separated by solvent type. All measurements

were done at a constant temperature of 25 °C; therefore, some duplexes were partially or totally
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denatured while using almost anhydrous conditions (= 3.4 M) according to the hybridization

percentages calculated in fluorescence studies (Figure S3.4).
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Figure 3.6. CD spectra of Oligol and duplex formed between Oligol and Oligo2 (5 uM) at (A)

highly hydrated or (B) low hydrated HBA and HBD media..

As can be observed in measurements done to samples with HBA or HBD groups as

solvent (Figure 3.6), at low concentrations there were already some differences from spectra
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measured in physiological media (TBS). In case of Oligo1, the only spectra similar to TBS was that
obtained in choline chloride at low concentrations, in others there was huge negative ellipticity
what could mean that single-stranded DNA formed aggregates, but this should be further
studied. In any case, this difference between HBD groups and choline chloride would explain
why previously the lifetime of the fluorophore linked to Oligo1 changed drastically upon addition
of HBD media but not upon addition of choline chloride (Figure 3.4).

In case of the duplex, at low concentrations, the only significant difference was found in
the intensity reduction of the positive peak while solvating dsDNA in urea 1.74 M, this is in
concordance with the hybridization percentages found at this concentration, lower in urea than
in the rest of the media. On the other hand, it means that the possible aggregation of ssDNA is
prevented while forming the dsDNA structure. Moreover, at higher concentrations, in choline
chloride (3.3 M; = 45 wt. %) the duplex showed a shoulder at 285 nm found also in TBS media
butin a very small quantity what would mean that not all duplexes were in the classical Watson-
Crick B-form. The shift in the positive peak from 265 to 270 nm that usually corresponds to the
strong interaction of the media (choline in this case) with DNA bases, what would explain the
dynamic quenching observed in the fluorophore. In HBD media, the intensity of the positive and
negative peaks decreased equally, indicating the partial denaturation of the duplexes at high

concentrations due to dehydration of bases.
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Figure 3.7. CD spectra of Oligol and duplex formed between Oligol and Oligo2 (5 uM) at (A)
highly hydrated HBA and DES media and (B) low hydrated HBA and DES media.

In Figure 3.7, are shown the spectra obtained while solvating the DNA in DES media. At
low concentrations, the spectra of Oligol in DESs were very similar to those in HBD groups, but
they changed drastically at higher concentrations, the reduction in the positive peak usually

means the loss of base stacking, probably due to DES that replaced water molecules. In the
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spectra of the duplexes at low concentrations of DESs, once again that containing urea (reline)
was the only one that decreased slightly the positive peak, due to a lower hybridization
percentage in this media. At higher concentrations, the melting temperatures (Figure 3.3) and
hybridization percentages (Figure S3.2) found in fluorescence studies matched the spectra
obtained in almost anhydrous DES (3.4 M) where the duplex was destabilized following this
order: CC/EG (1:3) > CC/EG (1:2) > CC/Urea (1:2) = CC/Gly (1:2). The findings of this and previous

section were further studied computationally in Chapter 4.

3.2.4 Base-pair percentage-dependent DNA solvation in mixed solvents

Combining the PhD Thesis of Isabel Machado (2016, UPV/EHU) and that presented so
far in this chapter, it is already possible to predict how the most relevant ionic liquids and deep
eutectic solvents affect the thermal and conformational stabilities of short DNA double helixes
at different hydration levels. However, it is important to consider the variation on these
stabilities while changing the sequence of the double helix. In physiological media these can be
easily predicted but the site-specific binding of choline cation®*3® could probably change the
linear trend seen in aqueous solutions, proportional to G/C percentage. In order to elucidate the
effect of choline, sodium and choline salts, two ionic liquids and a deep eutectic solvent were
mixed with water to solvate short duplexes containing from 25 to 75 G/C percentage, including
the duplex formed between Oligol and Oligo2 (58 G/C %) (Table S3.2). Then, these were studied
using CD and UV-Vis. The most relevant information obtained from CD measurements

correspond to the ellipticity of the positive peak and its wavelength, on the other hand the
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melting temperature of the duplexes was calculated by UV-Vis. All spectra obtained are
presented in the supplementary information (Figures $3.10-53.15).

Firstly, the DNA was solvated in aqueous solutions containing sodium chloride. At 25 °C
and 2 M concentration the duplexes were close to their maximum hybridization percentage but
at 4 M they were partially denatured due to the excessive positive charge. This can be seen in
the ellipticity values of the positive peaks (Figure 3.8A), which were higher at 2 M than 4 M.
Moreover, there is a similar decrease in ellipticity in all duplexes because the thermal stability
in physiological media is linearly dependant of the G/C percentage as mentioned before. On the
other hand, the wavelength of positive peaks also varied between the different duplexes, those
with less G/C percentage had the longest wavelength (= 276 nm) mainly due to the differences
in A/T- and G/C-rich double helixes®’ (Figure 3.8B). Comparing between the influence of NaCl in
each sequence, it seems that there were no huge differences in secondary structure of the
duplexes at 2M or 4M, only varied their thermal stability. The lower melting temperature at 4
M compared with 2 M and the influence of the G/C percentage on the thermal temperature was

confirmed by UV-Vis (Figure 3.8C).
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Figure 3.8. Measurements done in sodium chloride and water media. (A) Ellipticity of the
positive peak in CD spectra. (B) Wavelength of the positive peak in CD spectra. (C) Melting

temperature calculated by UV-Vis.

Then, the same experiment was repeated using choline chloride. There was a difference
in the wavelength of the positive maximum at 75% G/C compared with that found in sodium
chloride (Figure 3.9B) and a shoulder appeared at 285 nm (Figure S3.11), probably due to the
creation of some G-quadruplexes. On the other hand, with sodium, the melting temperature
changed proportionally in the four duplexes, whereas in case of choline chloride, the melting
temperature was slightly higher at 0.5 M than 2.2 M for the sequence with 75% G/C and the
contrary happened in the sequence with 25% G/C (Figure 3.9C). This is due the influence of

specific site binding in the thermal stability of the duplexes: choline destabilized more G-C base
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pairs and therefore, while increasing salt concentration, the thermal stability only increased in
the 25% G/C duplex. The destabilization of these duplexes would favour the creation of G-

quadruplexes explaining the shoulder found at 285 nm.
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Figure 3.9. Measurements done in choline chloride and water media. (A) Ellipticity of the
positive peak in CD spectra. (B) Wavelength of the positive peak in CD spectra. (C) Melting

temperature calculated by UV-Vis.

Leaving the salts aside and studying the ethaline deep eutectic solvent, huger changes
between the different duplexes appeared. In this solvent there are two ethylene glycol
molecules per the previous choline chloride molecule and the presence of water is greatly
reduced at 2.6 M concentration (Table S3.1). In circular dichroism spectra, the same trend seen

in choline chloride appeared, with a huge red shift in G/C-rich sequence at 2.6 M of DES (Figure
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3.10B). This would confirm that denatured duplexes with this high G/C percentage would be

forming a kind of, probably, G-quadruplex structure not described in the literature.
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Figure 3.10. Measurements done in ethaline and water media. (A) Ellipticity of the positive peak
in CD spectra. (B) Wavelength of the positive peak in CD spectra. (C) Melting temperature
calculated by UV-Vis.

Regarding the thermal stability measured by UV-Vis, at 0.5 M concentration of ethaline,
the duplexes had the same melting temperature as in choline chloride but then, their thermal
stability decreased substantially at higher DES concentrations, especially in G/C-richest
sequence, with a more significant change than that observed in choline chloride. On the other
hand, the changes in melting temperatures of the duplex formed by Oligo1 and Oligo2 were in

concordance with fluorescence studies (Figure 3.3). Interestingly, at 2.61 M, the thermal stability
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was almost equal in all duplexes, it was independent of the DNA sequence what could be used

for different technological designs (Figure 3.10C).

Then, the duplexes were studied in two ionic liquids, being one of them choline lactate,

the same used in SELEX of Chapter 6 with very interesting properties such as relative low

viscosity, wide liquid range and chirality. The lactate anion of this room temperature IL shows

ellipticity below 260 nm and therefore it was not possible to obtain information from the

negative peak of the spectra (Figure S3.13). The trend observed in CD is the same seen in choline

chloride and ethaline, with a red shift in 75% G/C duplex compared but it seems that G-

guadruplexes were already forming in a significant quantity with only 0.5 M of IL (Figure 3.11B),

probably due to the slightly acid pH of the solution.
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Figure 3.11. Measurements done in choline lactate and water media. (A) Ellipticity of the
positive peak in CD spectra. (B) Wavelength of the positive peak in CD spectra. (C) Melting

temperature calculated by UV-Vis.

On the other hand, at the lowest concentrations of choline lactate, 0.5 and 2 M, the
thermal stability of the duplexes was very similar to those found in choline chloride, where the
higher concentration of choline lactate destabilized specially G/C-rich sequences. At 3.7 M of
choline lactate, all the melting temperatures decreased substantially and as found in ethaline
the thermal stability was sequence independent (Figure 3.11C).

Then the same experiments were done using choline dihydrogenphosphate, the ionic
liquid that appears in the majority of studies with DNA%®2, Results found were very different
from those of ethaline and choline lactate. In CD, the ellipticity of the positive peak varied
substantially in A/T-rich sequences between the two lowest and the highest concentration
(Figure 3.12A). This shows the necessity of buffering this ionic liquid while using it at low
concentrations with double helixes. On the other hand, the low ellipticity intensities and the
huge red shift (from the usual 270-275 nm to 280-285 nm) of the G/C-rich duplexes in 0.5 M and
2 M could be due to a significant denaturation and the creation of G-quadruplexes (Figure
3.12B). The low thermal stability of G/C-rich duplexes in low concentrated IL (below 2 M) was
found also using UV-Vis. It was below 10 °C at 0.5 and 1 M, not being possible to calculate it.
Increasing the concentration of choline dihydrogenphosphate the thermal stability of the

duplexes also increased. Contrary to what was found in previous media where all duplexes had

132



Spectroscopic studies of DNA double helixes in mixed solvents

the same thermal stability, at 4 M of this IL the 25% G/C duplex was thermally more stable than

the 75% G/C one (Figure 3.12C), confirming the observations found in a published article3®.
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Figure 3.12. Measurements done in choline dihydrogenphosphate and water media. (A)

Ellipticity of the positive peak in CD spectra. (B) Wavelength of the positive peak in CD spectra.

(C) Melting temperature calculated by UV-Vis.

3.2.5 Length-dependent DNA solvation in mixed solvents

Apart from studying the short dsDNA with different G/C percentages, a brief study was

done varying the length of the double helix, using for that purposes two salmon-sperm DNA

samples. These nucleic acid samples are a low-cost material for many applications and therefore

they might be useful to use them in non-physiological media, for example in DNA-based
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catalysis®. The two samples were named as the “long” one, that consisted, first, in highly purified
salmon-sperm DNA with a theoretical average base pair (bp) number of 2000. Second, the
“short” one, commercially known as salmon-sperm sodium salt with a theoretical average bp
number of 100 (Section 2.1.3) but calculated to be of 30 bp by gel-electrophoresis and GPC/SEC
(Figure 3.13).

Gel-electrophoresis and GPC/SEC technics showed also that in both cases the s-sDNA
were highly polidisperse. Despite this polidispersity, the great difference between mean
sequence lengths (30 vs 2000 bp.) serve to elucidate if the cooperativity was still maintained in
non-physiological media. If this cooperativity is maintained beyond aqueous environments, it
would allow using almost anhydrous conditions because even if short duplexes were denatured,
longer duplexes would have an increased thermal and structural stability in absence of water.

3000 bp 100 bo

500 bp 50 bp
| |
l

RN
o

@ 075 L
8 A b
m ” - .
2 o0s0] [
=)
=
& 025
A )
0.00fmr—r+ + . B
0 10 20 30 40 50 11111
Time (min) _

Figure 3.13. Left: GPC/SEC experiment of (A) “long” s-sDNA and (B) “short” s-sDNA. Right:

Agarose gels after gel-electrophoresis of both s-sDNA with two different DNA ladders.
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In order to prepare these experiments, both s-sDNA were solvated in physiological
media (NaCl 100 mM, pH 7.4) and in different HBD groups, DES and ILs liquid at RT and at a final
concentration of 95 v/v % (5 v/v % H,0). The concentration of both s-sDNA in all samples was
0.5 mg/mL. All the spectra obtained by UV-Vis or circular dichroism at 25 °C and gel-
electrophoresis data can be found in Figure S3.16-S3.17. It needs to be taken into account that
whereas in previous experiments all sequences had a specific composition and lenght, in these
salmon-sperm DNA samples there are a vast number of different sequences with an average
G/C percentage close to 50%, indicated by the manufacturer.
In circular dichroism studies, in physiological media, the negative peaks were found at
243 and 244 nm for “short” and “long” s-sDNA, respectively. The positive peaks were at 279 and
275 nm for “short” and “long” s-sDNA, respectively. These are well-known values for the family
of double helixes with Watson-Crick B-form. In case of ellipticity, in aqueous buffer the negative
peak showed -4.5 and -11.5 mdeg for “short” and “long” s-sDNA respectively. The positive peak
was at 8.3 and 10.7 mdeg for “short” and “long” s-sDNA. Usually, the B-form DNA shows similar
intensities in both peaks, the lower intensity of the negative peak in the “short” s-sDNA sample
could be due to impurities that absorb in that range (5 wt. % indicated by the manufacturer).
Then, these CD values were compared to those obtained in the rest of the media; the results
can be visualized in Figure 3.14 and 3.15.
On the one hand, there were significant differences in circular dichroism spectra
between the DNA solvated in physiological medium (zeroed) and that in HBD media at 95 (v/v)

% (Figure 3.14). Triethylene glycol and ethanol were used as solvents that are known to
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condensate DNA. As can be observed, ellipticity of “short” and “long” s-sDNA decreases
between 50 and 80% in these media. This decrease was also huge in the other two HBD media,
ethylene glycol and glycerol, but the red shift of the CD minima indicated that instead of

condensating, the DNA was solvated in its single-stranded form.
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Figure 3.14. Differences in CD minima (top) and maxima (bottom) in HBD groups with 5 (v/v) %

of water respect from the spectra obtained in physiological media.
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On the other hand, in DES media, the decrease in ellipticity of the negative peak was

only observed in “short” s-sDNA (Figure 3.15), what would mean that the cooperativity between
DNA strands maintained the ellipticity of “long” s-sDNA. However, the intensities of positive
peaks decreased in all cases, except for reline. In reline DES the conformation of the double helix
of “long” s-sDNA suffered only minor changes. The ability of reline (CC/Urea (1:2)) DES to
maintain DNA more stable than other DESs at very low hydration levels was also observed in
duplexes formed between Oligol and Oligo2 (Figure 3.3), but in that case such high

concentration of reline denatured partially the duplexes due to their shorter length.
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Figure 3.15. Differences in CD minima (top) and maxima (bottom) in DESs and an IL with 5 (v/v)

% of water respect from the spectra obtained in physiological media.

Contrary to HBD media, in DESs, the intensity of the negative peak of “long” s-sDNA
suffered minor changes, but the intensity of positive peak decreased significantly. Looking for
an explanation, it might be attributed to an effect on DNA also observed in some ionic liquids or
under molecular crowding conditions**=%: the DNA compacted via an axial compression respect
from the usual B-form or the random-coil and some DNA bases no longer absorb light reducing
the absorption intensity. In any case, this structural change needs to be better studied.

In resume, both types of s-sDNA were found to be highly soluble in non-physiological
media with only 5 (v/v) % of water. The different results obtained between “short” and “long”
s-sDNA samples indicate that the cooperativity between DNA strands exists also in DES close to
anhydrous conditions. Unfortunately, most of the media destabilized the original Watson-Crick
B-form secondary structure at room temperature but exceptionally, reline DES was able to

maintain the thermal and structural stabilities of the “long” s-sDNA.
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3.3 Conclusions

DNA duplexes have been systematically solvated in physiological media and a plethora
of mixed solvents formed by molecular solvents, ILs and DESs. It was observed that the thermal
stability of the short duplexes decreases following a polynomial trend while changing the water
content. This allows the melting temperature to be adjusted adding specific amounts of water.

On the other hand, at an equal concentration, the DESs destabilized more the dsDNA
than their corresponding molecular solvent, probably due to the reduction of water.
Interestingly, reline DES was an exception, as it destabilized less the duplex than urea. In fact,
thanks to the cooperativity in the double helix, the long salmon-sperm DNA maintained its B-
form almost in anhydrous reline. The molecular mechanism of this event will be further studied
in the following chapter.

Regarding the interactions of choline with DNA, it has been observed that this cation has
different peculiarities: it displaces the metallic cations from DNA, avoids the aggregation of
ssDNA, favors the formation of local secondary structures in DNA and destabilizes more the GC-
rich duplexes than AT-rich ones.

In resume, this was the first systematic study of a double helix in presence of deep
eutectic solvents. Moreover, it improves the knowledge about DNA solvation in molecular
solvents and ionic liquids. All these media are of interest due to their liquid state in a wide range
of temperatures, negligible volatility, ability to dissolve compounds or even their possible uses
in catalysis. Therefore, the information obtained through these measurements can be used for

new DNA nanotechnology designs that uses double-helixes.
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3.5 Supplementary information

Table S3.1. Concentration of compound one in prepared mixtures in molar conc., mass and

molar fractions. The solvent two was always physiological media (TBS).

M (mol/L) X1 m; M (mol/L) X1 m;
Choline chloride CC/EG (1:2) (Ethaline)
0,44 0,01 0,06 0,44 0,01 0,11
0,87 0,02 0,12 0,87 0,02 0,23
1,31 0,03 0,18 1,31 0,03 0,34
1,74 0,04 0,24 1,74 0,05 0,45
2,18 0,05 0,29 2,18 0,08 0,55
2,61 0,07 0,35 2,61 0,12 0,66
3,48 0,10 0,46 3,48 0,27 0,85
Ethylene glycol CC/EG (1:3)
0,87 0,02 0,05 0,44 0,01 0,14
1,31 0,02 0,08 0,87 0,02 0,27
1,74 0,03 0,11 1,31 0,04 0,40
2,61 0,05 0,16 1,74 0,06 0,53
3,48 0,07 0,21 2,18 0,09 0,65
3,92 0,08 0,24 2,61 0,16 0,77
4,35 0,09 0,26 3,47 0,86 0,99
5,22 0,12 0,31 CC/Gly (1:2) (Glyceline)
6,53 0,15 0,39 0,44 0,01 0,14
6,96 0,17 0,41 0,87 0,02 0,28
7,83 0,20 0,46 1,31 0,04 0,41
10,44 0,31 0,60 1,74 0,06 0,54
Glycerol 2,18 0,10 0,66
0,87 0,02 0,08 2,61 0,15 0,77
1,74 0,03 0,15 3,48 0,57 0,96
2,61 0,05 0,23 CC/Urea (1:2) (Reline)
3,48 0,08 0,30 0,44 0,01 0,11
4,35 0,10 0,37 0,87 0,02 0,22
5,22 0,13 0,43 1,31 0,03 0,33
6,96 0,20 0,56 1,74 0,05 0,43
Urea 2,18 0,07 0,53
0,87 0,02 0,05 2,61 0,11 0,63
1,74 0,03 0,10 3,48 0,22 0,81
2,61 0,05 0,15
3,48 0,07 0,20
4,35 0,09 0,25
5,22 0,11 0,29
6,96 0,15 0,38
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Figure S3.1. Melting temperatures of the duplexes formed between Oligol and Oligo2. The
second order polynomial fittings are detailed into the graphs, 52.6 was used as a constraint value

for BO in all of them. The concentration of DNA oligonucleotides was 17 nM.
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Figure S3.2. (A) Hybridization percentages of duplexes formed between Oligol and Oligo2 at 25

OC. (B) Hybridization rates between Oligol and Oligo2 at 25 °C. The concentration of DNA

oligonucleotides was 17 nM.
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Figure S3.3. (A) Viscosities of different DES/TBS mixtures measured at room-temperature and

atmospheric pressure. (B) Comparison with the published data of DES/H,0 mixtures at 25 °C and

0.1 MPa*’*8,
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Figure S3.4. Lifetime values of Alexa Fluor 488 attached to Oligo1 at 25 °C prior hybridization.

(A) In HBA and different DES media. (B) In HBA, ethylene glycol and CC/EG (1:3). (C) In HBA,

glycerol and CC/Gly (1:2). (D) In HBA, urea and CC/Urea (1:2). The concentration of the

fluorophore and DNA oligonucleotide was 17 nM.
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Figure S3.5. Melting temperature curves of the duplex formed between Oligol and Oligo2

measured in (A) circular dichroism and (B) UV-Vis. The concentration of DNA oligonucleotides

was 5 puM.
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Figure S3.6. CD spectra of Oligo1 (5 uM) in different media. Below each concentration is shown

the lifetime value of AF488 attached to Oligol, calculated by spectrofluorimetry.
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Figure S3.7. CD spectra of Oligo1 (5 uM) in different media. Below each concentration is shown

the lifetime value of AF488 attached to Oligol, calculated by spectrofluorimetry.
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Figure S3.8. CD spectra of Oligol and Oligo2 (5 uM) in different media. Below each

concentration is shown the hybridization percentage value calculated by spectrofluorimetry.
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Figure S3.9. CD spectra of Oligol and Oligo2 (5 uM) in different media. Below each

concentration is shown the hybridization percentage value calculated by spectrofluorimetry.
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Table S3.2. Used DNA sequences.

Name Sequence 5’ to 3’ G/C%
Oligol CACCTG GAACCT

Oligo2 AGG TTC CAG GTG >8
Oligo3 TACCTG GAACTT

Oligo4 AAG TTC CAG GTA H
Oligo5 TACTTA GAACTT

Oligo6 AAG TTCTAA GTA 2
Oligo7 CACCTG GCG CCT

Oligo8 AGG CGC CAG GTG 7
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Figure $3.10. Circular dichroism and UV-Vis spectra at 25 °C of duplexes in sodium chloride.
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Figure $3.11. Circular dichroism and UV-Vis spectra at 25 °C of duplexes in choline chloride.

Elipticity (mdeg)

Elipticity (mdeg)

158

NS

[Cho][CI] 0.5 M

T T T T
220 240 260 280 300 320

Wavelength (nm)

[Chol[Cl] 2.2 M

: TN

220 240 260 280 300 320

Wavelength (nm)

25% G/C 41% GJ/C

Absorbance

Absorbance

— 58% G/C

18
1.6
1.4
1.2

1.04 y
0.8 \‘////7
0.64,

0af™=

0.0

18
1.6
1.4
1.2
1.0
0.84
0.64

0.4 \
0.2 \

0.0+

[Chol[CI] 0.5 M

220 240 260 280 300 320

Wavelength (nm)

[Chol[Cl] 2.2 M

300 320

220 240 260 280

Wavelength (nm)

— 75% G/C



Spectroscopic studies of DNA double helixes in mixed solvents

Figure $3.12. Circular dichroism and UV-Vis spectra at 25 °C of duplexes in ethaline.
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Figure $3.13. Circular dichroism and UV-Vis spectra at 25 °C of duplexes in choline lactate.
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Figure S3.14. Circular dichroism and UV-Vis spectra at 25 °C of duplexes in choline

dihydrogenphosphate.
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Figure $3.15. Normalized UV-Vis melting temperature curves.
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Figure $3.16. UV-Vis spectra of “short” and “long” s-sDNA solvated in different media.
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Figure $3.17. CD spectra of “short” and “long” s-sDNA solvated in different media.
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Computational studies of a DNA double helix in mixed solvents

4.1 Introduction

The use of computational methods to model both, biomolecules and mixed solvents, is
increasing rapidly since the last decades®. Therefore, in the near future, in silico studies could be
the key to predict the effect of each media on the stability of DNA or to design the ideal solvent-
DNA combination to detect a molecule of interest?. There are already huge advances in the
development of reliable force fields for both, DNA3# and solvents such as imidazolium-based ILs®
or choline-based ILs® and DESs’. On the other hand, the peculiar effect of water in the
nanostructure of these solvents is being studied also'®!'. However, the results obtained with
computer simulations must be carefully analyzed, especially when such complex systems as
nucleic acids and mixed solvents are combined. In these mixtures, dispersion interactions, steric
effects, or hydrogen bonding, among other events, play a non-negligible role for DNA solvation
and solvent properties®?.

Unfortunately, very few studies about DNA solvation compare the results in silico and in
vitro under the same conditions'®*™%°, Leading in some cases in too hasty conclusions from the
computer data related with the interactions, stability or conformation of DNA, which do not
agree with other similar studies done in the laboratory. On the other hand, computationally it is
not possible to study long DNA such as DNA-origami, salmon-sperm or calf-thymus DNA?, and
therefore a crystal structure of their average double helix is used, but only containing between
6 and 12 base pairs'’. However, within its limits, while studying complex systems, computational
methods could be used to understand different key-points in DNA solvation®. In general,

comparison between values without considering the absolute numbers can be useful, in
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example while analyzing the interactions between different molecules?® and DNA or the
conformational changes that it undergoes®.

As mentioned in Chapters 1 and 3, there is still no theory or computational method to
predict the behaviour of DNA in mixed solvents in detail**?!, This makes it impossible to use
these techniques to quickly design a suitable solvent. A better understanding of what
interactions between the solvent and the DNA affect the stability and conformation of the DNA
will undoubtedly help to advance modelling strategies?’.. In this work, two classical
computational methods have been used: the density functional theory (DFT) method and
molecular dynamics (MD). The former case do not consider the whole experimental system, but
it has been suggested to be useful while studying the interactions between mixed solvents and
DNA?3, on the other hand MD allowed the creation of a box with the duplex formed between
Oligol and Oligo2 (Chapter 3) solvated in mixed solvents. In this manner it was possible to
replicate the same conditions studied in vitro but it was only possible to simulate it in the

nanosecond scale.
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4.2 Results and Discussion

4.2.1 Intermolecular interactions between solvent and DNA components

Ab initio methods were employed prior doing standard molecular dynamics calculations.
Contrary to MD calculations, the whole DNA strands and solvent properties were not considered
in DFT calculations because they would need too much computational time, however, the
simulation of a concrete system gives interesting information about the preferential molecular
interactions and the affinity of different solvent molecules towards DNA bases or backbone. The
DFT calculations were carried out in the aqueous phase, on the one hand optimizing the
previously studied solvent molecules and their individual components and on the other hand,
DNA bases and backbone. All the energies found are listed in Table S4.1 and optimized structures
are shown in Figure 4.1.

Then, the individual components of each solvent were optimized in contact with the
DNA structures. This was done to elucidate the affinity and the molecular interactions between
the different solvent molecules and those DNA sites that are usually exposed to the solvent. In

Figure 4.2 are shown the different affinities and RMSD values calculated.
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NaCl Choline chloride (CC) Choline lactate (CL) Choline dihydrogenphosphate (CDHP)

CC/EG (1:3) cc/Gly (1:2) CC/Urea (1:2)

Adenine (A) Thymine (T)

Guanine (G) Cytosine (C) Phosphate backbone (PB)

Figure 4.1. (A) Solvent and (B) DNA structures obtained using DFT methods.
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Figure 4.2. (A) Affinities for the bases of DNA and backbone. (B) RMSD values of DNA in presence

of ions and molecules that are part of the mixed solvents.
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These ab initio calculations are far from the experimental system, therefore the
obtained affinity values (Figure 4.2A) are only indicative of the molecular interactions that could
happen between DNA and the media and complement the molecular dynamics calculations
shown in the next sections. On the other hand, the RMSD values (Figure 4.2B) indicate if the
formed interactions suppose a huge change for the native conformation of DNA double helix.

From affinity results, it is possible to observe that choline has in general two times more
affinity towards the bases than sodium; in fact, the former can create a greater number of
interactions. In case of anions, chloride, lactate and dihydrogenphosphate (DHP) they seem to
have slightly higher affinity towards guanine than other bases. DHP anion has a significantly
higher affinity towards the bases and backbone compared with all other ions and despite of the
electrostatic repulsion between phosphates.

Respect water and HBD groups, there were no significant differences between affinities
towards the whole bases. As could be expected, glycerol can interact stronger with bases due to
the extra hydrogen bond donor group, but interestingly ethylene glycol (EG) has higher affinity
towards the backbone than glycerol. In order to understand better these differences, the
different molecular structures were compared between each other (Figure S4.1 and S4.2). It can
be observed that EG suits much better in the backbone and the extra hydroxyl group of glycerol
does not form any interaction with it. Observing these optimized structures it was possible to
observe how the different ions and molecules interact with the DNA atoms highlighted in Figure

4.3, the results are shown in Table 4.1.
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Table 4.1. Number of H-bonding interactions formed between each solvent molecule or ion and

DNA bases or backbone in optimized structures (Figures S4.1 and S4.2).

Adenine Thymine Guanine Cytosine Backbone
HBA | HBD | HBA | HBD | HBA | HBD | HBA | HBD HB A

Sodium 1 0 0 0 1 0 0 0 1
Choline 1 1 1 0 1 0 1 0 1
Chloride 0 1 0 1 0 2 0 1 0
Lactate 1 1 1 1 0 2 1 1 1
DHP 1 1 1 1 1 1 2 1 2
Water 1 1 1 1 2 0 2 0 1
EG 0 1 0 1 1 0 0 1 2
Glycerol 1 1 1 1 2 2 2 1 2
Urea 1 1 1 1 0 2 1 1 3

The first column of Table 4.1 refers to adenine base. In example, sodium interacts
strongly with the imine group of adenine, which is also involved in the Watson-Crick base pairing,
but the hydroxyl group of the choline cation apart from interacting with that imine, also forms
an H-bond with the amino group. This is why the RMSD of adenine while being solvated with
choline is significantly higher than that of the other DNA bases. Regarding anions, chloride
interacts with the amino group but it would not affect the base pairing. The hydroxyl and ketone
groups of lactate and DHP anions interacts with the same amino and imine groups of choline,
and the same happens with water, glycerol and urea. Ethylene glycol do not donate a hydrogen;
only accept that of the amino group, what also occurs with cytosine. However, it would disrupt

the base pairing due to its bulky nature.
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In case of thymine, sodium almost does not interact strongly with this base, what can
be observed also in the binding energy and RMSD values that are close to zero (Figure 4.2). In
case of choline, it donates an H-bond, but do not creates any with an acceptor group of DNA,
this also happens with guanine and cytosine. All the anions, glycerol and urea form an H-bond
with the secondary amino that is involved in Watson-Crick base pairing but the other H-bond
that they form is with the ketone not involved in the base-pairing. Water, differently from the
rest of molecules, interacts preferentially with the ketone close to the methyl group.

Guanine forms more interactions with the solvent molecules than the rest of the DNA
bases. Sodium interacts with the imine group of guanine not involved in the base pairing. In case
of choline cation, it donates the HB to the ketone. The chloride and lactate anions are able to
form two simultaneous hydrogen bonds with amino and secondary amino groups, but
dihydrogenphosphate only forms one HB with this group. Water also donates two H-bonds but
in contrast with chloride and lactate, one of these is with the imine group not involved in
Watson-Crick base pairing. Glycerol forms the highest number of interactions with two
simultaneous HB acceptor and donor groups.

In case of cytosine base, it does not interact with sodium, as happened with thymine.
Dihydrogenphosphate donates two hydrogen bonds but to the same atom, that is why the
affinity to this base is similar to the rest. In case of water, it donates two hydrogen bonds, but
the RMSD of cytosine is almost zero, as happened also with other bases. Glycerol interacts with
the three atoms that are involved in the Watson-Crick base pairing, whereas urea interacts with

two and ethylene glycol only with one.
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The H-bond interactions with the DNA backbone are quite different, principally due to
its negative charged nature and the absence of hydrogen bond donor groups. As could be
expected, sodium interacts strongly with the negatively charged oxygen. Interestingly, the
positively charged alkylammonium group of choline that was far from DNA bases in this case is
in parallel to the backbone, even if it does not directly interact with the oxygen, because the
length of choline is insufficient to form the hydrogen bond with one phosphate group and
neutralize effectively the adjacent one. In case of anions, chloride does not interact in any
manner with the backbone, but lactate and DHP donate hydrogen bonds. Specially, DHP donates
two hydrogen bonds, what can be observed in the high affinity and RMSD values.

Water only forms one hydrogen bond but its small size can allow many water molecules
to interact with the rest of the backbone. In case of ethylene glycol and glycerol, they can form
two hydrogen bonds with the two phosphate groups and the former alters less the conformation
of the backbone than glycerol because it is longer. The interactions of urea with the backbone
are quite special, because apart from donating a hydrogen bond to the ketone group, it also
interacts with two ethers. As mentioned before these ab initio calculations reflect a system
much simpler than the experimental one, but it will be interesting to know if the molecular
dynamics results that are going to be presented in the next two sections match the behaviour

observed here.

4.2.2 Solvation of a double helix in mixed solvents and their nanostructure

Between the innumerable events that could be studied with MD, in this chapter the

main objective has been to deepening in the results found in Chapter 3. The MD simulations
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were done in absence and presence of DNA oligonucleotides used in Chapter 3 (Oligol and
Oligo2) (Table 4.2). The simulations in absence of DNA served to observe how the bulk media
changes in presence of DNA but also to compare the obtained densities with experimental
values. As can be observed in Figure 4.4, the obtained densities were slightly higher than
experimental ones but followed the same trend excepting the highest concentration of glycerol-
based media and reline, an artefact that has been recently related with the need of rescaling
the partial charges?*?°. However, even if they can be improved, the used force fields have been

already validated as they have been published in leading journals (Section 2.4.2).

Table 4.2. The media simulated with molecular dynamics. The sodium atoms varied depending
on the absence or presence of DNA oligonucleotides (n=11 boxes containing Oligol or Oligo2
and n=22 while containing both oligonucleotides). The media is equivalent to that used in

Sections 3.2.1-3.2.3.

Medium Number of molecules or ions

HBA, HBD or DES Molarity HBA, HBD or DES H,O cr Na* Mg?* | K*
0 0 20484 | 56 51+n 2 1

0.44 161 19380 | 53 48 +n 2 1

0.87 322 18276 | 50 | 46+n 2 1

Choline chloride 1.31 483 17172 | 47 | 43+n 2 1
1.74 643 16089 | 44 | 40+n 1 1

2.18 804 14985 | 41 37+n 1 1
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2.61 965 13881 | 38 | 35+n
3.48 1287 11693 | 32 | 29+n
1.74 643 18553 | 50 | 45+n
2.61 965 17593 | 48 | 43+n
Ethylene glycol

6.96 2574 12724 | 35 | 32+n
10.44 3861 8751 |24 | 22+n
1.74 643 17952 | 49 | 44+n

Glycerol
6.96 2574 10254 | 28 | 26+n
1.74 643 18900 | 51 | 46+n

Urea

6.96 2574 14063 | 38 | 35+n
0.87 322 15950 | 43 | 40+n
Ethaline 2.18 804 9476 | 26 | 24+n
3.48 1287 3393 9 9+n
0.87 322 15027 | 41 | 38+n

Glyceline
3.48 1287 962 3 3+n
0.87 322 16184 | 44 | 41+n

Reline

3.48 1287 4476 | 12 | 12+n
CC/EG (1:3) 0.87 322 15435 | 42 | 39+n
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The first observation made in previous chapter was that sodium cations could enhance

the stabilization of the double helix but only below a DES concentration (Figure 3.2). Therefore,

it was studied if non-aqueous solvents were able to release sodium cations from DNA. For that

purpose, the percentage of sodium cations close to DNA respect from the total sodium cations

in the solvent was represented vs. the concentration of HBA, HBD groups or DESs (Figure 4.5).
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Figure 4.5. Relative number of sodium cations from DNA in different mixed solvents (A) HBD

groups and (B) HBA group and deep eutectic solvents.
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Interestingly, it was observed that whereas ethylene glycol and glycerol favoured the
interactions between sodium and DNA, choline-based media had the ability to release sodium
(Figure 4.5); this would explain why above certain concentration sodium was not able to
enhance the stability of the double helix independent on the concentration used. It is curious
the result found in mixture containing ethaline at 3.4 M concentration, whereas in glyceline and
reline all sodium cations were released from DNA, in ethaline there was yet a single sodium close
to DNA during the 10 ns. It can be observed that this sodium was trapped by three ethylene
glycol molecules, which are also close to DNA over the whole simulation (Figure 4.6) contrary to
the faster residence times found in ethylene glycol media at a same concentration (in absence

of choline chloride).

t=0ns t=5ns t=10ns

$ 2= W A

g ¥ Ay

Figure 4.6. Snapshot taken from the trajectory analysed containing ethaline-based mixed

solvent at 3.4 M and dsDNA (green EG; red water and yellow sodium).
The second observation in previous chapter was that reline destabilized less the duplex

than urea, contrary to what happened with ethaline and glyceline that destabilized DNA more
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than ethylene glycol and glycerol at a same concentration (Figure 3.3). Unfortunately, the
denaturation of DNA cannot be measured in the nanosecond time-scale used in these
simulations, but it is possible to observe the nanostructure of the solvent and elucidate if choline
chloride prevents urea from interacting with DNA what could explain why it is more stable in
reline?®. The study about the effect of urea and reline started counting the number of atoms
close to DNA as did with sodium, but as can be observed in Figure 4.7A there were only minor
differences. In both media, urea and reline, there was a similar number of urea molecules close

to DNA.
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Figure 4.7. Relative number of (A) urea and (B) water molecules from DNA.
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If the different behaviour of urea was not caused by a significant difference in number
of molecules in close contact with the biomolecule, it must be related with a difference in their

interactions. The radial distribution function (RDF) of urea from DNA was used in order to

deepening in this matter. The data is shown in Figure 4.8.

1.4 1.4
= o074
oo E
0.0
0
25 70 3
Maj. G. 1 Min. G. BB
50
204 20—
2
154 15+
=
&0
w7y
Y 'l‘-l"u" R Ppspayngtt
‘l
5+ 5
v
Y = Mﬁm
0 e T T 0 — T T 0 T T T
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20
r(A) r (A) r(A)
= Jrea =» am Reline Urea1.74 M

= Urea 6.96 M

Figure 4.8. The RDF g(r) for (A) the oxygen or nitrogens of urea from DNA. (B) The nitrogens of

urea from the major and minor grooves or backbone of DNA, except ends.
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It can be observed that whereas the oxygen of the carbonyl group is located similarly
from DNA in both concentrations of urea and reline, there were significantly less amine groups
oriented towards DNA in case of reline at high concentrations (Figure 4.8A). In order to
understand better this difference, the RDFs of nitrogens were calculated towards the whole
backbone and the H-bonding atoms of the minor or major groove structures (Figure 4.8B). The
latter atoms are highlighted in Figure 4.3. Once again, the amine groups of urea were less
densely located close to DNA in presence of choline, especially at high DES concentrations.
Therefore, the salt prevented urea from donning hydrogen bonds to DNA.

In order to quantify the number of H-bonds formed between urea and DNA, these were
counted using VMD software (Table 4.3). Almost in all cases, the number of H-Bonds donned by
urea to DNA was very similar in urea and reline. Except the number of H-Bonds donned in reline
at 3.48 M (81 wt. %) to the major groove, this was significantly lower in absence of choline
chloride (1.0 £ 0.6 vs. 4.4 £ 2.0). The same analysis was done with EG and glycerol-based
solvents, and as can be observed in Table S4.2, ethylene glycol and glycerol donned more
hydrogen bonds to DNA bases when they were part of a DESs, contrary to urea. On the other
hand, it was observed that the interactions between water and DNA were promoted in reline,
compared to the other media. As can be observed in Table S4.3, in general are formed between
4-10% and 6102 hydrogen bonds between water and the major groove of DNA per water
molecule within 3.5 A from DNA. But, in case of reline at low hydration levels, this ratio increases
significantly to =8.5-102, therefore, the lack of interactions between urea and DNA in reline

media, facilitates the hydration of the base-pairs. Although this needs to be studied further,
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these results indicate that reduced interactions between urea and the major groove could be
the cause of the higher stability of DNA in reline, compared to urea.

Table 4.3. The number of urea molecules within 3.5 A of DNA and the number of H-Bonds
donned by urea molecules to different DNA sites. In H-Bonding analysis the ending nucleotides

were not considered.

Medium Urea molecules Number of H-Bonds donned
Within 3.5 A Maj. G. Min. G. Backbone
1.74 M 34+5 1.6+1.3 1.0+1.0 10+3
Urea
6.96 M 94+9 44+2.0 3.1+2.1 32+6
0.87 M 32+5 21+1.6 1.0+1.1 11+4
Reline
3.48 M 79t4 1.0+0.6 1.7+1.3 29+6

Related with the specific site-interactions between ions and DNA, in Section 3.2.4 it was
found that choline cation, contrary to sodium, destabilized specifically G/C-rich duplexes. The
molecular mechanism of this destabilization had already been experimentally and
computationally explained in an ionic liquid-based solution'’-?#?’, were choline interacted
specifically with the minor groove of DNA and G/C base-pairing positions. In the previous
chapter, it was found for the first time that this sequence specific destabilization also happened
in deep eutectic solvents. In order to obtain some details at the molecular scale about these
results, different studies were done about the interaction of choline chloride with DNA in single-
and double-stranded form.

Using the RDF analysis, it was found that choline chloride apparently interacts very
similarly with DNA in its single- or double-stranded form, contrary to chloride anion that lost the

peak at 2.5 A in presence of dsDNA. On the other hand, the previously observed ability of choline
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to displace sodium cations from dsDNA was also observed in single-stranded (Figure S4.3). Then,
the RDF analysis was done between the solvent and specific DNA regions, in order to detect the
site-specific binding of choline (Figure 4.9).

From RDF spectra, it can be concluded that choline interacts preferentially with
backbone throw the ammonium group (the peaks close to 5 A), but forms strong hydrogen
bonds with the hydroxyl group (the peak at 2.7 A). In the major groove it interacts similarly with
the hydroxyl and ammonium groups (there are similar intensities). Interestingly, in the minor
groove, the g(r) values are significantly higher than in other regions showing a higher density of
choline in this area compared with the major groove or backbone, these choline molecules are
oriented towards DNA with their hydroxyl groups.

At 3.4 M concentration (46 wt. percentage of choline chloride), the g(r) value reduces
significantly, probably because the minor groove was already saturated with choline and the
density is lower than in the bulk media. In Figure 4.9C can be observed that the RDF spectra of
water from DNA only changed in the minor groove region, what would mean that the site-

specific binding of choline displaced water from the DNA bases of the minor groove.
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Figure 4.9. RDF curves of (A) oxygen of choline, (B) COM of choline and (C) oxygen of water from
different DNA regions. The RDF analysis were done for different mixtures containing choline
chloride at 0, 0.44, 0.87, 1.31, 1.74, 2.18, 2.61 and 3.4 M, represented from lighter to darker

colors while increasing the choline concentration.
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The site-specific interaction of choline was confirmed by a hydrogen-bonding analysis.
When DNA acted as HB acceptor, there were almost no differences in the number of HBs donned
by choline in the major and the minor groove per DNA HB acceptor atom (data not shown).
However, when DNA was the HB donor, above 1.74 M or 4 molar percentage of choline chloride,
the minor groove donned significantly more HBs than the major groove to choline (Figure
4.10A). Contrary to what happened with water that donned more HBs with the major groove
(Figure 4.10B). The site-specific interactions found in urea and choline show that small

differences in the interactions between media and DNA bases have significant impacts on the

stability of the double-helix.
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Figure 4.10. The number of hydrogen bonds donned by DNA to (A) choline cation or (B) water

molecules in different DNA regions.

It was found also that choline forms a heterogeneous nanostructure around DNA not
found in pure TBS and not mentioned in the literature. In Figure 4.11 can be seen that there was

a major density of choline within 3.5 A of DNA than within 2 or 5 A, but in general the density of
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choline within 5 A of DNA was always higher than in the bulk media. Interestingly, the density
of water molecules decreased significantly within 3.5 and 5 A, but within 2 A of DNA water had
a higher density. This probably happened because the interactions of water with DNA prevented

choline from displacing water as effectively as at longer distances.
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Figure 4.11. Percentage of (A) choline or (B) water within an specific distance of DNA from the

total number of molecules and ions in that distance.

On the other hand, it was observed that choline had also the capacity to reduce
effectively the water activity, responsible of DNA degradation, a matter that will be addressed
in the next chapter. Choline chloride and DESs reduced the number of water-water interactions,
more effectively than HBD groups at an equal water molar fraction (Figure S4.4). This might be
directly related with the reduction of water activity, as it has been proposed that choline salt

and DESs form aqueous electrolyte-like mixtures reducing the “free” water?>%,
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4.2.3 Intramolecular interactions and secondary structure of DNA

Leaving aside the interactions between DNA and its environment, it was also possible to
study the intramolecular interactions of DNA using molecular dynamics and, although the
simulation time was very short, to observe different behaviours of secondary structure. The
unability to observe the denaturation event in the nanosecond scale can be observed in Figure
4.12, there were no significant variations in the intramolecular hydrogen bonds formed by DNA
(without considering ending bases), whereas it was calculated in previous chapter that the

hybridization percentage between Oligol and Oligo2 decreased substantially at 25 °C (Figure

S3.2).
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Figure 4.12. The number of hydrogen bonds formed between Oligo1 and Oligo2 in physiological
media (TBS) and in each of the mixed solvents at different hydration levels. The height of the
column represents the mean number obtained in each type of mixed solvent and the error bar

is the standard deviation.
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Contrary to the number of intramolecular hydrogen bonds of DNA, the 10-nanosecond
time-scale allowed to observe significant differences in the secondary structure of double helix.
As can be observed in Figure 4.13, the RMSD values of DNA in urea were significantly higher than
those of DNA in physiological media. Therefore, even if in the simulation time-scale hydrogen
bonds between bases did not move away longer than the 3.5 A distance used as upper limit, the

secondary structure suffered significant changes in 6.96 M urea.
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Figure 4.13. The mean RMSD values obtained. The grey line represents the value obtained in

physiological media with its standard deviation.

The RMSD values at high DES concentration were also significantly different than those
found in physiological media, but in this case, they were below that value. It was already
observed in the previous section that DESs at this concentration can form a solvation shell
around DNA slowing down molecular movements and trapping, in example, a sodium cation
(Figure 4.6). Therefore, it is not surprising to find a slowdown in the molecular movements of

DNA. In order to observe detailed variations in the secondary structure of the double helix, the
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structural changes in each mixed solvent were analysed based-on 10 helical, backbone and
groove parameters? (Figure S4.5 and S4.6).

Regarding the DNA grooves, the width of the major groove did not suffer significant
changes in mixed solvents, compared to physiological media, but the width of the minor groove
decreased significantly in presence of choline chloride, especially at low hydration levels (from
8.8 to almost 6 A). It was observed in previous section that choline had a site-specific binding in
this groove; therefore, it could the main responsible of this change. In the literature it is
mentioned that minor groove compression is a mechanism used usually by nature to favour
DNA-protein interaction, and this is achieved neutralizing the local phosphate groups?. Choline
could act as a cation for phosphate neutralization, what would explain this behaviour. The
depths of both, major and minor grooves increased significantly in all mixed solvents at low
hydration levels, except in urea, where decreased. It was not possible to find an explanation for
this in the literature (Figure S4.5).

Regarding the rotational and translational parameters of DNA parameters, the rise did
not vary in the different systems, it maintained always close to 3.4 A what equals the Van der
Waals distance showing that all bases were coplanar and the pairs perpendicular to the helix
axis. The roll, tilt and twist are correlated between each other, and it can be observed that there
are significant differences in urea that increased their value, and minor differences in low
hydrated DESs that decreased slightly their value. In case of slide and shift, no differences can
be detected due to the huge variation of these values along the 10-nanosecond trajectory

(Figure S4.6).
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A more in-depth study of the influence of each solvent on these parameters would be

of great interest, but is unfortunately outside the scope of this work. In any case, the parameters
obtained show an interesting fact, which is that although the double helix denatures in both
urea and deep eutectic solvents, the structural changes that lead to the separation between the

strands seem to have different pathways.
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4.3 Conclusions

Using ab initio methods and molecular dynamics it was possible to study the solvation
of DNA in mixed solvents. Using the DFT methods it was possible to compare qualitatively the
affinities of different media components towards DNA bases and phosphate backbone. It was
also possible to observe the different interactions mechanisms. However, molecular dynamics
calculations were much more valuable, as they permitted the comparison between the in silico
results and those found experimentally in Chapter 3. Moreover, these simulations gave
interesting information about different events observed in the previous chapter.

On the one hand, it has been possible to confirm that the presence of choline displaces
metal cations from DNA. Interestingly, it has also been shown that at low hydration levels, these
cations can be "trapped" by the solvent and their mobility is drastically reduced. The diffusion
of water was also reduced and as well as the overall interactions formed by each water molecule,
what would be related with the already reported decrease in water activity. On the other hand,
it was also found that choline cation binds specifically to DNA, as demonstrated analyzing the H-
bond interactions. This is in line with previously published results that use another type of
demonstrations and is in line also with the melting studies of previous chapter, where ILs and
DESs destabilized specifically the GC-rich duplexes.

Another observation in the previous chapter was that the reline DES destabilized DNA
less than urea. By analyzing the water and urea molecules close to DNA in molecular dynamics
simulations, it has been possible to see that in the presence of choline, urea interacts less with

DNA, especially in the major groove. On the other hand, it was observed that the media
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surrounding DNA has an “onion” structure, more pronounced for the distribution of choline
chloride than water molecules. For the latter, the density of water was especially high within 2
A of DNA.

Regarding the conformational stability of DNA, it was not possible to compare the results
with those found using circular dichroism due to the short simulation time, but it was interesting
that DESs decrease the RMSD of the double helix, contrary to urea. It was also observed that in
presence of choline there were significant changes in the structural parameters of the double
helix, especially in the width of the minor groove.

In resume, in a relative fast and cost-effective manner, the computational calculations
allowed the detection of several key points that can explain the experimental results. However,
it is necessary to check with experimental techniques that these events really happen. Further
studies comparing experimental and computational results will allow us to conclude how well

the simulations can predict and evaluate DNA solvation.
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4.5 Supplementary information

Table S4.1. Absolute energies (Hartree) of the different optimizations.

Sum of electronic and Sum of electronic and
thermal Enthalpies thermal Free Energies
Adenine -467,167133 -467,206155
Guanine -542,408724 -542,450822
Cytosine -394,809383 -394,847814
Thymine -453,983811 -454,024905
Phosphate backbone -1482,468004 -1482,536479
Water -76,403625 -76,425701
Sodium -162,207239 -162,224028
Choline -328,499234 -328,540928
Chloride -460,377752 -460,395135
Lactate -343,051314 -343,088321
Dihydrogenphosphate -643,667977 -643,703165
Ethylene glycol -230,144048 -230,178842
Glycerol -344,641404 -344,680379
Urea -225,198731 -225,229096
Sodium chloride -622,594086 -622,62099
Choline chloride -788,880968 -788,931052
Choline lactate -671,556246 -671,623207
Choline dihydrogenphosphate -972,178973 -972,238856
CC/EG (1:3) -1479,338638 -1479,44311
CC/Gly (1:2) -1478,179246 -1478,274979
CC/Urea (1:2) -1239,294804 -1239,375729
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Figure S4.1. Geometries obtained optimizing solvent compounds and DNA bases.
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Figure S4.2. Geometries obtained optimizing solvent compounds and phosphate backbone.
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Table $S4.2. The number of ethylene glycol or glycerol molecules within 3.5 A of DNA and the
number of H-Bonds donned by these molecules to different DNA sites. In hydrogen bonding

analysis, the ending nucleotides were not considered.

Medium Ethylene glycol Number of H-Bonds donned
molecules
Within 3.5 A Maj. G. Min. G. Backbone
1.74 M 30.1+5.7 0.5+0.7 0.2+04 72127
EG
6.96 M 76.4+4.8 1.1+1.0 0.8+0.9 26.6+4.9
0.87M 32.7+4.0 0.3+0.6 0204 87133
Ethaline
3.48 M 80.0+2.9 1.8+0.9 1.0+£0.9 30.3+3.9
Medium Glycerol molecules Number of H-Bonds donned
Within 3.5 A Maj. G. Min. G. Backbone
1.74 M 35443 1.1+1.1 0.3+0.6 13.2+£3.9
Glycerol
6.96 M 83.716.0 23+1.3 0.7+0.8 35.3%5.9
0.87 M 33.6+4.3 0.9+0.9 0.1+0.4 13.1+£3.5
Glyceline
3.48M 73.6+1.9 2.1+1.0 1.0+0.7 38.2+2.7
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Table $4.3. The number of water molecules within 3.5 A of DNA and the number of H-Bonds
donned and accepted between water, the selected molecules of the major groove of DNA and

the relationship between these two values.

N2 of H-Bonds
Medium between water N¢ of water Division
and DNA
. Ne¢ of H-Bonds
M:rj].dGa;cacs;dto:ror Within 3.5 A of DNA between water and
P DNA / N2 of water
TBS - 17.5+2.7 418.1 £10.7 0.042
0.44 M 16.1+2.6 382.5+13.8 0.042
0.87 M 149+2.6 3542 +8.6 0.042
1.31 M 13.8+2.7 332.8+11.0 0.041
CC
1.74 M 13.1+2.6 310.1 +10.5 0.042
261 M 11.9+2.5 266.2+12.0 0.045
3.48 M 11.0+2.3 230.5+11.5 0.048
1.74 M 15.1+29 359.2+11.5 0.042
EG
10.44 M 11.3+2.7 181.7 £9.6 0.062
0.87 M 14.4+2.7 294.2+12.0 0.048
Ethaline 2.18 M 9.2+2.5 155.0+10.0 0.059
3.48 M 3.8+1.6 66.5%+4.3 0.058
1.74 M 14.7+£2.8 338.7+13.4 0.043
Glycerol
6.96 M 11.0+2.6 215.3+16.1 0.051
0.87 M 12.7+2.6 283.9+13.0 0.044
Glyceline
3.48 M 0.7%0.5 19.0+1.6 0.039
1.74 M 15.8+3.0 3745+13.5 0.042
Urea
6.96 M 11.7+2.5 260.0+15.3 0.043
0.87 M 12.2+29 303.7+13.6 0.040
Reline
3.48M 7.4+15 89+6.9 0.084
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Figure S4.3. RDF curves of choline, sodium and chloride from (A) Oligo1, (B) Oligo2 and (C) the
dsDNA formed between Oligol and Oligo2. The RDF analysis were done for different mixtures
containing choline chloride at 0, 0.44, 0.87, 1.31, 1.74, 2.18, 2.61 and 3.4 M (from light to

darker colors).
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Figure S4.4. Number of hydrogen bonds detected per water molecule at different molar

fractions. H-bonds formed between (A) water molecules (B) non-water molecules with water as

donor and (C) non-water molecules with water as acceptor.
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Figure $4.5. Mean values and standard deviation obtained for different structural parameters

of DNA. The concentration of each mixed solvent increases from left to right.
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Figure $4.6. Mean values and standard deviation obtained for different structural parameters

of DNA. The concentration of each mixed solvent increases from left to right.
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Long-term use and function of DNA in deep eutectic solvents

5.1 Introduction

DNA-aptamers and DNAzymes usually have their best efficiency in selection conditions.
But sometimes, even if there is a loss in sensitivity, the benefits may far outweigh the negatives.
The solvation of DNA-aptamers or other nanostructures in ionic liquid o deep eutectic solvent
present new opportunities, in example they could be in a liquid state in wide temperature
ranges, support high vacuum conditions, acquire new kinetics and thermodynamics and they
could be used for an extended period before degradation. This permitted the development of
different applications as can be seen in Chapter 1. Moreover, it is possible to dilute a huge variety
of molecular targets in them what lead to the very recent creation of the first gluten aptasensor
in ethaline DES™.

Most fundamental studies about DNA in non-physiological media are focused in
understanding the thermal and structural stabilities, but the dynamic behaviour of DNA is not
being studied even if it is of upmost importance. In example, DNA-aptamers make the
recognition event upon a change in their secondary structure and forming specific interactions
with their targets. Therefore, both, the static and the dynamic properties of DNA are necessary.
The ATP DNA-aptamer?? is a good proof-of-concept functional DNA because it recognizes the
adenosine-based molecular targets using a hairpin loop based on a double helix and a guanine-
rich binding pocket, two of the most common motifs present in functional DNA?.

The ATP DNA-aptamer was originally selected in Tris-buffered Saline (TBS) aqueous
solution (pH 7.4)>®. There are no reports about the function of the native DNA in non-aqueous

media, but recently, a chemically modified version of this aptamer has been characterized in an
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ionic liquid. This modified structure contains a linker, a fluorophore and a quencher giving rise
to the functional structure known as molecular beacon’ that allows the monitoring of the
recognition event by fluorescence methods?®. In this work, the ATP DNA-molecular beacon was
in a series of deep eutectic solvents and the original ATP DNA-aptamer was also studied beyond
physiological media.

In this manner, it has been possible to understand the implications of using DNA-
aptamer, based-on hairpin structures, beyond its selection media. Moreover, the structure of
the aptamer has been monitored for several years at room temperature, from diluted to almost
anhydrous conditions. This showed that molecular solvents and deep eutectic solvents can

prevent the degradation of DNA.

212



Long-term use and function of DNA in deep eutectic solvents

5.2 Results and Discussion

5.2.1 Long-term secondary structure of the ATP DNA-aptamer

The ATP DNA-aptamer and molecular beacon (Table $5.1) adapt a hairpin structure with
a double helix slightly shorter than that studied in the previous chapter. Therefore, the use of
non-conventional media might affect greatly to its conformation and thermal stability. Before
doing recognition assays, circular dichroism studies were done to understand how each
environment could affect the conformation of the hairpin-loop and on the other hand, evaluate
the long-term usability of the aptamer in non-physiological media.

New media replaced the original selection molecules (water, buffer and salts)
systematically by HBA or HBD groups and DES molecules as in Chapters 3 and 4. The spectra of
duplexes measured in Chapter 3 were used as comparison In order to understand if the
differences were due to changes in the duplex structure or G-rich binding pocket. In the original
selection media (TBS), the spectrum of the aptamer showed a maximum at 262 nm that had
greater intensity than the minimum at 240 nm.

The difference between the aptamer and the duplex, which has similar intensities in
negative and positive peaks, is due to the G-rich sites of the aptamer that increase the intensity
of the positive band®. In presence of choline chloride, at low concentrations (0.9 M), the
spectrum was equal to that found in physiological media, but there was a significant increase in
the positive peak of the aptamer at the highest concentration (3.4 M; 45 wt. %) (Figure 5.1). A

not depreciable positive band at 300 nm could indicate the formation of a completely new
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secondary structure not found in physiological media. Comparing with the duplex, the red shift
found in the latter at 3.4 M of choline chloride was not found in the aptamer, probably hindered

by the ellipticity of the G-rich pocket that seems to be stabilized by choline.

ATP DNA-aptamer Oligol + Oligo2
5 5
—_ — 44
oo oo
() ()
ko) o 37
£ £
> >
~ =
S S
+— +—
2 2
o o
2 T T T T 2 T T T T
220 240 260 280 300 320 220 240 260 280 300 320
Wavelength (nm) Wavelength (nm)

— OM(TBS) — 09M =- 3.4M

Figure 5.1. Circular dichroism measurements of DNA in presence of different concentrations of

choline chloride. All the oligonucleotides were at 5 uM and the temperature was 25 °C.

Then, the aptamer was solvated in the different HBD groups: ethylene glycol, glycerol
and urea (Figure 5.2). The ellipticity of positive peak increased again in presence of ethylene
glycol and glycerol above 1.8 M what would surely affect the recognition capacity of the
aptamer. In case of urea at low concentrations (1.74 M), the secondary structure of the aptamer
did not seem to be altered and contrary to polyols, urea does not promote the formation of the
G-quadruplex. At 6.96 M of urea the ellipticity decreased substantially and probably the double

helixes were almost denatured as the ellipticity of the negative peak was close to zero.
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Figure 5.2. Circular dichroism measurements of DNA in presence of different concentrations of
(A) ethylene glycol. (B) Glycerol. (C) Urea. All the oligonucleotides were at 5 uM and the

temperature was 25 °C.
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Next, the aptamer was solvated in deep eutectic solvents (Figure 5.3). At 0.87 M, the
only DES that seemed to alter the aptamer secondary structure was reline. It is curious that in
ethylene glycol and glycerol based DESs at 0.87 M, there was no increase in the positive peak
ellipticity as happened in equivalent concentrations of ethylene glycol and glycerol, probably
because in DES solution, choline was preferentially occupying the positions close to the G-rich
pocket. However, at 3.45 M (>85 wt. %), the spectra of the aptamer was altered drastically. At
this concentration, it was seen in Chapter 3, that double helixes formed between Oligol and
Oligo2 were highly denatured and as the hairpin has less base pairs, it could be expected that its
double helix would be completely denatured, something that can be observed in the ellipticity
of the negative peak that was almost zero. In case of the G-rich pocket, it seems that ethaline,
glyceline and reline DESs greatly altered it, or annihilated in case of CC/EG (1:3) (3.42 M; 96 wt.
%). In case of ethaline and glyceline, there was a peak at 300 nm, observed also in choline
chloride. A spectrum with two positive peaks close to 260 and 300 nm has been reported

previously as a G-quadruplex structure'®?2,
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Figure 5.3. Circular Dichroism measurements of ATP DNA-aptamer in presence of different
concentrations of (A) ethaline, (B) CC/EG (1:3), (C) glyceline and (D) urea. All the oligonucleotides

were at 5 uM and the temperature was 25 °C.

So far, with circular dichroism technic it was possible to observe the secondary structure
of the aptamer in absence of the target. The capacity of the aptamer to recognize the target
with high sensitivity would then depend on the free energy change from these static structures

to those acquired upon binding. The dissociation constants (Kg) of the aptamer is a good
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parameter to know how these new environments would affect the recognition of ATP, AMP or
adenosine and the specificity towards these molecules®. Circular dichroism can be used to
monitor the structural change of the aptamer and calculate the K4 but unfortunately the
adenosine targets also absorbs in the UV range and the HT voltage was saturated with a

concentration of few hundred micromolar of ATP (Figure 5.4), therefore other methods were

used to monitor the recognition event.
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Figure 5.4. CD measurements of the ATP DNA-aptamer in TBS media and in presence of different

concentrations of ATP molecule. The DNA concentration was 5 pM.

Despite the impossibility of monitoring the dynamic movements of the aptamer using
circular dichroism, it is interesting to measure its secondary structure for long periods. One of
the bottlenecks while using nanotechnological DNA designs is the fact that nucleic acids
hydrolyse in presence of water. Therefore, reducing the activity of the latter by including

inorganic salts or organic molecules is of great interest. In order to study if used DESs and their
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Long-term use and function of DNA in deep eutectic solvents

individual components could reduce DNA degradation, the samples containing the duplex and

the aptamer were stored at RT and characterized after 12 months.

In Figure S5.1-S5.4 are shown the whole spectra acquired at different periods, below are

commented the most relevant results. It was found that the reduction of water activity using

salts was the best manner to prevent DNA from hydrolysis and maintain at the same time a high

hydration level. In example it can be observed in Figure 5.5 that the duplex of the ATP DNA-

aptamer degraded after one year at 6.96 M of ethylene glycol but it did not at 0.87 M of choline

chloride or CC/EG (1:3) DES. On the other hand, even if TBS media contained 0.14 M of NaCl,

this was not enough salt concentration to prevent DNA degradation. The latter was also

observed dissolving the duplex formed by Oligol and Oligo2 in ultrapure water or TBS media in

presence or absence of choline chloride Figure 5.6.
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Figure 5.5. CD spectra of the ATP DNA-aptamer (5 uM) in different media and periods. The

temperature of the measurement was 25 °C.

In measurements shown in Figure 5.6 it can be observed that physiological media
maintained DNA stable for longer periods than ultra-pure water. In the latter, the duplex was
almost lost after 112 days. However, in TBS media the duplex also degraded in less than a year.
Only in presence of choline chloride at 0.87 M, it was possible to maintain the integrity of dsDNA

at least for 16 months.
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Figure 5.6. CD spectra of the duplex formed between Oligol and Oligo2 (5 uM) in different

media and periods. In this particular case, the path lenght of the cuvette was 10 mm. The

temperature of the measurement was 25 °C.

With the results obtained so far, it can be observed that 0.9 M of choline chloride were

enough to preserve DNA for longer periods than in physiological media. A very positive aspect

of these results is that at this concentration of deep eutectic solvents the double helix

destabilizes very little thermally and structurally, as observed in Chapter 3. On the other hand,

the studies were also conducted at a very low levels of hydration (3.4 M of DES). Interestingly,

it was found that the ATP DNA-aptamer suffered significant changes in its secondary structure

during the storage period (Figure 5.7). In ethylene glycol and glycerol based DESs, the ATP DNA-

aptamer created a G-quadruplex structure that shows a maximum at 260 and 300 nm.
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Figure 5.7. CD spectra of the ATP DNA-aptamer (5 uM) in different media and periods. The

temperature of the measurement was 25 °C.

In case of reline DES, the aptamer passed from the denatured state to a secondary
structure very similar to that of physiological media (Figure 5.7). Then, the four samples were
heated up to 80 °C overnight in order to know if these structures could be reversible but as can
be observed they were partially or totally annihilated and probably would need months to
acquire those secondary structures again. The kinetically driven long-term changes did not form
new conformations in samples containing Oligo1 and Oligo2 (Figure 5.8), probably because they
had shorter sequences and could not found non-canonical stable conformations such as those
found in the aptamer and maintained in a denatured state. The only difference was found in
ethaline and glyceline samples where the duplex continued melting.

Furthermore, the samples containing Oligol and Oligo2 at low hydration levels were
stored up to three years without observing degradation of DNA (Figure 5.8), but after 3 years
the negative peaks were lost denoting aggregation of DNA or a kind of degradation that needs
to be better understood. The loss of this peak was also observed in other samples of Oligol and
Oligo2 solvated in HBD groups and DESs at lower concentrations (Figure S5.3 and S5.4). This
aggregation was not observed in samples stored at -20 °C or stored at RT and containing choline

chloride at 0.87 and 3.48 M.
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5.2.2 The recognition capacity of the ATP DNA-aptamer

Surface Plasmon Resonance (SPR) is an optical technic able to monitor interactions at
the nanoscale, based on changes in the refractive index of the media surrounding the
immobilized sample®®. In this case, the biotin-avidin interaction was used to immobilize the
aptamer in the sensor surface, modifying its sequence in its 5 end with a biotinylated
triethylenglycol (Table S5.1) (Section 2.5.1). This technic allows the on-line monitoring of the
recognition event and the nanoscale accuracy permits to calculate in a precise way the affinity
of the aptamer towards its target.

Unfortunately, SPR instruments are designed to be used in physiological conditions and
they use great quantities of solvent per assay, in the range of 0.1 to 1 L. This could be a problem
ifionic liquids are used as media due to their high cost of production, but in case of deep eutectic
solvents, their cost is much lower. To the best of our knowledge, this is the first time that
functional DNA is monitored in non-physiological media using surface plasmon resonance,
therefore these experiments can serve also as a precedent for future studies of dynamic DNA
nanostructures in these media.

Firstly, control experiments were done in physiological media. When ATP or AMP targets
were injected in the channel (s 82), there was an increase in the response due to the target
molecules that were captured by the aptamer (Figure 5.9A). Then, when the target injection
stopped and there was only solvent (s 142), the aptamers released the target again, adopting a
more energetically favourable conformation similar to that observed in CD studies. The Ko, and

Koft values could not be measured due to the fast kinetics, as has been already reported
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previously!®. The higher the concentration of the target the higher was the response, until a

point in which all the aptamers were saturated.
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Figure 5.9. Response curves obtained from immobilized the biotinylated ATP DNA-aptamer
while injecting (A) ATP or (B) GMP at different concentrations. (C) The response values

represented versus the concentration of target molecule at 25 °C. The flux was 25 pL/min.

Above the saturation point, there was no increase in the response or there could be
even a decrease because a very high concentration of the targets (>2 mM) decreased the pH
and increased the electrostatic repulsions, affecting to the recognition capacity of the aptamer
and causing huge changes on the local refractive index. On the other hand, contrary to ATP or
AMP, when GMP was injected in the media, there was no increase in the response because the
aptamers did not capture the molecule (Figure 5.9B). With the different responses upon target
injection at multiple concentrations, it was possible to represent the graph shown in Figure 5.9C

and calculate the dissociation constant (Kq) value.
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Then, the same procedure was used but replacing the physiological media by deep
eutectic solvents and their individual components. All the response values obtained are shown
in Figure S5.5A-S5.12A. There is an absence of measurements at very high concentrations of
DESs due to issues caused by huge changes in the refractive index. The measurement of the
molecular adsorption kinetics in SPRis related with the changes in the local refractive index near
the gold layer where the aptamer is immobilized; this at the same time changes the resonance
angle and the SPR curve is calculated based-on the fit of the minimum angle. Usually, the angles
that the instrument can monitor are limited; therefore, the local refractive index also needs to
be in a determined range. In the used equipment, the range of the SPR minimum angle (dip) is
between 64 and 76.

Due to the previous limitation, it was not possible to perform measurements at high
concentrations because as can be seen in Figure 5.10A, at 2 M of glyceline, reline or CC/EG (1:3),
the angular dip shift is already outside the limit. In Figure 5.10B are shown the dissociation
constant values obtained in a reliable manner while using ATP as target, and in Table S5.2 are
written with their standard deviation.

As shown in Figure 5.10B, already at 0.87 M of DES the recognition capacity of the
aptamer decreased substantially. Compared with the original selection media where the Kgq
towards ATP was 32+2 uM, in glyceline the Kqvalue was 2.7 times higher (8719 uM), in CC/EG
(1:3) was 6.6 times higher (210134 uM), in ethaline was 8.1 times higher (258+65 uM) and in
reline was 32.8 times higher (10481280 uM). It is curious that this decrease in sensitivity was

not found in HBA or HBD groups at an equivalent concentration and in previous circular
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dichroism spectra, DESs did not affect the secondary structure in a significant manner at 0.87 M.

Moreover, there are huge differences between the Kqvalues of ethaline and glyceline DESs, even

if solvent properties and interactions with DNA have shown to be similar.
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Figure 5.10. (A) The angular dip shift value found in its solution in absence of the target. (B) The

dissociation constant values of the biotinylated aptamer towards ATP in different solutions.

Even if the sensitivity decreased substantially, the specificity of the aptamer towards
adenosine-based molecules was maintained, recognizing other adenosine-based molecules such
as AMP but not GMP. In order to understand better if changes in sensitivity were due to
interaction of DESs with the double helix or the G-rich binding pocket, the assays were repeated
using a DNA ATP-aptamer with a slightly larger double helix (ending with 8 base pairs instead of
4) (Table S5.1). The whole response values are shown in Figure S5.5B-S5.12B and dissociation
constant values can be found in Figure 5.11 or with their standard deviation in Table S5.2.

As can be seen in Figure 5.11, while increasing the hairpin length of the aptamer in DES
at 0.87 M, the recognition capacity was much better than that of the original ATP DNA-aptamer,
which has a shorter duplex, probably because the longer hairpin favored the stability of the G-
rich binding pocket. On the other hand, even if the sensitivity was much better in this second
aptamer, it followed the same trend as before, the dissociation constant increased following this

trend in all cases: glyceline < CC/EG (1:3) < ethaline << reline.
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Figure 5.11. The dissociation constant values of the biotinylated aptamer (8 bp) towards (A) ATP

and (B) AMP in different solutions.
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5.2.3 The recognition capacity of the ATP DNA-molecular beacon

Further studies were done using an alternative technic to SPR and already used in
Chapter 3: the steady state fluorescence. With this technic, the changes in refractive index of
the media do not suppose and issue and therefore it could be possible to study the function in
a wider concentration range. But prior using the aptamer in fluorescence studies, it was
necessary to transform it into a molecular beacon’. It consists in a hairpin structure with a
fluorophore attached to one end and a fluorescence quencher to the other. The proximity of the
two ends results in Forster Resonance Energy Transfer (FRET) and hence the fluorescence
emission when both ends are at the closest point is very low. Recognizing the target forces the
hairpin to open and this event increases the fluorescence.

Contrary to SPR, in binding assays performed with the molecular beacon the
concentration of the target was introduced in a summative manner, achieving the equilibrium
in each step. As can be seen in the control experiment made in TBS the recognition of the target
by molecular beacon was again too fast to measure the Ko, (Figure 5.12A) and as expected, in
case of GMP there was no recognition (Figure 5.12B). The curve used to calculate the

dissociation constant is very similar to that obtained by SPR (Figure 5.12C).
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Figure 5.12. Spectra obtained in steady state fluorescence studies while adding increasing
concentration (A) ATP or (B) GMP in presence of the ATP DNA-molecular beacon in physiological
media at 25 °C. (C) The intensity values represented versus the concentration of target molecule.
The DNA concentration was 25 nM.

In Figure 5.13A are represented the K4 values of the molecular beacon towards AMP and
they appear with their standard deviation in Table S5.2. In Figure S5.5C-S5.12C are shown the
different intensities obtained in each media upon target addition. The intensity in absence of
target has been zeroed in order to calculate the K4 values, but it is a good indicator of the
conformation of the beacon: it was observed that the initial fluorescence values were higher in
non-physiological media at 0.87 M than in physiological media. What indicates that the
guencher was already farther from the fluorophore than in pure TBS, probably it was due to the
partial denaturation of the double helix. However, a small increase in the initial distance does
not affect the accuracy of the measurement, because FRET was maintained even at the
saturation point. Unfortunately, above 2.2 M of DES, the FRET was lost before saturation, and it

was not possible to calculate the K4 values.
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On the other hand, the absolute dissociation constant values obtained were different
from those of the aptamer characterized by SPR, but this could be expected due to the
modifications that have been made to the aptamer. Fortunately, with this technic, the refractive
index of the solutions did not limit the measurements and contrary to SPR, it was possible to
calculate the dissociation constant at multiple concentrations of choline chloride. It was seen
that the aptamer efficiency decreased at the beginning but then it was maintained with a final
increase at 3.47 M of CC (Figure 5.13A), probably due to the formation of the G-quadruplex

structure observed in the peak at 300 nm in circular dichroism.
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In case of ethylene glycol and glycerol, it can be seen that they almost do not affect the
sensitivity of the molecular beacon even at 6.96 M, where the positive peak of the aptamer
increased substantially in CD spectra, related with the higher stability of the G-rich binding
pocket. At 10.44 M of ethylene glycol, there were issues to dissolve high concentrations of AMP.
On the other hand, urea affected the sensitivity of the aptamer at low concentrations, as found
in SPR studies, even if it apparently did not alter the secondary structure of the aptamer at low
concentrations according to circular dichroism (Figure 5.3). In case of the deep eutectic solvents,
at 0.87 M, they affected the sensitivity more than the HBA and HBD groups, specially reline. At
0.87 M DES concentration, the K4 values of the molecular beacon were approximately at least 4
times higher than those found in SPR for the ATP DNA-aptamer with a large hairpin (Figure
5.13B), showing the huge influence of modifying chemically the aptamer.

As mentioned before, experiments were done also with DESs at a concentration above
2.2 M (265 wt. %), this was not possible with SPR technic due to the refractive index of the
media. It was found that the fluorescence intensity of the molecular beacon did not increase
upon AMP addition (Figure S5.5C-S5.8C). But it could not be stated if the absence of this increase
was due to the loss of recognition ability or due to the denaturation of the double helix what
would cause the loss of FRET. In order to be able to elucidate if the G-rich binding pocket was
still capable of recognizing AMP in this media, the experiments were done at lower
temperatures.

The melting temperature of the molecular beacon was calculated to be of 52 °C in TBS,

and considering the destabilization effect on the double helix calculated in the Chapter 3, at 2.2
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M concentration of DESs the molecular beacon should still be partially hybridized at 0 °C.
Therefore, if the intensity did not increase at this concentration it would be directly related with
the recognition capacity of the G-rich pocket. The affinity studies done at this low temperature

are shown in Figure 5.14.
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Figure 5.14. The intensity values represented versus the concentration of target molecule of the

same recognition assays done at 25 or 0 °C. The DNA concentration was 25 nM.

At zero degrees, the fluorescence intensities in absence of the target (Fo) were already
higher than those found in TBS at this temperature (Table 5.1), indicating the partial
denaturation of the duplex. However, the fluorophore-quencher pair were still close enough
permitting the calculation of K4 values in all cases, this was not possible at 2.2 M of DES at 25 °C
due to the high denatured duplex. In all cases, the sensitivity of the molecular beacon was better

at 0 than at 25 °C, including physiological conditions where it showed a K4 of 65+7 uM at 0 °C,
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almost three times lower than at 25 °C. Therefore, the lower temperatures, apart from

stabilizing the duplex, also improved the recognition capacity of the G-rich pocket.

Table 5.1. Data obtained from the steady state and time-resolved studies at 0 °C.

Media Kq towards F Initial lifetimes . Final lifetimes T
AMP (M) 0 (ns) av (ns) av
TBS 65+7 1392 4.00 1.13 3.97 3.76 1.62 3.47
0.87 M 215+22 1903 4.07 1.81 3.97 3.75 1.79 3.35
CC/EG
(1:2)/TBS
2.175M 402172 2684 3.63 1.19 3.61 3.49 1.55 3.33
0.87 M 202+24 2017 3.91 1.40 3.87 3.56 1.32 3.42
CC/EG
(1:3)/TBS
2.175M 2060580 3410 3.52 1.20 3.50 | 3.40 1.43 3.33
0.87M 205+12 1882 3.87 1.32 3.85 3.48 1.30 | 3.37
CC/Gly
(1:2)/TBS
2.175M 1300+150 3039 3.61 1.66 3.56 | 3.27 1.26 3.22

Moreover, the molecular beacon was still functional and specific at 2.2 M DES
concentration with its best performance in ethaline (402+72) uM, significantly better than in
CC/EG (1:3) or glyceline. Considering that ethaline at 2.2 M can be liquid even at -60 °C*%, the
possibility of using already selected hairpin- and G-quadruplex based aptamers in this media
offers new opportunities for dynamic DNA nanostructures, but with the requirement of using
them at low temperatures to achieve a good trade-off between structural stability and the
recognition ability.

Within the binding studies at low temperatures, time-resolved studies were also done
in order to gain insight about the nanoenvironment surrounding the molecular beacon. The

lifetime values of the fluorophore were measured in absence and presence of the AMP target
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(2 mM) (Table 5.1). The whole lifetime data can be found in Table S5.3. Differently from lifetime
assays done in Chapter 3, in this case the fluorophore gave two lifetime components in all
measurements even if they were done in equal solvent conditions. Looking for an explanation
for the double-exponential decay fit, it was found that the new excitation state was detected
due to the lower temperature. For an easier analysis, the two lifetime components were
averaged to obtain a single lifetime value'®. On the other hand, prior analysing the lifetime
changes in DES media, different studies were done in TBS media in order to discard possible
artefacts.

Firstly, the influence of the static quenching of the BMN-Q535 was confirmed measuring
the lifetime of Atto 488 linked to Oligo1 in presence of Oligo2 with or without the quencher, the
lifetime values were 3.58 and 3.79 ns, respectively. Therefore, the denaturation that DESs
caused in the hairpin-loop of the molecular beacon should lengthen the lifetimes. On the other
hand, the presence of AMP did not shorten the lifetime. In presence of 0, 0.5 and 5 mM of AMP
the fluorophore linked to Oligol had a lifetime of 3.79, 3.80 and 3.77 ns at 0 °C, respectively.
Therefore, differences in lifetime upon addition of AMP to the DNA-molecular beacon would be
always related to changes in the secondary structure of DNA because an increase in AMP had
no effect.

In TBS, upon addition of 2 mM of AMP to the DNA-molecular beacon the average lifetime
shortened from 3.97 to 3.47 ns (Table 5.1), even if the static quenching of the BMN-Q535
reduced. This denoted the changes on the secondary structure of DNA upon target recognition.

This reduction in lifetimes was also found in presence of DESs, confirming that the hairpin-loop
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of the DNA-molecular beacon also behave dynamically in DESs at least up to 2.2 M. Moreover,
it can be observed in lifetime values in absence of AMP that DESs at 2.2 M interacted with DNA

and the fluorophore stronger than at 0.87 M.

238



Long-term use and function of DNA in deep eutectic solvents

5.3 Conclusions

By analyzing the aptamer by circular dichroism, it has been possible to observe how its
double helix and recognition pocket are altered in a plethora of mixed solvents. The results are
in agreement with the conformational and thermal stabilities of the duplexes of Chapter 3, what
demonstrates the utility of the systematic studies. On the other hand, using this technique it
was possible to see how 0.9 M choline chloride is sufficient to prevent DNA degradation for at
least several years and even in the absence of salts, the mere fact of using solvents other than
water has already reduced hydrolysis. The increase in the ellipticity of the negative peak after
several months needs to be better studied as it could be due to DNA aggregation.

Circular dichroism has not been useful for monitoring aptamer binding to the target, so
SPR and fluorescence techniques have been used. This is the first time that SPR has been used
to study aptamer recognition in non-physiological solvents. It was possible to calculate the
different K4 at low concentrations of mixed solvents, but unfortunately the refractive index has
severely limited the range of mixed solvents that can be used.

Fluorescence was not affected by the refractive index of the solvent and it was possible
to study aptamer recognition at all hydration levels. It has been observed that the capacity of
the aptamer to recognize its target varies greatly with temperature, needing a temperature
lower than 0 degrees for example, while using DESs above 2 M. Although this is a handicap in
several cases, it also presents new opportunities for the use of functional DNA, as ethaline DES,

for example, can be liquid at temperatures close to -80°C.
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5.5 Supplementary information

Table S5.1. Used DNA sequences.

Name Sequence 5’ to 3’
Oligol CACCTG GAACCT
Oligo2 AGG TTC CAG GTG
ATP-DNA aptamer ACCTGG GGG AGT ATT GCG GAG GAA GGT
ATP-DNA aptamer ACCTGG GGG AGT ATT GCG GAG GAA GGT
Biotin
(5’: Biotin-TEG)
(4 bp)
ATP-DNA aptamer CGG CACCTG GGG GAG TATTGC GGA GGA AGG TGC CG
Biotin
(5’: Biotin-TEG)
(8 bp)
Molecular Beacon CAC CTG GGG GAG TAT TGC GGA GGA AGG TTX XXX XXC CAG
GTG

(5’: Atto 488; 3’: BMIN-Q535; X: Hexaethyleneglycol)
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Figure S5.1. Circular dichroism spectra of the ATP DNA-aptamer stored at RT for different

Choline chloride 3.48 M

periods.
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Figure S5.2. Circular dichroism spectra

periods.
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Figure S5.3. Circular dichroism spectra of solutions containing Oligo1 and Oligo2 during a period

stored at RT or at -20 °C.
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Figure S5.4. Circular dichroism spectra of solutions containing Oligo1 and Oligo2 during a period

stored at RT.
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Figure S5.5. Mean response or intensity (zeroed) values obtained upon target addition at

different conc. in presence of (A) ATP DNA-aptamer (4 bp), (B) ATP DNA-aptamer (8 bp) or (C)

molecular beacon, while using choline chloride-containing media.
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Figure S5.6. Mean response or intensity (zeroed) values obtained upon target addition at

different concentrations in presence of (A) ATP DNA-aptamer (4 bp), (B) ATP DNA-aptamer (8

bp) or (C) molecular beacon, while using ethylene glycol-containing media.

Ethylene glycol Ethylene glycol Ethylene glycol
261M 4.35M 10.44 M
60 60 60
200
— o n
S 401 N 40 40 150
o< L] n
A 2 = 0 =
a . s
c 201 = 204 [ ] 20 = 100
8_ e =m o o 4 &
3 B o " v - 50
-3 0 = - | 04 o u 0 n o
o . - 5 I | g H
o o p o 0o o 0+
-20 -20 r g -20 0 2 4 6
001 0.1 1 10 001 0.1 1 10 001 01 1 10 HBD concentration (M)
Target analyte conc. (mM) Target analyte conc. (mM) Target analyte conc. (mM)
Ethylene glycol Ethylene glycol Ethylene glycol
261M 435M 10.44 M
60 60 60
200
S 401 5 40
B @, e o 40 150
L]
[ n L] =
2 204 o = - 20 . = 20 . \23 100
IS . e o W . >
2 o " » e o = & *
& o] 8 oo [ : o LI o " 0 H
eoe M o o oo A o .
- 0+ T T T
-20 T T -20 r T -20 T T 0 2 4 6
0.01 0.1 1 10 0.01 0.1 1 10
0.0t L 1 b HBD concentration (M)
Target analyte conc. (mM) Target analyte conc. (mM) Target analyte conc. (mM)
Ethylene glycol Ethylene glycol Ethylene glycol
261M 6.96 M 10.44 M
4000 4000 4000
35007 35007 3500 1000
S 30004 30004 3000
2 - 800
C £ 25001 . 25001 2500 = 600
Z § Lane 2
-‘é 2000 - 2000 " 2000 ]
§ 1500 15001 b 1500 X 40
< 1000 1000 = 1000 200 .
5007 n 5007 500 -
- " ot
0 g T 0 T T 0 T e 0 2 4 6
0.01 0.1 1 10 0.01 0.1 1 10 0.01 0.1 1 10

248

Target analyte conc. (mM)

Target analyte conc. (mM)

e ATP ]

Target analyte conc. (mM)

AMP

o GMP

HBD concentration (M)



Long-term use and function of DNA in deep eutectic solvents

Figure S5.7. Mean response or intensity (zeroed) values obtained upon target addition at

different concentrations in presence of (A) ATP DNA-aptamer (4 bp), (B) ATP DNA-aptamer (8

bp) or (C) molecular beacon, while using glycerol-containing media.
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Figure S5.8. Mean response or intensity (zeroed) values obtained upon target addition at
different concentrations in presence of (A) ATP DNA-aptamer (4 bp), (B) ATP DNA-aptamer (8

bp) or (C) molecular beacon, while using urea-containing media.
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Figure S5.9. Mean response or intensity (zeroed) values obtained upon target addition at

different concentrations in presence of (A) ATP DNA-aptamer (4 bp), (B) ATP DNA-aptamer (8

bp) or (C) molecular beacon, while using ethaline-containing media.
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Figure S5.10. Mean response or intensity (zeroed) values obtained upon target addition at
different conc. in presence of (A) ATP DNA-aptamer (4 bp), (B) ATP DNA-aptamer (8 bp) or (C)

molecular beacon, while using CC/EG (1:3)-containing media.
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Figure S5.11. Mean response or intensity (zeroed) values obtained upon target addition at
different conc. in presence of (A) ATP DNA-aptamer (4 bp), (B) ATP DNA-aptamer (8 bp) or (C)

molecular beacon, while using glyceline-containing media.
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Figure S5.12. Mean response or intensity (zeroed) values obtained upon target addition at
different conc. in presence of (A) ATP DNA-aptamer (4 bp), (B) ATP DNA-aptamer (8 bp) or (C)

molecular beacon, while using reline-containing media.
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Table S5.2. Calculated dissociation constant values and their standard deviation.

Media ATP DNA-aptamer (4 bp) ATP DNA-aptamer (8 bp) Molecular
beacon
ATP AMP ATP AMP AMP
Kq Kd €] Ka L€
SD SD SD SD SD
(M) (1M) (1M) (1M) (M)
TBS 32 2 76 1 25 3 38 3 179 25
CC/TBS0.87 M 64 9 55 1 59 2 46 1 544 71
CC/TBS 2.175 M 451 110
CC/TBS 3.045 M 546 131
CC/TBS 3.48 M 767 121
EG/TBS 2.61 M 43 3 73 8 34 5 48 7 160 27
EG/TBS 6.96 M 279 36
Gly/TBS 1.74 M 50 2 36 9 57 9 158 21
Gly/TBS 4.35 M 51 15 37 15 72 8
Gly/TBS 6.96 M 388 75
Urea/TBS 1.74 M 94 8 119 6 71 7 63 8 501 51
CC/EG (1:2)/TBS
087 M 258 65 77 10 191 44 665 112
CC/EG (1:3)/TBS
087 M 210 34 75 11 548 73
CC/Gly (1:2)/TBS 87 10 214 43 57 10 59 14 712 104
0.87M
CC/Urgagél'\:/IZ)/TBS 1048 | 280 | 1934 | 290 170 27 367 87 1479 196
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Table S5.3. Values obtained from time-resolved experiments done in binding assays at 0 °C.

ATP DNA-molecular beacon (Atto 488 / BMN-Q535)
Media AMP (mM) B1 f1 T B T, X?
0 1149.55 89.994 4.003 452,91 1,13 1,104
TBS

2 1022.01 71.629 3.757 941,1373 1,616 1,225
0 1205.37 82.244 4.066 584,7709 1,809 1,167

CC/EG (1:2)/TBS 09 M
2 1009.03 66.216 3.751 1078,1292 1,791 1,248
0 1483.85 89.975 3.905 464,0453 1,391 1,15

CC/EG (1:3)/TBS 09 M
2 1122.54 79.258 3.562 790,3657 1,324 1,142
0 1506,41 | 91.421 | 3.869 | 414,4933 | 1,319 | 1,215

CC/Gly (1:2)/TBS | 0.9 M
2 1203.83 81.734 3.478 719,4222 1,3 1,305
0 695.87 92.083 | 3.626 182,9308 1,186 | 1,237

CC/EG (1:2)/TBS | 2.2M
2 1217.02 76.946 | 3.493 821,2333 1,551 | 1,201
0 1249.55 90.933 | 3.524 367,2075 1,196 | 1,265

CC/EG (1:3)/TBS | 2.2M
2 1319.09 83.922 | 3.397 602,2201 1,425 | 1,258
0 1466.30 85.53 3.610 539,39 1,66 1,249

CC/Gly (1:2)/TBS | 2.2M
2 1431.38 86.467 3.267 582,5009 1,256 1,26

Oligo1-Atto 488
Media 0ligo2 (nM) AMP (mM) B: f1 12 B, 1, X2
0 0 818.43 93.31 3.81 177.13 1.26 1.22
0 500 816.54 94.36 3.82 139.00 1.34 1.24
TBS 0 5000 794.28 95.82 3.78 129.04 1.01 1.20
17 0 849.52 95.52 3.79 122.84 1.23 1.24
17 0 572.36 84.60 3.67 441.69 0.87 1.16
(BMN-Q535) ’ ’ ’ ’ ’ ’
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Selection of functional DNA in a hydrated ionic liquid

6.1 Introduction

Nucleic acids are macromolecules possessing an unrivalled specificity of base
pairing and molecular recognition capacity, which is the basis for their function as
encoding and storing genetic information of all life forms. The function and interactions
of nucleic acids are invariably associated with physiological solutions containing water as
the abundant solvent. However, the bandwidth of applications of nucleic acids could be
enhanced with changes in bulk aqueous phase properties?!, possibly similar to the
development that biocatalysis underwent decades ago in organic solvents?.

It is in this context that ionic liquids or deep eutectic solvents could match
functional DNA in what regards versatility and yet overall similar physico-chemical
properties: upon adjusting the functionalities of these media, their most prominent
properties such as their charged nature and practical non-volatility remain unaltered.
DNA-aptamers are ideal objects to be studied for this purpose as their function can rely
on both conformational changes and the efficiency of molecular recognition event. In
fact, an ATP DNA-aptamer selected in aqueous media and reported by Huizenga et al.>*
showed to maintain its function in a hydrated protic ionic liquid, although to a
significantly reduced extent®.

An intrinsic shortcoming from these studies was the fact that the aptamer had
originally been selected in aqueous physiological conditions and the solvation in ionic
liquids affected to its specificity and sensitivity. The alternative of doing a selection directly

in the media of interest might solve this situation, and there are two previous studies that use
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this approach®’. However, the challenge has remained to prove that sequences of
functional nucleic acids can exist which are different from those encountered in mainly
aqueous solutions and which are particularly adapted to work in ionic liquid
environments.

It has been found that the ILs and DESs that better solvate short-DNA are those
based on tetraalkylammonium cations such as choline®. During the thesis of Isabel
Machado (2016, UPV/EHU) and in the Chapter 3 of the present work, it was found that
hydrated choline lactate (CL), a room temperature IL with relatively low viscosity, wide
liquid range and low vapour pressure® could maintain multiple secondary structures of
DNA stable. It was found also that the original ATP DNA-aptamer was able to recognize
specifically the adenosine-based targets, but with a decreased efficiency when water was
drastically reduced.

In this chapter, the SELEX of the ATP DNA-aptamer was de novo performed in
presence of choline lactate ionic liquid, in order to elucidate if it would be possible to
select DNA-aptamers better adapted to the non-physiological media. The original
selection medium consisted in TBS, the aqueous buffer already used in previous chapters
(50 mM Tris, 138 mM NaCl, 2.7 mM KCl and 5 mM MgCl,in H,0, pH 7.4). In the new
SELEX, this medium has been replaced partially with choline lactate, forming a hydrated
ionic liquid called 2 M CL/TBS, containing 40 wt. percentage of the IL and 60 wt.
percentage of the aqueous buffer (2 M choline lactate, 30 mM Tris, 82.8 mM NacCl, 1.62

mM KCl and 3 mM MgCl,in H;0, pH 5.6).
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Apart from the new SELEX, a parallel one was done using TBS medium, in this
manner it was possible to verify that the protocol was working fine. Isabel Machado did
the main part of the work presented in Section 6.2.1 during her PhD thesis, but the work
was stopped before starting with the binding studies and it has been continued in this

thesis completing the Sections 6.2.2 and 6.2.3.
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6.2 Results and Discussion

6.2.1 SELEX in non-physiological media

During SELEX procedures the parameters of the pool concentration, incubation time and
the number of washing steps were changed in order to increase the stringency of the process
(Table 6.1). In this manner, the specificity of the DNA pool towards the target increased and
enrichment was more likely to be reached.

Table 6.1. Selection pressure applied in all SELEX procedures.

SELEX round D3 DNA Pool (pmol) Incubation time N2 Washing steps
1 500 30 5
2-3 50 30 5
4 25 30 8
5 25 30 10
6-7 25 20 10
8-12 25 15 10

Based on the selection of the original ATP DNA-aptamer done in aqueous media?, after
eight rounds there should be enrichment of binding sequences. In order to probe if it happened,
binding studies were done with pools of first and eighth rounds in both SELEX: the positive
control in TBS with known results and the new one in presence of 2 M CL/TBS. In Liquid
Scintillation Counting (LSC), it was seen that even at the first round, there were high binding
values at the beads step (Figure 6.1A and 6.1B), when indeed no enrichment was expected to

be observed at this round.
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In order to overcome what was considered as a high degree of unspecific binding,
salmon-sperm DNA (s-sDNA) was tested as a competitor. The concentration of s-sDNA was tried
firstly with 0.1 mg/mL but it was not enough to avoid unspecific binding (Figure $6.1) and then
it was adjusted to 1 mg/mL because at this concentration the amount of negative control in the

beads was residual (Figure 6.1C and 6.1D).
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Figure 6.1. Enrichment studies of first SELEX done (A) in aqueous media and (B) in 2 M CL/TBS
media. And using salmon-sperm DNA 1 mg/mL as competitor in these enrichment studies of first
SELEX done (C) in aqueous media and (D) in 2 M CL/TBS media. Percentages of 32P-DNA obtained
in each step of the assay (S: Supernatant; W1: Washing 1; W2: Washing 2; E: Elution; B: Beads).

All experiments were done in duplicate; the bars on top of the columns represent the error bar.
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Based on previous observations, a SELEX was repeated in both solvents using 1 mg/mL
of salmon-sperm DNA in each incubation step, and applying the same SELEX “pressure”. To
reduce working time, these new SELEX were continued from the second round of previous ones.
After eight rounds (including first two of previous SELEX), enrichment was again verified with a
considerable increase of possible specific DNA sequences in the SELEX done in aqueous media
but yet no enrichment was observed in SELEX done in 2 M CL/TBS. Results of SELEX in agqueous
selection media indicated that procedure was being done correctly.

In order to verify if finally, could be enrichment in 2 M CL/TBS SELEX, four more rounds
were done obtaining a significant increase of DNA percentage in elution and beads solution
(Figure 6.2). ssDNA bound in 12" round yielded around 58% (= 31% elution and = 27% beads+)
of y->2P-DNA, that value is similar to the percentage obtained in the 8" round of aqueous
SELEX which was 51% (= 33% elution and = 18% beads) and far above from negative control
values. These results validated the SELEX procedures and the pools obtained in 8" round for

aqueous buffer and 12" round for 2 M CL/TBS media were cloned and sequenced.
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Figure 6.2.
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6.2.2 Binding studies of potential aptamer sequences

Obtained sequences in both SELEX were analysed with MUSCLE and MEME tools and
most sequences were found to be similar to motifs responsible for recognition in the original
ATP DNA-aptamer SELEX: GGGGGA and GGAGGA (Figure S6.2), confirming that the control
SELEX had worked properly and there were no systematic errors. Surprisingly, in the SELEX done
in presence of 2 M CL/TBS, four sequences were found that had no similarity with those motifs
and even more intriguing, there were no similarities between these four sequences (apart from
their non-random region).

In order to clarify if these unique sequences were binding to the target and were not
just bound non-specifically in some part of the beads, binding studies of each separated
sequence were carried out. In Table 6.2, it can be seen the pools or sequences used in further
binding studies: The original ATP DNA-aptamer (ATPapt, PDB: 1AW4), and its mutated sequence
that cannot recognize the target (mut-ATPapt)®°. The pools of the 15 and 12" SELEX rounds (R1
and R12) obtained in presence of 2 M CL/TBS, were used as negative and positive controls
respectively. CL1, a sequence obtained in the novel SELEX which is very similar to those obtained
in SELEX done in TBS, and finally, the four unique sequences obtained (CL2, CL3, CL4, CL5) to the
target. Their truncated version of previous sequences without the non-random parts were also

studied (trun-CL1, -CL2, -CL3, -CL4, -CL5).
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Table 6.2. Names of the studied pools and oligomers with their sequences.

Name Sequence 5’ to 3’

ATPapt ACCTGGGGGAGTATTGCGGAGGAAGGT

Mut-ATPapt ACCTAGGAGAGTAATGCCGAGGAAGGT

R1 First round pool of first SELEX done in ionic liquid

R12’ Last round pool of second SELEX done in ionic liquid
trun-CL1 TTGCGGAGGAGAGTACTCGGGGGAGCAATTCCACGTAAGTCGA
trun-CL2 TACATCTATCCTTCTACTCTCACTTTTTAAGGGACCCCAAGTG
trun-CL3 GGTGGAGTCAGTCGCATCAGTCACTTTAGGAAGTTAC

trun-CL4 GATGTAAGCATAGTGAATAGAAACCACGTTGAGGACGCGGCGC
trun-CL5 TGACTCCAAGCCAGGGTGTTGCCGTAGTCGGCGCGTGTGAAAT
CL1-5 GCTGTGTGACTCCTGCAA(trun-CL1-5)GCAGCTGTATCTTGTCTCC

The protocol used in these binding studies was different from previous assays

because they were optimized in order to increase the non-specific DNA recovery in

incubation step and efficiency of thermal elution step (Section 2.6.2). After labelling

radioactively the samples (Figure S6.3), the first binding assay was done in selection

conditions; in elution step (Figure 6.3A), negative control (R1) and CL2 gave similar results

(= 11% and = 14% respectively). However, in case of the others, the percentage was at least

as high as in the positive control (R12’): = 34% R12’, = 35% CL1, = 54% CL3, = 37% CL4 and

= 38% CL5. These results suggested that at least, three of the four sequences could be

binding specifically to the target, and in case of CL3 the binding would be higher in 2 M

CL/TBS than that of the sequence with the well-known motif. All the percentages

obtained in each step can be found in Table S6.1-56.3.
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Wondering if these sequences could be obtained in SELEX done in physiological
media, or they only were specific in these non-conventional conditions, previous binding
studies were repeated but instead of doing them in presence of ionic liquid, they were
done in conditions used in the conventional SELEX (Figure 6.3B). The results showed that
the final round pool (R12’) decreased slightly its binding and CL1 was the only sequence
with an increased recognition capacity in aqueous media, whereas the rest of them
showed low (CL4) or no binding (CL2, CL3 and CL5).

As in previous assay, almost all DNA was found in supernatant and elution
solutions, comparing elution percentages with obtained ones in previous assay a clear
solvent specificity can be observed in two unique sequences. In case of CL3, =54% of y-
32p_DNA was eluted in ionic liquid presence and 4% in aqueous buffer (less than negative

control); for CL5, =38% and =4% respectively.
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Figure 6.3. Binding assay towards immobilized 8-Amino-hexyl-ATP sepharose-beads (A)
in 2 M CL/TBS (selection conditions) and (B) in aqueous media (not selection conditions).

Only eluted solutions are shown for easier comparison.
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In the light of the above, CL3 and CL5 needed the presence of the ionic liquid to
recognize the target, but there was no similarity between the random parts of both
sequences. In order to have a preliminary idea of the binding mechanism, truncated
sequences (without the non-random parts) were studied in selection conditions. ATPapt
and mut-ATPapt were used as positive and negative controls respectively. The binding
assay showed a = 24% of ATPapt in eluted percentage, and = 5% in case of mut-ATPapt. In
case of truncated unique sequences, it was seen that trun-CL3 lost its recognition capacity
(= 7%) but trun-CL5 preserved it (= 43%). Furthermore, the solvent specificity was also
maintained with a percentage of = 5% for trun-CL5 in physiological environment (Figure 6.4),
whole data can be found in Table S6.3. The sequence CL5 is the only one that has the motif
“TGACTCC” in both, the random and non-random parts, but even if it could be a
recognition site, there must be other causes that promote the recognition of the target

and solvent specificity.
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Figure 6.4. Binding assay of ATP DNA-aptamer, its mutated sequence and truncated sequences
towards immobilized 8-Amino-hexyl-ATP sepharose-beads in (A) in 2 M CL/TBS (selection
conditions) and (B) in TBS media (not selection conditions). Only eluted solutions are shown for

easier comparison.

Itis well known that the sequences with motifs similar to those of the original ATP
DNA-aptamer are very likely to maintain their specificity towards adenosine-based
molecules, not recognizing guanosine-based ones, but behaviour of new sequences with
not known motifs is uncertain. It was checked if new motifs of CL2 — CL5 could be also
able to differentiate between those targets. In these assays GTP molecule was used but
unfortunately, there was no market availability for immobilized 8-Amino-hexyl-guanosine

triphosphate that would permit a direct comparison with SELEX target, but there were y-Amino-
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hexyl-ATP and —GTP sepharose-beads (Section 2.6.1) which were used as comparison. The risk
of these new targets was that hydroxylation of the phosphate group could happenin 2 M CL/TBS
media (pH 5.6), loosing part of them in the supernatant. In these studies, both elution and beads

percentages were taken into account, because the radioactivity amount found in beads was

significant.

In Figure 6.5, it can be seen that the positive control (R12’), CL1 and CL5 showed
specificity towards ATP over GTP. This what was predictable for the R12’ pool and CL1 because
have original ATP DNA-aptamer motifs but the target specificity found with CL5 resulted very
interesting. In case of CL3, in these assays did not show higher binding than the negative control

for both, ATP and GTP beads, probably due to a recognition site hindered by the y-Amino-hexyl

linkage.
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Figure 6.5. Binding assay towards immobilized y-Amino-hexyl-ATP or -GTP sepharose-
beads done in 2 M CL/TBS (selection conditions, with a different target). Only the sum of

eluted and beads solutions percentages is shown for easier comparison.

6.2.3 Secondary structure of novel ATP DNA-aptamers

To the best of our knowledge, only two previous SELEX procedures used high volumes
of non-conventional solvents. In one case, methanol in 25% (v/v) was used, and DNA was
modified to increase its solubility in organic media but at the same time complicating the
procedure and raising its cost®. In this study, they obtained an adenine aptamer with higher
binding affinity in methanol than the original aptamer selected in aqueous media, however the
aptamer needed a modified nucleotide to achieve that affinity and target specificity.
Furthermore, the aptamer was not solvent specific, recognizing the target better in physiological
media than in methanol containing media.

In the other case, published very recently, not-modified DNA-aptamers were selected

t'!. These selection was done towards

using deep eutectic solvents’, specifically ethaline solven
a 33-mer peptide of gluten, which usually is recognized by antibodies but these have low
efficiency in extraction media'? It was found that less rounds were necessary to achieve
enrichment but a vast number of sequences were sequenced (around 830000). They also found,
that most of these possible aptamers had the same recognition motif found in aqueous selection

(the positive control); unfortunately, due to the vast number of sequences it was not possible

to study the unique ones.
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In this work, the two aptamers found had unique recognition motifs and
specificity towards non-conventional conditions, probably due to a novel tertiary
structure achieved in 2 M CL/TBS media. There are no similarities between random
regions of new aptamer sequences found (CL3 and CL5) and they neither have the well-
known recognition motifs “GGGGG” and “GGAGG” that can be found in most part of the
other sequences selected (Figure $6.2). Therefore, these two sequences are the first
DNA-aptamers able to recognize the target specifically in non-physiological media, not
recognizing it in purely agueous medium. Understand why CL3, CL5 and trun-CL5 acquire
this behaviour would serve to deepen in the capacity of non-aqueous media to tune DNA
behaviour.

Circular Dichroism (CD) is commonly used to characterize the secondary structure
of nucleic acids and proteins, in case of DNA it is possible, in example, to characterise the
stacking of the guanines in a G-quadruplex, responsible of recognizing the ATP beads in
the classic ATP DNA-aptamer3. Depending on the strand orientation the spectra of the G-
guadruplex also varies: parallel G-quadruplexes are formed by anti-guanines and usually
shows a maximum around 260 nm in the CD spectra. In case of antiparallel G-
quadruplexes, the stacking of guanines is alternated leading to a maximum around 290
nm. Hybrid G-quadruplexes can have both types of stacking, and usually present two
positive peaks around 270 and 290 nm. In some cases, two G-quadruplex antiparallel
structures in the same strand can have hybrid-type CD spectra because other bases are

stacking might be stacking on the main two quartets®.
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The CD spectra of three different truncated sequences were compared (specified
in Table 6.2): trun-CL1, from the aptamer selected in original agueous media and
containing the classic recognition motifs. trun-CL3, from the novel CL3 aptamer, which
loses its recognition capacity while truncating it. trun-CL5, from the novel CL5 aptamer,
which maintains its recognition capacity and solvent specificity while truncating it. Due
to the strong absorption of choline lactate, below 250 nm the noise of the spectra
increases even if the solvent blank is subtracted (Figure 6.6).

In the circular dichroism spectra, it can be seen that trun-CL1 shows the well-
known G-rich binding pocket of the classic ATP DNA-aptamer and it seems that there is
also a partial contribution of a duplex structure that shift the maximum from 260 to 268
nm. While solvating the aptamer in 2 M CL/TBS media, the intensity of the positive peak
decreases, what could be due to a loss of the G-rich binding pocket structure and this
event is in agreement with the reduction of sensitivity in hydrated ionic liquid media in
sequences containing the “GGGGG” and “GGAGG” motifs observed during the binding
assays.

In case of trun-CL3, it shows common spectra for duplex structures with a
maximum at 273 nm but with very low intensities in aqueous and 2 M CL/TBS media, this
could mean that the tertiary structure is not very stable. Different duplexes formed by
two aptamer strands have been found using m-fold software, with Gibbs free energies

(AGP®) varying between -3.5 and -2.5 kcal/mol in TBS conditions. The absence of a G-
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guadruplex structure could explain the loss of the recognition function while truncating

the CL3 aptamer.
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Figure 6.6. (A) CD spectra grouped by TBS or 2 M CL/TBS media. (B) CD spectra grouped

by aptamer sequence (trun-CL1, trun-CL3 and trun-CL5). DNA concentration in all cases

was 5 uM and path length of the cuvette 1 mm, experiments were done in duplicate with

negligible differences.
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The trun-CL5 aptamer gave different spectra in TBS media and 2 M CL/TBS media.
In case of purely aqueous media, the maximum corresponds to that found in trun-CL3,
probably due to a formation of a duplex. But when the aptamer is solvated in 2 M CL/TBS
media two maxima seem to be overlapped, one at 280 and another one at 290 nm, an
unusual spectra but similar to those found in this article!* that contains an anti-parallel
G-quadruplex conformation. Further studies using the individual components of the 2 M
CL/TBS media, confirmed that these unusual peaks are only found in presence of the
hydrated ionic liquid and moreover, the presence of certain metallic salts of TBS seems
to be also necessary (Figure 6.7).

Then, trun-CL5 was solvated in different media with low hydration levels and TBS
components. This was done with the aim of elucidating if choline lactate was participating
directly in the function of the new aptamer, or if it was functional due to the reduction
of water activity and the presence of certain metallic salts. As can be observed in Figure
$6.4, none of the alternative low-hydrated media was able to promote the secondary
structure of the trun-CL5 that was only found in 2 M CL/TBS. It can be observed that in
choline chloride and reline the trun-CL5 formed a double helix that was not perturbed
even at very high concentrations, but in ethaline it was partially denatured at 3.4 M,
following the thermal stability trend observed in Chapter 3. In case of sodium lactate,
probably due to the acidic pH the aptamer did not acquire the same secondary structure

as in choline chloride, reline or ethaline media.
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Figure 6.7. CD spectra of trun-CL5 solvated in individual components of the selection
media (dotdash lines) using as reference 2 M CL/TBS and TBS. DNA concentration in all

cases was 5 uM and path length of the cuvette 1 mm, experiments were done in duplicate

with negligible differences.
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As has been previously found in other studies!>'” and Chapter 5, the DNA of
samples stored at RT was hydrolysed in physiological media. Interestingly, it was
preserved in those samples containing the ionic liquid for up to 10 months with a very
small decrease in positive peak intensity (Figure 6.8); however, the loss of the negative

peak needs to be studied.
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Figure 6.8. Spectra of the two sample of trun-CL5 solvated in TBS (left) and 2 M CL/TBS
(right), after few hours (solid lines), 2 months (dashed lines) and 10 months (dotted lines).
DNA concentration in all cases was 5 pM and path length of the cuvette 1 mm,

experiments were done in duplicate with negligible differences.
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6.3 Conclusions

The enrichment in the positive control SELEX was achieved after eight rounds of
selection and the sequences found were in line with those reported by Huizenga and Szostak,
validating the selection procedure. In presence of choline lactate, enrichment was observed
after twelve rounds and while some sequences comprised the original binding motifs, four
entirely different sequences were detected. Radioactive assays confirmed that in presence of
choline lactate, two of these four sequences were able to recognize ATP beads with medium-
specificity, not recognizing them in TBS media. Even more, the binding percentage of these new
sequences (CL3, CL5 and trun-CL5) was higher than that of the classic ATP DNA-aptamer in2 M
CL/TBS media.

The results obtained suggest that a versatile functional molecule such as DNA can be
used beyond physiological conditions. The selected new aptamers showed secondary structures
that are rarely found in aqueous solution and were dependent of the ionic liquid presence but
also the metallic salts. The finding of a functional sequence that can form unique interactions
with its target, the DNA and non-aqueous media, proves the potential of ILs and DESs to select
new DNA-aptamers or DNAzymes for novel nanotechnological uses. Additionally, due to their

charged nature the IL controlled the activity of water preserving DNA from hydrolysis.
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6.5 Supplementary information

Figure S6.1. Enrichment studies of first SELEX done in aqueous media using (A) 0.1 mg/mL or
(B) 1 mg/mL of salmon-sperm during the assays. Percentages of 32P-DNA obtained in each step

of the assay (S: Supernatant; W1: Washing 1; W2: Washing 2; E: Elution; B: Beads).
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Figure S6.2. Alignments made by the bioinformatic software MUSCLE of the sequences obtained
when using (A) TBS and (B)(C) 2 M CL/TBS. The asterisk below the sequences represent the only

nucleotides, which are common for all the sequences in the groups.

A)

- CGGGGGHGAGC------------ TTTTTTGGCGCGGCGGAGTTCCTAAGGATTAA- - - - - -

B2 GCGGCTATG--------- TGGHGGHGGTT------------ TTCGCTATACCGGGGGAATATA= - - === = === o= - - -

BO3 - --GATAAGCTTCTATACCGGTGGHGGAA----==-=====-=--- TATAATGGGGGAGCCGA- === === ==-=-==--

BO4 -------- GCGCCCATTATGGGGGEGGTA- - - -—--—---—--- CCATTACCGGHGGAATATTGTG-------------

BO5 ACTTAGACAAGTATACAACGCGGGGGAAC-----=---------- CTGTTCGTGGHGGA--------=--=-===-----

BO6 ---------m-mm-- CATCGGGGGEGTTA----------- TAGTGTAATGGCGGHGEGGTTGACAGAAG- - - - - - - - - -

BO7 ------m-mm-- GTAGACGGGGGEGAAA- - - - - - - - - - TTTATCAAATTTCGGBGGAGTTACCTAC------------

121 T CCGGGGGHGGATATCCCCCAGATTCTGGGATT TCCGGHGGAGG -~~~ — - - == - == - - -~

B1O -----------om-- ACGCGGGGGEGGGC------------- TAAGACGCCTGGHGGAGCTTTGCTAGATC--------

B1l -GGGATATAATGCACAACCGGGGGEAGCA-----------—----———-- ATGGBGGAGGTTGCG- -~ ----------

B13 ---------e- TCAGTACCGGGGGGAGGT === === ==========-= TAGGCGGHGGGAGGGACTAAGGATC- -~ - - - -

B16 ------------m-m--- CGGGGGHGAAC- -~ - - TAATCGGHGGAGGGGCATAAGT TTGAGGATAC

* k% EEES

B)

I22 --mmmmmeee e CAGTCGGGGGHGG---------------- TACGGEGGRGACGTATTTACACTAGAAGCA

1 SRR CTGCAACCAAGTCGGAGGEGETTC------------- ATCGGGGGMGACCTGTGTC- === === ===~
124 ----memmmeee- ATGCAACAACCGGAGGEGCG--------------- CGCGGGGGRGGGTATTGTCGAGT --------
) vy A TTACATCTTCGGGAGGBGTATTTTAG--------- ACGGGHGGEGAAGATTT -~ - - -—-—----
128 GGACGTCACCGAAAGATCATGTGCCGGAGGEGG------=-----=----- GACGGGGGHRG-------=-==-=-====--

129 —--------- CTCCCGTTGTGGCTCGGGGGHGEGGA- - ----------- TTCGGHGGRGAGCCGAG- -~ - - - - - —----
I30 ----- - mmeemee AGTCGGAGGBGGCTGTAGTAACCTACACACCGGGGGRGAATTA- - - - - - - - oo oo
I31 ------ememaea- TCATCCATATTCAAGGTGECTCCAGC-------- CCTCGGEGGTGTTGTGA- === === ===~~~
I32 —momimemeemee e GCGGGGGNGECCAAGGT - -~ - - - - - GGCGGEGGHG- - - - CTCGCAAGGGGATCAA

I33 ---mmmmmeeeee TTGCGGAGGHGEGTA- - ------—---- CTCGGGGGHG- -CAATTCCACGTAAGTCGA

) ic - ACAGABGBGCAGT - -------—---- CGCGGGGGRGTAGCCTTTGCGGACGGAGGA

I37 -ATCTGCGACGAAGATACATGCCGCGGGGGHGRGA-------------- CTCGOHGGR-------------= -

*® % *% k%

C)

I21 - oo THCATCTATCCTTCTACTCTCACTTTTTAAGGGACCCCAAGTG - - - - - - == - - - - -
I25 - - GGTGGAGTCH------- GTCGCATCAGTCACTTTAGGAAGTTAC- -~ - - == - === - == === -
126 GATGTAAGCATAGTGAATAGAAACCHECGTTGAGGACGCGGCGC - === === ========== === === —=omomemoo
I38 ------mmenaa- TGACTCCAAGCCHGGGTGT TGCCGTAGTCGGCGCGTGTGAAAT == == == === === mm e m e e e

F3
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Figure $6.3. An example of the PAGE experiments done with radioactively labelled ssDNA to

validate kinasation protocol.
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Table S6.1. Percentages obtained in each step of the binding assays of Figure 6.3.

B
Mean % SD Mean % SD
S 80,0 3,7 85,8 0,9
W1 5,5 2,1 5,6 0,7
R1 w2 1,8 0,9 1,2 0,1
E 11,1 0,8 6,6 0,1
B 1,6 0,3 0,8 0,0
S 54,7 7,0 61,2 5,2
W1 5,1 0,2 3,2 1,4
R12' w2 3,5 0,6 1,1 0,2
E 33,8 5,6 29,0 1,1
B 2,8 0,9 5,6 2,5
S 51,5 5,5 31,3 3,2
w1 5,6 0,4 1,8 0,1
CL1 w2 5,2 0,3 1,0 0,1
E 35,2 4,2 61,0 1,7
B 2,5 0,5 4,9 1,4
S 78,2 2,0 88,5 0,7
w1 4,2 0,1 4,2 0,5
CL2 w2 1,3 0,1 0,9 0,1
E 14,6 1,8 5,6 0,0
B 1,7 0,3 0,9 0,2
S 38,5 6,0 87,4 0,5
w1 2,2 0,3 7,2 0,0
ci3 w2 1,7 0,4 1,0 0,1
E 54,6 5,4 3,6 0,5
B 3,0 0,2 0,8 0,1
S 48,9 2,9 70,7 4,1
w1 5,7 1,0 3,9 0,2
CL4 w2 4,6 0,1 1,3 0,1
E 37,5 1,8 22,0 2,8
B 3,3 0,4 2,1 1,0
S 50,9 51 87,6 0,1
w1 45 0,6 6,8 0,2
CL5 w2 3,7 0,7 1,1 0,0
E 37,6 3,5 4,0 0,1
B 3,3 0,4 0,5 0,0
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Table S6.2. Percentages obtained in each step of the binding assays of Figure 6.4.

A
Mean % SD
mutated-ATPapt S 71,3 5,0
w1 18,5 4,0
W2 4,7 0,5
E 4,9 0,4
B 0,5 0,1
ATPapt S 46,7 3,8
W1 15,7 0,6
W2 10,6 0,5
24,5 3,3
B 2,6 0,5
trun-CL2 S 85,1 0,5
w1 5,3 0,5
W2 1,5 0,1
E 7,5 1,0
B 0,6 0,1
trun-CL3 S 83,8 0,2
W1 5,9 0,1
W2 2,8 0,2
E 6,7 0,2
B 0,9 0,1
trun-CL4 S 88,9 1,5
w1 6,5 1,5
W2 1,4 0,3
E 2,3 0,2
B 1,0 0,2 Mean % SD
trun-CL5 S 43,9 0,4 86,5 1,1
w1 4,9 0,5 6,4 0,6
W2 4,0 0,2 1,5 0,1
42,9 0,7 5,1 0,3
B 4,4 0,5 0,5 0,1
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Table S6.3. Percentages obtained in each step of the binding assays of Figure 6.5

Target: y-ATP Target: y-GTP

Mean % SD Mean % SD

R1 S 83,4 0,1 84,4 1,7
w1 4,5 0,1 4,8 0,2

w2 1,3 0,1 14 0,1

E 7,4 0,6 6,7 1,1

B 3,4 0,7 2,7 0,9

R12' S 76,0 2,4 88,7 1,7
wi 4,7 14 4,2 1,0

w2 3,5 0,3 1,1 0,3

E 9,4 0,6 41 0,2

B 6,5 1,3 19 0,6

cL1 S 68,5 3,3 90,2 0,2
wi 7,6 1,2 4,4 0,1

w2 4,8 0,3 0,9 0,1

E 11,2 2,0 3,0 0,1

B 7,9 0,1 1,6 0,1

CL2 S 83,9 3,3 81,5 0,9
Wi 2,6 0,1 3,2 0,2

w2 1,0 0,2 1,2 0,1

E 7,5 1,5 10,1 1,6

B 51 1,5 4,0 0,5

CL3 S 89,5 1,0 90,7 1,2
Wi 3,8 0,1 3,1 0,3

w2 1,0 0,3 0,8 0,2

E 3,8 0,4 3,9 0,3

B 2,0 0,1 1,5 0,5

CL4 S 83,9 1,2 87,3 1,6
w1 5,4 0,5 4,4 0,3

w2 2,5 0,0 1,2 0,2

E 5,0 1,2 4,7 0,5

B 3,1 0,6 2,5 0,6

CL5 S 71,1 6,9 88,2 0,7
w1 8,9 2,9 2,4 0,7

w2 5,0 1,8 0,8 0,0

E 9,5 2,6 6,4 0,0

B 5,4 0,4 2,1 0,1

288




Selection of functional DNA in a hydrated ionic liquid

Figure S6.4. CD spectra of trun-CL5 solvated different media (dashed and dotdash lines) and in

2 M CL/TBS (solid line) as reference.
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Self-assembly and stimuli-responsiveness of DNA

nanostructures






Self-assembly and stimuli-responsiveness of DNA nanostructures

7.1 Introduction

DNA can be used to create stimuli-responsive nanostructures?. In order to achieve this,
the DNA structures need a dynamic behaviour upon changes in the bulk phase or local stimuli.
The bulk stimuli are usually related with changes in the pH, temperature, light or redox
reactions?. On the other hand, the local stimuli are usually complementary DNA sequences or
molecular targets. Functional nucleic acids such as DNA-aptamers are necessary to recognize
the latter. These DNA-aptamers can interact non-covalently with the desired molecule and
change their conformation or disengage from the nanostructure.

Among other uses, the accurate control of the recognition events can allow the opening
or closing of porous materials?®. The main challenges consist in achieving an appropriate
sensitivity, specificity, reversible function and proper kinetics for the desired application®. Such
stimuli-responsive designs can be used on nanoporous membranes, as they can act as modular
building blocks combined with the mechanically resistant inorganic or polymeric support. Then,
these designs can be applied in drug delivery, logic gates or sensing applications’. In this work,
the focus will be put on the build-up and disassembly of a DNA nanostructure known as
“supersandwich” that has sensing and gating applications and is based-on the traditional
sandwich assay.

The traditional sandwich concept is used for peptide and nucleic acid based sensor
assays due to their analytical sensitivity and specificity®°: it consists of three different probes.
Firstly, a capture probe is used to be immobilized onto the surface; secondly, there is a target

probe which will be recognized by the capture probe, and thirdly there is a signal probe, able to
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cause a response-signal in the system. Early, the signal probe was radioactively labeled!! and
then, other labels were proposed, such as fluorophores, redox molecules, enzymes or
nanoparticles’’>. Moreover there also label-free techniques such as the quartz crystal
microbalance (QCM)?3, the surface plasmon resonance (SPR)** or the microcantilever®® that can
provide simple and fast assay procedures. But, these traditional sandwich assays sometimes
show an important limitation: each target binds to only one signal probe and there might not be
enough receptors to obtain a reliable response.

To address this limitation, it was decided to build more receivers vertically, as the
surface area is limited but the height can be significantly large. In the case of peptides, the
creation of a vertical nanostructure is more complicated, but using the double helix structure of
DNA and hybridization between complementary strands, it seems relatively straightforward.
There are different supersandwich designs, but in essence, they are formed by a repetition of
chains that act as a bridge and others that are capable of recognizing the target molecule (signal
probes) (Figure 7.1). These kind of designs have enabled, in example, the detection of mercury

by DNAzymes®® or the recognition of a wide variety of targets using DNA-aptamers3%°.
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Figure 7.1. Scheme of the so-called “DNA Supersandwich Structure”. Adapted with permission

from ref. 17.

Apart from sensing using solid supports, these supersandwich nanostructures have been

used in porous systems. In a design used in various studies!’ %!

, in absence of a molecular target,
the structures self-assemble closing the pores of the inorganic support (Figure 7.1B) and upon
exposure to the molecular target, the structures disassemble, opening the pores (Figure 7.1C).

However, so far, the evidences have been acquired using voltammetry, which does not give

information about the molecular events at the nanoscale.
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In these supersandwich structures, the signal probe (also called aptamer probe) is
forming a double helix with two bridge probes and this interaction is energetically more
favorable than that of the molecular target (usually ATP or AMP). Therefore, although there does
appear to be a response to the target molecule, it is not yet clear whether this is actually due to
recognition of the molecule or due to changes produced by high concentrations of the molecule
in the bulk phase.

Moreover, the supersandwich is supposed to have multiple bridge and aptamer probes,
but there is no evidence of how long it really can be or the static stability of the nanostructure.
In order to answer these questions and gain insights into the target recognition capacity of the
DNA-aptamers when they are part of a nanostructure, in this study the supersandwich is
monitored on-line by surface plasmon resonance (SPR) and quartz crystal microbalance with
dissipation monitor (QCM-D). On the other hand, the use of non-physiological conditions is
proposed as a strategy to not only prevent DNA degradation or solvent evaporation, but also

increase the stimuli-responsiveness of the nanostructure.
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7.2 Results and Discussion

7.2.1 Design of the layer-by-layer supersandwich build-up

In order to observe real-time kinetics of a DNA nanostructure, a supersandwich
structure containing the ATP DNA-aptamer was built in SPR instrument. This supersandwich
consists in a bridge probe (BP) and an aptamer probe (AP 1) able to recognize adenosine-based
targets. The aptamer is equal to that studied in Chapter 5; the sequences are shown in Table
7.1.

Table 7.1. The DNA sequences used in this chapter.

Name Sequence 5’ to 3’

CGG CAC CTG GGG GAG TAT TGC GGA GGA AGG TGC CG
Capture probe 1 (CP 1)

(5’: Biotin-C6)

TTITTTTTTT TTT TTT GCG GAG GAA GGT GCC G
Capture probe 2 (CP 2)

(5’: Biotin-C6 or thioctic acid)
CP ATP DNA-aptamer ACC TGG GGG AGT ATT GCG GAG GAA GGT
(CP ADA) (5’: Biotin-C6)
Bridge probe (BP) TAC TCC CCC AGG TGC CGA CGG CACCTT CCT CCG CA
Aptamer probe 1 (AP 1) CGG CAC CTG GGG GAG TAT TGC GGA GGA AGG TGC CG
Aptamer probe 2 (AP 2) AC CTG GGG GAG TAT TGC GGA GGAAGG T
Bridge probe mut 1 (BP mut 1) TAC TCC CCC AGG TGC CGA CGG CAC CTT CCT CGG CA
Bridge probe mut 2 (BP mut 2) TAC TCC CCT AGG TGC CGA CGG CAC CTT CCT CGG CA
Bridge probe mut 3 (BP mut 3) TAC TCT CCT AGG TGC CGA CGG CAC CTT CCT CGG CA
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The building process can be done using the one-step method (Figure 7.2A) or layer-by-
layer (Figure 7.2B). The former method creates a highly polidisperse nanostructure as verified
by gel-electrophoresis and GPC/SEC (Figure 7.3 and Figures S7.5 and S.7.6), therefore we tried

with the latter hypothesizing that it would increase the control of the build-up process.

A B
5: AP; 6: BP...
< ;
\ |/
4. BP
2: [BP+AP] ,
MN\ 3: AP  /

, 5@

P99 BiotinthiolsaM L streptavidin /AN CP AN BP AN AP

Figure 7.2. (A) One-step self-assembly build-up. (B) Layer-by-layer build-up.
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Figure 7.3. Three wt. percentage agarose gel electrophoresis. 90V 60 min. Line 1: 3000 bp

ladder. Lines 3 and 4: 1 uM of BP and AP 1 after being 24 hours mixing at RT. Line 5: 1 uM of BP.

Line 6: 1 uM of AP 1. Line 8: 300 bp ladder.

In order to create the nanostructure in the sensorchip using the layer-by-layer method,

firstly, it was necessary to immobilize covalently the first DNA layer (Figure 7.2B), this was named

as capture probe 1 (CP 1; 11480 g/mol) and is equal to AP 1 but modified with biotin that forms

very strong interactions with streptavidin. After immobilizing CP 1 (710 RU). The second layer,

the bridge probe (BP; 10550 g/mol) was injected to the channel containing CP 1, obtaining a
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maximum response of 600 RU (Figure 7.4A). Therefore, approximately the 85% of CP 1
hybridized with the BP. Then, the third layer consisted on the aptamer probe 1 (AP 1; 10959
g/mol), that was injected to hybridize with the BP, but surprisingly there was no increase in the
response (Figure 7.4B). While analyzing why this could happen, it was found that the upper half
of the BP was able to hybridize with the bottom half of another CP 1.

This was undoubtedly a design flaw: by using the same supersandwich that was already
published, we did not stop to think about possible unwanted structures. The problem arose from
using the layer-by-layer method instead of the one-step method and showed the need to study
in detail all possible interactions between chains when constructing the supersandwich. A
modified capture probe was used in order to solve this issue and continue building-up the
structure: the capture probe 2 (CP 2; 10013 g/mol) (Table 7.1).

The bottom half of CP 2 has thymine nucleotides to avoid the possible hybridization with
the upper part of BP. This CP 2 was immobilized in the chip until 560 RU. The response after
injecting BP was 560 RU (Figure 7.4A), obtaining in this case a 100% hybridization efficiency,
probably because there was a lower capture probe density on the chip. Then, as expected, while
injecting the AP 1 there was a significant response (Figure 7.4B) and this confirmed that
previously the bottom part of CP 1 was interacting with the upper half of BP preventing the

latter to hybridize with AP 1.
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Figure 7.4. Response curves upon (A) injection of bridge probe to different capture probes or (B)

injection of AP 1 after the previous BP injections.
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Respect to kinetics, there were clear differences in the Ko, of bridge probe, depending
on the capture probe used (Figure 7.4A). The hybridization kinetics between CP 2 and BP were
faster than those between CP 1 and BP. The differences are caused because the CP 1 (= AP 1),
in absence of BP, forms a hairpin or interacts with other CP 1 (observed in GE of Figure 7.3). This
needs to be disrupted. In the other case, CP 2, it cannot acquire any stable hairpin conformation.
This was verified using another capture probe named as ATP DNA-aptamer capture probe (CP
ADA; 9006 g/mol), which instead of forming a hairpin of eight base pairs, forms it with four base
pairs.

As could be expected, the Ko, was faster than that found with [CP 1 + BP] but slower
than that of [CP2 + BP] (Figure 7.4A). It was also possible to quantify the dissociation constant
values between the capture probes and the bridge probe injecting the BP at different
concentrations (Figure S7.1). The lowest K4 value was that obtained while injecting BP to CP 2
(0.06 £ 0.02 uM). The second capture probe with highest affinity was CP ADA with a Kq of 0.13
1+ 0.01 pM, and as could be expected due to the need of breaking the 8 base pair hairpin, CP 1
had less affinity with a K4 of 0.25 £ 0.01 uM. On the other hand, both, BP and AP 1 had a
negligible Kot while being hybridized in 500 mM aqueous media denoting that the nanostructure
could remain stable for long-periods (without considering hydrolysis) in absence of the target.

Even if it was possible to create the third layer of the supersandwich [CP 2 + BP + AP 1],
the response of the latter layer had a value of 290 RU what supposes that approximately only
the 50% of AP 1 hybridized to the BP (Figure 7.4B). This could be due to the hairpin of eight base

pairs that AP 1 forms, what limits its affinity towards BP. To verify this, the supersandwich was
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built using the aptamer probe 2 (AP 2; 8775), equal to the CP ADA, with a hairpin of four base
pairs. The strategy of reducing the stability of the aptamer probe succeeded and the
hybridization efficiency of [BP + AP 2] was again close to 100%, in contrast with the lower

efficiency obtained between [BP + AP 1] (Figure 7.5A and 7.5B).
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Figure 7.5. Response curves of supersandwich containing (A) [CP 2 + (BP + AP 1),;] or (B) [CP 2 +
(BP + AP2),]. The flow rate was of 25 uL/min and the concentration of bridge and aptamer

probes, 2 and 5 uM, respectively.

With the system of [CP 2 + BP + AP 2], the nanostructure would already have a length
of 21 nm, assuming a rigid lineal double helical conformation. It was possible to build more layers

maintaining an adequate structural stability, but it was not possible to maintain the 100%
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hybridization efficiency in all of them (Table 7.2), what could mean that the steric and
electrostatic effects limit the scalability of a well-defined supersandwich.

Before studying the disassemble of the supersandwich, the layer-by-layer design that
consisted in CP 2, BP and AP 2, was also studied in a gold sensorchip in QCM-D, in order to
elucidate if the construction was reproducible. The QCM-D technic is a very appropriate
complementary technic that enables calculating the surface coverage and the viscoelastic
properties of the supersandwich. The capture probe modified with thioctic acid caused a
frequency change of 43 Hz, what supposes an approximate surface coverage of 765 ng/cm? (0.52
molecules/nm?).

Previously, in SPR, it was observed that the modified layer-by-layer supersandwich was
able to create multiple layers, but with a reduced hybridization efficiency after the second
aptamer probe (five layers), probably due to steric and electrostatic effects (Figure 7.5B). While
constructing the supersandwich on the gold sensorchip the first BP had a low hybridization
efficiency, probably due to an excessive surface coverage. However, the reduction of
hybridization efficiency after more layers than in SPR (Table 7.2 and Figure 7.6A). In any case,
the approximate length of 25 nm (four layers) was the limit before losing the hybridization
efficiency between probes. It can be observed that the efficiency decreased specially when BP
was injected. Probably the BP did not bind to AP 2 very efficiently because BP could form a dimer
with another BP free in solution. The media was in all cases an aqueous buffer containing NacCl

at 0.5 M.
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Table 7.2. Different frequency and response values obtained with the supersandwich formed by

[CP 2+ BP + AP 2 + BP + AP 2 + BP] and the hybridization efficiency (%).

SPR QCM-D
Resp. (RU) Increase Hybrid. Freq. (Hz) Increase Hybrid. %
CP2 0 780 -42 42
BP 750 750 100 % -66 24 60 %
AP 2 1375 625 100 % -92 26 120 %
BP 1735 360 48 % -124 32 100 %
AP 2 1965 230 76 % -143 19 72 %
BP 2100 135 48 % -159 16 70 %
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Figure 7.6. (A) Frequency and dissipation curves obtained in QCM-D upon immobilization of CP
2 and consecutive injections of BP and CP 2. (B) Representation of the dissipation versus

frequency values obtained in each layer of the supersandwich.

305



Chapter 7

Regarding the viscoelastic properties of the built nanostructures, as can be seen in
Figure 7.6B, the relationship between frequency and dissipation was linear in the first layer but
then it seems that the structure acquired a more plastic behaviour in case of the gold sensorchip.

However, this should be better studied with complementary technics.

7.2.2 Disassembly of the supersandwich by molecular target recognition

Apart from the build-up process of a nanostructure, its stimuli-responsiveness is of great
importance. The capacity of the aptamer to recognize the adenosine-based molecules was firstly
studied with binding assays between the capture probe and targets. For this purpose, the
adenosine-based molecules were injected to channels containing the different capture probes,
guanosine-based molecules were also used as negative probe (Figure S7.2). These experiments
were similar to those of Chapter 5, but in this case the physiological media had 0.5 M of NaCl
instead of 0.14 M.

The dissociation constants of CP 1 (equal to AP 1) and CP ADA (equal to AP 2) towards
ATP were 30 uM and towards AMP = 75 uM (Table 7.3). CP 2 was not able to recognize any
target because the recognition site was partially replaced by thymine nucleotides. In case of
adenosine target, it did not saturate the capture probes, probably because it bound non-
specifically, therefore this target should be discarded for stimuli-responsiveness purposes. From
these measurements, it can be concluded that in theory, it will be difficult for ATP or AMP to
compete with the bridge probe, because the K4 of AP 1 and AP 2 towards BP ranged between
0.13and 0.25 puM (Figure S7.1), more than 100 fold lower than the dissociation constant towards

the molecular targets.
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Table 7.3. Calculated dissociation constant and maximum RU values obtained upon addition of

each target in aqueous buffered solution with 500 mM of NaCl.

Capture . L.
Dissociation constant (.LM) and Max. Response (RU)
probe
ATP AMP Adenosine
cP1 30 uM 40 RU 70 UM 27 RU - 28 RU
cP2 - - - 8RU - 10RU
CP ADA 30 uM 35RU 75 uM 25 RU - 22 RU

The latter was confirmed injecting the BP to the channel containing the capture probes
already in presence of molecular targets (Figure S7.3). Their presence reduced the hybridization
kinetics but did not prevented the BP to hybridize with the capture probes. On the other hand,
using the contrary strategy, the targets were injected with CP 1 already hybridized to BP. In
theory, published studies stated that the hybridization between these two probes are disrupted
in presence of 1 mM of ATP or AMP, opening the pores'’, but it was observed that the AMP did
not affect the hybridized probes (Figure S7.4).

This inefficacy of the target to disrupt the duplex between the CP 1 and BP was not
surprising due to the strong interaction between the latter two. Therefore, the experiments
were repeated but increasing the concentration of AMP until 4 mM (Figure S7.4), far above from
the reported value. At the highest concentration, it was possible to disrupt the hybridization
between CP 1 and BP, being a specific response, because it did not happened with adenosine or

GMP.
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The latter was further verified with a supersandwich containing multiple layers.
Nevertheless, observing that the steric impediments and electrostatic repulsions decreased the
ability of aptamer probes to recognize ATP or AMP and disassemble the supersandwich: it was
necessary to inject AMP at 30 mM in order to obtain a significant change in the Ko of a

supersandwich with four layers (Figure 7.7).
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Figure 7.7. Response curves of the supersandwich build-up and the effect of target addition on
channel containing CP 2. Flow rate was 25 pL/min. In this sensorchip the CP was immobilized

until 200 RU, in order decrease the coverage density and electrostatic repulsions.
Then, the importance of reducing the gap of affinity towards probes and molecular

targets was tested introducing three mismatches in each bridge probe of the supersandwich (BP
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mut 3). As can be seen in Figure 7.7, this strategy accelerated the disassembly of the

supersandwich in presence of 30 mM of AMP. However, it also reduced a lot the overall stability

of the nanostructure. The previous findings are not in concordance with what is suggested in

the literature. Where it is said that 1 mM of ATP or AMP should be enough to disassemble the

supersandwich. Maybe, the different results might be caused by the different method used in

the construction of the supersandwich (L-b-L vs one-step), therefore we did binding assay with

the one-step supersandwich.
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Figure 7.8. A strategy to evaluate the stimuli-responsiveness of the supersandwich.

309



Chapter 7

Specifically, we adapted an already published strategy”-?2, but instead of using only gel-
electrophoresis we included the use of SPR. In this experiment, four solutions were prepared
and then injected to the sensorchip that had the capture probes immobilized. In solution A, AP
1 (1 uM) and AMP (1 mM) were mixed for 25 hours (1 uM of BP was added in the last 7 hours).
In solution B, BP and AP 1 were mixed for 25 hours (AMP was added the last 7 hours). In solution
C, both probes and AMP were mixed for 25 hours. In solution D, BP and AMP were in the solution
for 25 hours (AP 1 was added in the last 7 hours) (Figure 7.8).

Three possible results could be expected from these experiments, one, the AMP did not
disturb the formation of the supersandwich, and while injecting the solutions to the channels
containing the capture probes, all of them should give a similar response. Two, the AMP could
have a dramatic effect on the formation of supersandwich, being all AP 1 saturated by AMP, and
while injecting the solutions only BP would be immobilized. Three, the AMP could have certain
effect on the formation of the supersandwich, and different nanostructures would be obtained

depending on the exposure time to the target.
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The latter case was the one found, because as can be observed in Figure 7.9 there were
significant differences in injections of solutions A, B, C and D while using both capture probes. It
was of great importance the use of a nanoscale technic such as SPR to detect these events,
because as can be observed in Figure S7.5, with gel-electrophoresis could not be appreciated

any differences and in GPC/SEC (Figure S7.6) the mean molecular weight suffered minor

changes.
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Figure 7.9. Injections of BP or solutions A, B, C or D after 25 hours channels with (A) CP 1 and (B)

CP 2 immobilized. The flux rate was always 25 pL/min.

The solution A gave the highest response in both channels, followed by solution C, then
solution D and finally solution B (Figure 7.9). When injection stopped, in some cases there was
a huge instantaneous decrease in the response, this is due to the rapid Ko of AMP when it is
released from the aptamer, what had been observed also in Chapter 5. The different response

values obtained in each injection helped understanding which kind of nanostructure had formed

in each solution.
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In solution A there was more BP available to hybridize with the capture probes than in
other solutions, because the BP was inserted in the solution in the last few hours. This means
that the formation of the supersandwich in one-step self-assembly is a process that needs hours
to be completed, this might be very important to take into account in designs with a reversible
function. Moreover, two injections done after 20 and 23 hours revealed that the response
obtained was significantly lower at the last injection (25 hours) than at the first one (20 hours),

due to the continuous reduction of free BP that caused the formation of the supersandwich

(Figure 7.10).
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Figure 7.10. Injections of BP and solution A at different periods in channels with (A) CP 1 and (B)

CP 2 immobilized. The flux rate was always 25 pL/min.

In solution B, there was a negligible response in channel of CP 1, and it gave the lowest
response value in the channel of CP 2. This was the solution where BP and AP 1 were mixed for
the greatest period in absence of AMP, added in the last hours, therefore it can be supposed

that the supersandwich had the hugest size. The CP 1 that has a hairpin form did not hybridize
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with this supersandwich because the major part of the BP would be hybridized, what reduces
the affinity of the capture probe towards the BP by steric and electrostatic repulsion. In case of
CP 2, it forms a random coil, and therefore, it is energetically favourable to hybridize with some
BP of the supersandwich even if they have a lower affinity. Moreover, observing the injections
after 20, 23 and 25 hours, it can be observed that AMP, in principle, had no capacity to

disassembly the structure: there were no changes in response curves (Figure 7.11).
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Figure 7.11. Injections of BP and solution B at different periods in channels with (A) CP 1 and (B)

CP 2 immobilized. The flux rate was always 25 pL/min.

In case of solution C, both probes and AMP were mixed from the start, the kinetics were
faster than in solution B but slower than in solution A. Following with the previous
argumentation, in solution C there was more BP available than in solution B, because the AMP
had been more time in the media and therefore, it prevented partially the formation of the
nanostructure, but it did not prevent as well as in solution A, because in the latter, the BP was
added in the last hours. In solution C there was no significant change in different injections, what

means that the nanostructure was already at equilibrium after 20 hours and therefore 1 mM of

313



Chapter 7

AMP was not able to disassembly it (also observed by GPC/SEC in Figure S7.6). This is contrary

to what has been suggested in the literature!”?1"2 (Figure 7.12).
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Figure 7.12. Injections of BP and solution C at different periods in channels with (A) CP 1 and (B)

CP 2 immobilized. The flux rate was always 25 pL/min.

Finally, in solution D, where BP and AMP were in the solution for 25 hours and AP 1 was
added in the last 7 hours, the response values obtained were lower than in solution C but higher
than solution B (Figure 7.13). The first question that raised was why solution A and solution D
did not have the same response, if in both cases the AP 1 and BP had been in contact for the
same period. But it seems that in solution A there was more BP available than in solution D while
injecting them. Therefore, in solution A, most part of the AP 1 were already recognizing the AMP
molecules when the BP was inserted in the solution, and probably this slower the process of

recognizing the BP, even if it did not prevented it.
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Figure 7.13. Injections of BP and solution D at different periods in channels with (A) CP 1 and (B)

CP 2 immobilized. The flux rate was always 25 pL/min.

With obtained results, it can be observed that the molecular target was able to reduce
the kinetics of hybridization between BP and AP 1, but the nanostructure was formed in all
cases. Therefore, 1 mM of target was not able to compete with the hybridization between DNA
strands and did not disassemble none of the supersandwichs created by one-step or L-b-L
methods. It was detected that the main issue was the huge differences between affinities of
aptamer probes towards BP and molecular targets. Following experiments consisted in

introducing mismatched probes in the supersandwich, trying to reduce these differences

without losing static stability.

7.2.3 Influence of mismatches in kinetics and stability of the supersandwich

It was observed that the supersandwich was able to disassemble upon ATP or AMP
recognition, but it needed huge target concentrations due to the strong interactions that are

formed between probes. One alternative to use lower concentrations of target is to change the

315



Chapter 7

aptamer probe by another aptamer with higher affinity towards its target (with a Kq in the
nanomolar range), but this would limit significantly the variety of aptamers that could be used
in a supersandwich design. Therefore, reducing affinities between probes would be a better
alternative. However, these affinities need to be high enough to maintain a static stability in the
supersandwich preventing it to disassemble in absence of the molecular target. A systematic
study was done using different bridge and aptamer probes containing mismatches (Table 7.1),
in order to elucidate if an affordable trade-off between the static stability and the dynamic
function could be achieved.

In case of mismatched bridges, all of them had one mismatch in the double helix formed
with the upper part of capture and aptamer probes and they have a variable number of
mismatches with the bottom part of capture and aptamer probes. In example, BP mut 1 has no
mismatches with the bottom part of CP 1, BP mut 2 has one mismatch and BP mut 3 two. As can
be seen in Figure S7.7A, the more mismatches the slower was the Ko, due to a reduced affinity.
On the other hand, the Ko was almost negligible due to the high number of base pairs formed
showing that at least with two layers the nanostructure can maintain the static stability in
aqueous buffer with NaCl at 0.5 M.

Onthe other hand, itis interesting to consider the kinetics of the different bridge probes,
which are directly related with the affinity between probes. While injecting these mismatched
bridge probes to the channel containing CP ADA, the kinetics with bridge probes were faster
than those found with CP 1, due to the shorter hairpin (Figure S7.7C). The situation was quite

different while using the CP 2 (Figure S7.7B): instead of hybridizing with the lower part of
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another CP 2 which is formed by thymine nucleotides, the bridge probes formed unstable
duplexes with other bridge probes. Thus, the responses almost duplicated the value found with
the not mismatched bridge but then had a huge K.

The experiment was repeated twice and in one of these repetitions AMP was injected
at second 920 at a concentration of 1 mM to each of the constructions. Previously, this target
concentration did not affect the hybridization between probes. In Figure 7.14A can be observed
that the molecular target was not able to disrupt the hybridization between CP 1 and the
different mismatched bridge probes and response curves were equal in absence or presence of
AMP, excepting the construct with BP mut 3. In this case, the only change in response with AMP
was to higher values, due to recognition of AMP by some free CP 1. In case of CP 2, as it is not
able to recognize the target, there were no changes at all between the injection with and
without AMP (not shown).

The situation changed while using CP ADA (Figure 7.14B); in this case, it was possible to
cause a change in Ko¢ with BP mut 2 and BP mut 3 when AMP was present in solution. However,
it was not possible to achieve a negligible Ko in absence of the target in the latter two cases,
showing the delicate balance between the static stability and the recognition capacity of the

aptamer-based nanostructure.
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Figure 7.14. Response curves obtained upon addition of AMP at 1 mM to (A) CP 1 or (B) CP ADA

in presence of bridge probes. The flow rate was 25 uL/min.

7.2.4 Self-assembly and secondary structure in mixed solvents

In order to gain insight about its secondary and tertiary structures and the possible use
of non-physiological media, the traditional supersandwich [BP + AP 1] was built-up by self-
assembly in a variety of molecular solvents, ILs and DESs. These studies would help elucidating
if the stabilities found in short oligonucleotides (Chapters 3-5) could be extrapolated to the
nanostructure.

The formation of the nanostructures was characterized by circular dichroism and gel-
electrophoresis. It was important to use at least 0.5 M of choline chloride in solutions containing

molecular solvents to ensure the formation of the nanostructure which needs counterions to
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maintain a certain rigidity. This was not necessary in ILs and DESs because they always had higher
concentrations of choline cation. As a positive control, the same experiments were carried out
with the aqueous buffer used in previous sections that contains 0.5 M NaCl.

It was previously observed by gel-electrophoresis (Figure 7.1) that AP 1 can form
intramolecular interactions due to its 8 complementary base-pairs whereas BP cannot and forms
intermolecular interactions with other BP strands, a maximum of 20 base-pairs. This was verified
with CD (Figure 7.15A). On the other hand, while mixing both probes, the formed supersandwich
showed the B-form but, there was a significant shoulder at 280 nm probably because part of the
BP was interacting with other BP. The supersandwich was then self-assembled at different
concentrations of choline chloride (Figure 7.15B), as can be observed, it is able to form the
nanostructure in all of them, further studies using gel-electrophoresis would show if there were

differences in length.
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Figure 7.15. Circular dichroism measurements of (A) BP, AP 1 and [BP + AP 1] in choline chloride
0.5 M or (B) [BP + AP 1] at different concentrations of choline chloride. All the oligonucleotides

were at 5 uM and the temperature was 25 °C.

CD measurements continued using also molecular solvents, ILs and DESs (Figure 7.16).
It can be observed that at their lowest concentration, the secondary structure of the
supersandwich was similar to that in physiological media excepting reline and CDHP, equal

results to those of Chapter 3 (Figure 3.7 and Figure S3.14).

It was possible to use DESs even up to 3.4 M (285 wt. %). At this concentration, the
supersandwich was destabilized specially in ethaline and glyceline but less than the duplex
formed between Oligol and Oligo2 showing that there was cooperativity between adjacent
sequences of the nanostructure. On the other hand, the use of reline close to anhydrous
conditions stabilized the duplex, probably because the denaturation effect of urea was
prevented by choline, as seen with salmon-sperm DNA (Figure 3.15). In case of ionic liquids
(Figure 7.16C), choline lactate did not affect the formation of the double helixes at 1 M, but at 2
and 4 M it was destabilized significantly. Choline dihydrogenphosphate destabilized more the
duplexes at low concentrations due to its acidity; however, at 4 M the supersandwich was

partially denatured.
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Figure 7.16. CD measurements of solutions containing [BP + AP 1] in (A) molecular solvents (B)
deep eutectic solvents and (C) ionic liquids at different concentration in water. [BP + AP 1] in
physiological media (NaCl 0.5 M) is always shown as reference (fine solid line). All the

oligonucleotides were at 5 uM and the temperature was 25 °C.
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A reduction in the thermal stability of the DNA double helixes should also lead to a
shortening of the nanostructure, as multiple sequences will be less likely to hybridize at the same
time. In order to corroborate this, the same samples were studied using gel-electrophoresis. In
case of molecular solvents, samples containing ethylene glycol and urea did not show significant
differences in the secondary structure but the length of the supersandwich shortens while
increasing the concentration of EG and glycerol. On the other hand, the red shift found in the
positive peak of CD using glycerol might be due to the partial denaturation of the sequences, as
can be observed in the short segments that appear in lines 8-11 of the gel (Figure S7.8).

As could be expected after the studies done in Chapter 3, the supersandwich could be
formed in choline chloride even at 3.4 M (45 wt. %). In case of DESs and ILs, at 0.9 M the
supersandwich formed in all cases except in reline and CDHP (Figures S7.9 and S7.10). However,
increasing the length of the supersandwich reduced in ethaline, glyceline and choline lactate
whereas it increased significantly in reline and in CDHP but in a minor extent as observed in CD.
These results show that the thermal stabilities of the oligonucleotides characterized in Chapter
3 were directly related with secondary structure and length of the supersandwich.

Previously, mismatches were used to reduce the thermal stability of duplexes and favour
the stimuli-responsiveness of the supersandwich. Changing the media can be considered
analogue to that strategy but with certain challenges and benefits. The main challenge will
consist in maintain the affinity of the aptamer towards the target, because as observed in
Chapter 5, the function of the aptamer can be reduced beyond the selection conditions.

Therefore, it would be necessary to use aptamers selected in the desired non-aqueous media,

322



Self-assembly and stimuli-responsiveness of DNA nanostructures
as those found in Chapter 6. On the other hand, the new environment prevents DNA from
degradation and it can be used over a wider range of temperatures and pressures than water,

or it can dissolve new molecules.
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7.3 Conclusions

The nanostructure known as supersandwich has been studied, for which it has been
constructed in one step and for the first time, using the layer-by-layer method. In addition to
being studied by electrophoresis and GPC/SEC, the construction and disassembly of the
nanostructure has been characterized for the first time online in SPR and QCM-D.

It has been necessary to redesign the nanostructure when building it layer-by-layer. This
shows the need to take into account all possible interactions. The development of software
could be of great help. On the other hand, the formation of dimers or secondary structures such
as hairpins has been found to significantly reduce the efficiency of hybridization to the
nanostructure. Nevertheless, it has been possible to achieve a nanostructure with 100 %
hybridization efficiency. This nanostructure consists of 3 layers. It was possible to reach 4-5
layers (approx. 25 nm) and maintain a negligible Ko, albeit with reduced hybridisation efficiency.
QCM-D has shown that as the nanostructure becomes longer, it behaves less rigid.

Regarding the ability of ATP or AMP to break down the nanostructure. The results
obtained differ greatly from those reported in the literature. The target molecule was not able
to undo the single-layer sandwich or the multilayer sandwich, at least at the published
concentration (1 mM). In the case of the 1-layer sandwich, 4 mM the AMP was enough to undo
it, but the sensitivity dropped dramatically when more layers were added. It was necessary to
use 30 mM AMP to see a significant change compared to 30 mM GMP. To improve the sensitivity
of the multilayer supersandwich, it has worked to reduce the affinity between oligonucleotides.

However, introducing mismatches also significantly affects the stability of the nanostructure, so
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it does not seem a useful strategy. Ideally, aptamers with a sensitivity towards the target
molecule in the nanomolar range should be used.

On the other hand, the use of DNA nanostructures in non-physiological environments
has also been considered, what permits the long-term use of these structures and the use of
new targets as stimuli. Thermal stability has been found to be higher in the supersandwich than
in individual duplexes of Chapter 3, demonstrating that there is cooperativity between the
different layers of the nanostructure, similar to what was observed using the “long” salmon-
sperm DNA. It has been shown for the first time that the nanostructure maintains the double
helix shape even under very low hydration conditions. However, the length of the nanostructure

has been significantly affected, as observed by gel electrophoresis.
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7.5 Supplementary information

Figure S7.1. The injection of different concentrations of bridge probe (2, 5 and 10 uM) to
channels containing (A) CP 1, (B) CP 2 or (C) CP ADA. The flow rate was 25 pL/min in all cases.
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Figure S7.2. The injection of different concentrations of molecular targets to channels containing

(A) CP 1, (B) CP 2 or (C) CP ADA.
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Figure S7.3. Two consecutive injection of molecular target and bridge probe to channels

containing (A) CP 1, (B) CP 2 or (C) CP ADA.
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Figure S7.4. The injection of BP at 2 uM and consecutive injection of different concentrations of

(A) AMP, (B) Adenosine or (C) GMP to channel containing CP 1.
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Figure S7.5. 3 wt. % agarose gel electrophoresis of solutions containing [BP + AP 1]. 90V 60 min.
(A) Line 1 and 1’: 3000 bp ladder. Line 3: Solution A. Line 4: Solution B. Line 5: Solution C. Line
6: Solution D. Line 8 and 8’: 300 bp ladder. Line 3’: Solution A with GMP instead of AMP. Line 4’:
Solution B with GMP instead of AMP. Line 5’: Solution C with GMP instead of AMP. Line 6”:
Solution D with GMP instead of AMP. (B) Line 1 and 5: 0 mM NaOH. Line 2 and 6: 5 mM NaOH.
Line 3 and 7: 20 mM NaOH. Line 4 and 8: 50 mM NaOH.
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Figure S7.6. GPC/SEC results of solutions formed by [BP + AP 1], [BP + AP 1 + AMP] or [BP + AP

1 + GMP] measured after 25 hours.
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Figure S7.7. Response curves obtained upon injection of different bridge probes to (A) CP 1, (B)

CP 2 or (C) CP ADA. The flow rate was 25 pL/min.

Response

A

1000

800+

600+

400+

2004

1000

8004

600+

4004

Response

200+

400

B
1000 [Tl yiplyhylyiylek :r -~
800 ~:::::::_
[J]
BP L tem—emae. 4
BPm1 § :
BPmM2 3 400
o
BPm3 203
!
0 S T T
0 100 200 300
Time (s)
C
BP
I— 1 BPm1 & BPm2
BPm3
0 1[')0 zt'Jo 3;)0 400
Time (s)
--- Capture probe2  — CP ADA

- Capture probe 1

BPm2
BPm3
BPm1

BP

335



Chapter 7

Figure $7.8. Raw images of agarose gels containing the mixture of BP and AP 1 in molecular

solvents. (A) One hour (B) one day and (C) one week after preparation.
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Figure $7.10. Raw images of agarose gels containing the mixture of BPand AP 1inILsat (A) 1 M

(B) 2 M and (C) 4 M one week after preparation.
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DNA-based gating membranes and asymmetric catalysis

8.1 Introduction

This last chapter of the thesis departs slightly from the fundamental studies where the
stability, kinetics and recognition capacity of DNA in non-conventional media have been studied.
The first part of the chapter studies the strategy of anchoring DNA nanostructure on aluminum
surfaces for further use with anodized aluminum oxide (AAO) membranes. It could permit to
achieve applications with separation, detection and catalysis purposes.

The second part of the chapter consists in the design of a microfluidic diffusion cell and
its manufacture in a local company, a need that arose due to different disadvantages found in
classical diffusion cells and the lack of microfluidic alternatives commercially available. Once the
final version of the microfluidic diffusion cell was fabricated, the DNA was supported on the AAO
membrane to build the supersandwich of Chapter 7 and achieve a membrane with stimulus-
response functions. Since this is the first time that a membrane modified with a DNA
supersandwich has been studied in a microfluidic diffusion cell, the results have been compared
with those obtained in a conventional diffusion cell.

In the third part of the chapter, the uses of DNA in the microfluidic device and in non-
physiological media expands to an ongoing collaborative project that aims to create the first
DNA-membrane reactor. In this chapter are included findings that suggest how a microfluidic
reactor design could make DNA-mediated catalysis industrially applicable. The DNA-hybrid
catalysis is normally achieved thanks to the coordination of DNA guanines with the metallic co-
factors. The DNA double helix or G-quadruplex can transfer their chirality to the metal-catalyzed

reaction generating products with an excess in one of the enantiomers?.
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In the current ongoing work, the proof-of-concept studies consisted in the Diels-Alder
cycloaddition, known as the first DNA-hybrid catalytic system discovered?, but the DNA has been
already used in a plethora of asymmetric reactions including Friedels-Craft alkylation, Michael
addition and Henry reaction®. But for now, most studies have focused on understanding the
reaction mechanism and not on designing a possible application on a larger scale or for longer
periods of time. There are only two cases where a heterogeneous system using silica
nanoparticles*” or a cellulose column® were considered. These systems allow reuse of DNA for
at least ten turn-overs, but there are still challenges to be addressed, such as avoiding DNA

degradation or accelerating the reaction rate to achieve a competitive continuous reactor.
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8.2 Results and Discussion

8.2.1 DNA nanostructures on anodized aluminum oxide

After studying the construction and disassemble of the supersandwich in Chapter 7, it
was used to create DNA-modified membranes able to have the pores closed for long periods
and response to local stimuli. An anodized aluminum oxide (AAO) membrane was chosen as
support, in particular a commercial isoporous membrane that is sold with a theoretical average
pore diameter of 20 or 100 nm. However, the mean pore diameter of the former membrane
was experimentally calculated to be of 35 + 10 nm using SEM (Section 2.8.1). A picture of the
membrane surface is shown in Figure 8.1A. On the other hand, the procedure to immobilize the
DNA in AAO surfaces was adapted from a published protocol as explained in Section 2.8.2.

In order to confirm that DNA was immobilized, a three-layer supersandwich based on
an amino modified CP 2, BP and AP 3 functionalized with the fluorophore Atto 488 (Table S8.1)
was built-up on the 35 nm mean pore-size membrane. The DNA immobilization protocol was
validated while obtaining high fluorescence values using confocal microscopy (Section 2.8.1).
The limitations of the technic prevented confirming if DNA was also inside the pores, but it was
assumed that this happened because DNA was immobilized in both faces of the membrane
emitting similar fluorescence intensities (Figure 8.1B). The width of the membrane was
measured with the reflection of the laser using Imagel Software, obtaining an average width of

55 um (Figure 8.1C), a value close to 60 uM, measured with the micrometer.
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@ &
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Figure 8.1. (A) The SEM picture obtained of membrane surface. (B) Fluorescence studies of the
membrane without or with DNA immobilized and (C) a picture of the membrane obtained with

the reflection of the laser in confocal microscopy.

Once the procedure to immobilize the DNA on the membrane was validated and prior
studying the usefulness of stimuli-responsive membranes, the surface coverage that DNA would
have on the membrane was estimated using QCM-D, as did previously with the gold-sensorchip
(Figure 7.4), but in this case using an aluminum oxide sensorchip (Section 2.8.2). Supposing that
the surface was completely silanized and functionalized with gluteraldehyde and the capture
probe (CP 2) was also distributed homogeneously, the frequency value obtained equals to a DNA
coverage of 605 ng/cm? (0.42 molecules/nm?) (Figure $8.1), slightly below the density of 0.52
molecules/nm? obtained with the gold-sensorchip.

With QCM-D measurements, it was concluded that it was possible to build-up the
supersandwich in the AAO membrane but with less surface coverage density than that of the

supersandwich built in gold surface. This could reduce the efficiency of a sensing or gating
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system but it can benefit the mass transport due to less steric limitations, thus improving the
responsiveness of the system. Then, the supersandwich was built on the AAO membrane with
an average pore diameter of 35 nm, because 100 nm would be probably too large to be closed
by the nanostructures and it was seen in previous chapter that above five layers the stability of
the supersandwich decreases significantly. The closure and opening of the pores was verified by
permeation studies using the commercial Side-Bi-Side diffusion cell and the erioglaucine
disodium salt dye as described in Section 2.8.3. In Figure 8.2 can be observed that pores of the
membrane were efficiently closed using five layers of the L-b-L supersandwich or the one-step
build-up. However, the slow permeation of the dye made necessary several days to achieve the
same concentration of dye in both chambers (when absorbance fraction equals 1). This

encouraged the design of a microfluidic system that would improve the rate of matter transfer.
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Figure 8.2. The absorbance fraction of the dye (one unit is the half of the initial absorbance of
the dye in the donor chamber) versus the (A) first five hours and (B) the whole measurement
period. The solvent was always physiological media containing 0.5 M NaCl. The initial dye

concentration in the donor chamber was 0.1 mM.

8.2.2 A custom-made microfluidic diffusion cell

The channel of the microfluidic diffusion cell (Figure 8.3) was inspired by that of the flow
modules of the QCM-D. The flow passes through the top or bottom without coming into contact
up to the area where the membrane is placed. The flow then separates again into two channels
identical to the previous ones. The total volume of each channel within the cell is about 100 pL.

The main challenges for the cell was, first, to achieve a connection to the tube system
without any leakage or breakage from frequent use. Secondly, to create a membrane placement
system that avoids breakage of the fragile alumina and was adaptable to other membrane types
and sizes, it was achieved by means of two black Viton® gaskets. Thirdly, a complete closure of
the cell, to be able to submerge it and prevent the escape of volatile solvents, for this, the central
area was raised on one side and lowered on the other, so that they can fit together. The
machining was carried out at Poliprecis S.L. (Asteasu, Spain), using polyether ether ketone

(PEEK)’.
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Figure 8.3. The custom-made PEEK microfluidic diffusion cell.
The benefits of using the microfluidic system were soon observed. It was possible to use

a broad range of flow rates with minor changes in the diffusion coefficient and close to the
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reported values®, which means that diffusion is not controlled in a great manner by the thickness
of the boundary layer. In example, in pure water, the dye had a diffusion coefficient of 1.1E-10,
1.1E-10 and 1.0E-10 m?/s using a flow rate of 0.05, 0.25 and 0.5 mL/min, respectively (Figure
8.4A). The value was calculated using the procedure shown in Section 2.8.4, considering an initial
volume of 0.9 and 0.8 mL in the donor and acceptor channels, respectively. 0.1 mM initial
concentration, a 0.143 cm? diffusion area and a membrane thickness of 0,006 cm. It was

necessary to work below 1 mL/min in order to avoid membrane fracture.
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Figure 8.4. The absorbance fraction of the dye versus the first five hours or the whole period
using (A) pure water or (B) different media at 500 pL/min. The initial dye concentration in the

donor channel was 0.1 mM and membrane had no modifications.

On the other hand, in 0.5 M NaCl media, the equal dye concentration in both channels

was achieved in 20 hours, significantly less than the 5-6 days needed in the Side-Bi-Side cell
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(Figure 8.4B). With the DNA-modified membranes used in the Side-Bi-Side cell, it was found
something surprising, not described in the literature. The dye permeated the membrane with
virtually the same diffusion coefficient regardless of the supersandwich layers (Figure 8.5). It
was confirmed that this was not due to DNA degradation or detachment from the membrane
by performing the same measurements on the Side-Bi-Side cell, in which the dye did not
permeate with a supersandwich of more than five layers.

It was therefore concluded that the small pressures that can be generated in microfluidic
systems allow the supersandwich to move like algae in the sea. This movement could allow the
dye to diffuse independently of the length of the nanostructure, as the nanostructure is not
anchored at both ends, which could prevent this peculiar circumstance. Future studies are

needed to understand how microfluidic systems affect the behaviour of DNA nanostructures.
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Figure 8.5. The absorbance fraction of the dye versus the first five hours or the whole period
using different DNA-modified membranes. The solvent was physiological media containing 0.5
M NaCl. The flux rate was always of 100 uL/min. The initial dye concentration in the donor

channel was 0.1 mM.
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8.2.3 DNA-based asymmetric catalysis

The last section of the thesis is the initial part of a collaborative project that is being
carried out together with Fernando P. Cossio's group. This consists in the creation of a versatile
DNA-reactor. The project will combine the knowledge generated in this thesis about DNA
conformation, stability and conservation, and on the other hand, the experience of Fernando P.
Cossio's group on the use of DNA in catalysis. In this section is presented a preliminary study
that aims to detect the main challenges that can appear while doing DNA-catalysis in a large-
scale. A proof-of-concept reaction was used to detect these challenges and propose the
preliminary design of a DNA-reactor.

The proof-of-concept reaction consisted in the Diels-Alder reaction (Figure 8.6A), the
first asymmetric DNA-mediated reaction that was proposed?. First, the reaction protocol was
done in homogeneous conditions as described in the literature (Section 2.8.5), using the ligands
1a-d (Figure 8.6B) and obtaining the already reported enantiomeric excess values for the ligands
1a and 1b. The ligands 1c and 1d are employed by the group of Fernando Cossio in different
catalytic reactions and have been used for the first time in this DNA-mediated reaction. It was
observed that DNA can also transfer its chirality to these ligands and as could be expected, the

reaction loses the asymmetry in absence of DNA in all cases (Table 8.1 and Figure S2).
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Figure 8.6. (A) Schematic representation of the asymmetric Diels-Alder reaction of

cyclopentadiene (2) with aza-chalcone (3). (B) The different ligands studied (1a-d).

Table 8.1. Enantiomeric excess found in different reactions*.

Ligand Enantiomeric excess in the endo product
DNA
No ligand -21.0+£9.5
la 99.0+0.1
1b 99.6 £ 0.6
1c -54.5+2.2
1d 87.6+2.0
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No DNA
No ligand -1.1+6.4
1b -7.4+8.8
1c -5.1+2.0
1d -10.2+3.3

*The temperature was always between 4 and 6 °C, the volume of the solution was 1 mL and the
reaction was done under maximum stirring for 5 days in a vial. The solvent consisted on an
aqueous buffer (MOPS 20 mM, H;0, pH 6.5). The DNA, if used, was the “long” s-sDNA at a
concentration of 1.33 mg/mL and the ligands and metal were at a concentration of 0.39 and 0.3
mM, respectively. The concentration of the reactants 2 and 3 was 15 and 1 mM, respectively.
The SD is calculated from two independent reactions.

Using the published protocol, it was soon observed a challenge that needed to be faced:
the extraction of the products with diethyl ether or dichloromethane by decantation caused an
undesired removal of DNA from the aqueous solvent (Figure 8.7A). This entails a high economic
cost and therefore this type of extraction would be unfeasible on a large scale. It was possible
to reduce considerably the loose of DNA by stirring only the organic phase (Figure 8.7B) but this
strategy needed few days to complete the extraction. The most efficient way to extract the
product without losing DNA was the use of a filter (Figure 8.7C). Integrating an AAO membrane
with a mean pore diameter of 35 nm in the microfluidic device presented in the previous
chapter. The extraction of the product (1 mM in 2 mL) ended in a considerable time (18 hours),

but this was due the small permeation area of 0.25 cm?.
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Figure 8.7. The different extraction strategies used.

During the DNA permeation studies done at RT, it was found that the salmon-sperm DNA
started degrading significantly after 10 days, this was detected by UV-Vis and gel-electrophoresis
(data not shown), and it can be observed also in permeation curves (Figure S8.3). This fact is not
considered in any article about DNA-catalysis, probably because the reaction is done at 6 °C and
in few days, but it is of upmost important if the catalysis wants to be done at higher
temperatures and for several cycles. In order to prevent the DNA hydrolysis, the salmon-sperm
DNA, ligand 1a, metal and dienophile were solvated in mixed solvents based-on ethylene glycol.
The use of EG and reline DES was due to the greater solubility of the dienophile (3) in these

media compared to that in physiological media (Figure S8.4).
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Figure 8.8. Circular dichroism spectra of different samples containing “long” salmon-sperm DNA
(1.33 mg/mL), the ligand 1a (0.39 mM) and metal (0.3 mM) in (A) physiological media (MOPS)
after one day or two weeks at RT. (B) After one day in physiological media, ethylene glycol (6.9

M) or ethaline (3.4 M).

Contrary to MOPS buffer, where salmon-sperm DNA was degraded after two weeks at
RT (Figure 8.8A), it was found that mixed solvents prevented this, in concordance with the
results of Chapter 5. Unfortunately, the presence of choline salts reduced the affinity of the
ligands towards DNA, and as can be observed in CD spectra, it might affect to the asymmetry of
the reaction. On the other hand, in ethylene glycol, it seems that the ligand binds to DNA with
higher affinity what could have great implications (Figure 8.8B). The next steps of the project
will be first to refine the microfluidic system to create a continuous reactor and then to address
the option of including non-physiological media to avoid DNA degradation, increase the

solubility of the reactants and also to expand the repertoire of possible reactions.
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8.3 Conclusions

First, the protocol for immobilizing DNA on aluminium oxide was validated by confocal
microscopy. Then, using QCM-D, the DNA density on the surface was found to be somewhat
lower than on gold, but still an acceptable value (0.42 molecules/nm?). In addition, excessive
surface saturation can be counterproductive, as discussed in the previous chapter. Next, the
supersandwich was built on an AAO membrane with an average pore size of 35 nanometers.
Permeation experiments were carried out using this membrane in a Side-Bi-Side permeation
cell. It was found that the supersandwich was able to recognize 10 mM AMP specifically and
disassemble, but unfortunately the permeation is very slow and it would take too much time to
perform systematic studies.

The latter motivated us to build a microfluidic permeation cell, the material used was
PEEK. Once designed and manufactured, the membrane with the supersandwich was inserted
into this cell. The permeation of the dye was much faster, allowing complete measurements to
be made in hours rather than days/weeks. Unfortunately, although this is a very interesting fact,
it has been observed that, as the supersandwich is only anchored at one end, due to the pressure
produced in the microfluidic system, the nanostructure has not closed the pore against the EGDS
dye. We imagine that the pressure has made it possible for the supersandwich to move like a
bank of "algae". We yet need to study a design anchored at both ends to verify this event.

Finally, the DNA-mediated catalysis was studied in order to further use at a larger scale
or with new reactions. The first reaction published a decade and a half ago has been successfully

replicated, and new ligands have been included. In the process, the following main challenges
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have been identified: DNA degradation and its extraction to the organic phase. To address the
first challenge, and also to improve the solubility of the reagents, the use of non-physiological
media has been proposed. However, this must be done with caution, as it has been shown by
circular dichroism, that in the presence of other cations, the ligand does not bind efficiently to
the DNA. On the other hand, to avoid DNA extraction, the use of a membrane is proposed and
by integrating this into the microfluidic system it would be possible to create a continuous

reactor. This project is ongoing and we will continue to study the design.
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8.5 Supplementary information

Table $8.1. Used DNA sequences.

Name

Sequence 5’ to 3’

Capture probe 1 (CP 1)

CGG CACCTG GGG GAG TATTGC GGA GGAAGG TGC CG

(5’: Thioctic acid or amino)

Capture probe 2 (CP 2)

TITTITTTITTTIT TTT GCG GAG GAA GGT GCC G

(5’: Thioctic acid or amino)

Bridge probe (BP)

TACTCC CCCAGG TGC CGA CGG CACCTT CCT CCG CA

Aptamer probe 1 (AP 1)

CGG CACCTG GGG GAG TAT TGC GGA GGAAGG TGC CG

Aptamer probe 2 (AP 2)

AC CTG GGG GAG TATTGC GGAGGAAGG T

Aptamer probe 3 (AP 3)

CGG CACCTG GGG GAGTA

(5": Atto 488)

358




DNA-based gating membranes and asymmetric catalysis

Figure $8.1. (A and C) Frequency and dissipation curves obtained in QCM-D upon immobilization

of CP 2 and consecutive injections of BP and CP 2. (B and D) Representation of the dissipation

versus frequency values obtained in each layer of the supersandwich. The A and B data

correspond to gold sensorchip and C and D data to aluminum oxide sensorchip.

0 400
L 300
N -100

=
>
Q

c L 200
(]
3
g

5 -200-

L 100

-300 . T 0

0 7500 15000 22500

Time (s)

0 150

i~ -50 L 100
=
>
Q
c
(0]
=}
]

= -100 - 50

-150 T T T T T 0

0 1800 3600 5400 7200 9000 10800

Time (s)

(wdd) uonedissig

(wdd) uonedissig

Dissipation (ppm)

Dissipation (ppm)

200+

1504

1004

150

T T
-100 -150

Frequency (Hz)

D

T
-200

-250

1204

904

60

304

Frequency (Hz)

T
-120

-150

359



Chapter 8

Figure $8.2. Circular dichroism spectra of different samples containing the metal (0.3 mM). In
some cases the “long” salmon-sperm DNA (1.33 mg/mL) and/or the ligand (0.39 mM). In (A)
there is no ligand, in (B) the ligand is 1b, in (C) the ligand is 1c and in (D) the ligand is 1d.
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Figure S8.3. (A) DNA concentration in the donor chamber when performing a permeation
experiment of both salmon-sperm DNA (s-sDNA) samples in the Side-Bi-Side cell with pure water
in both chambers and using the alumina membrane with mean pore diameter of 35 nm. (B)
Agarose gels after gel-electrophoresis of both s-sDNA before starting the permeation

experiments.
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Figure S8.4. Absorbance measurements done during the preliminary solubility test. 2 mM of
dienophile (3) were added to 2 mL of each media and stirred at 60 °C overnight. Then, the

solutions were cooled and filtered. The obtained liquid was measured by UV-Vis.

From highest to lowest absorbance
(Azz0):

— EG6.96 M

— Gilyceline 3.48 M
— Ethaline 3.48 M
— Reline 3.48 M
— CC3.48M

— MOPS 20 mM
— CL4M

— NaLac4 M

— CDHP 4 M
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General Conclusions






General conclusions

The main objective of this thesis was to develop knowledge about the intramolecular

interactions of DNA and those formed between DNA and its environment. This has been

achieved by studying the DNA in a variety of mixed solvents and creating different DNA

nanostructures. Below, are shown some general conclusions obtained from the experimental
work.

- The thermal stability of the short duplexes decreases following a polynomial trend while
changing the water content. This allows the melting temperature to be adjusted adding
specific amounts of water.

- On the other hand, at an equal concentration, the DESs destabilized more the dsDNA than
molecular solvents, probably due to the reduction of water. Interestingly, reline DES was an
exception. Using molecular dynamics simulations, it has been possible to see that in the
presence of choline, urea interacts less with DNA, especially in the major groove.

- Thanks to the cooperativity in the double helix, the “long” salmon-sperm DNA maintained
its B-form almost in anhydrous reline.

- It has been observed that choline cation has different peculiarities: it displaces the metallic
cations from DNA, favors the formation of local secondary structures in DNA and destabilizes
more the GC-rich duplexes than AT-rich ones. These experimental observations could be
verified also with computational methods.

- Regarding the conformational stability of dsSDNA, new secondary structures appeared in GC-
rich duplexes, but other duplexes maintained, in general, the B-form structure or denatured

forming a random coiled ssDNA.
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In a relative fast and cost-effective manner, the computational calculations allowed the
detection of several key points that explain the experimental results.

By analyzing the ATP DNA-aptamer by circular dichroism, it has been possible to observe
how its double helix and its recognition pocket are altered in a plethora of mixed solvents.
The results are in agreement with the conformational and thermal stabilities of the
duplexes.

Interestingly, it was found that the ATP DNA-aptamer suffered significant changes in its
secondary structure during the storage period, it is argued that these structures are not
observed in physiological media because the aptamer follows a different pathway.

As observed using circular dichroism, 0.9 M choline chloride is sufficient to prevent DNA
degradation at RT for at least several years. Even in the absence of salts, the mere fact of
using solvents other than water has already reduced hydrolysis. The increase in the ellipticity
of the negative peak after several months needs to be better studied as it could be due to
DNA aggregation.

Circular dichroism as not useful for monitoring aptamer binding to the target, so SPR and
fluorescence techniques were instead. This is the first time that SPR has been used to study
aptamer recognition in non-physiological solvents. It was possible to calculate the different
Ks at low concentrations of mixed solvents, but unfortunately the refractive index has
severely limited the range of mixed solvents that can be used.

It has been observed that the capacity of the aptamer to recognize its target varies greatly

with temperature, needing a temperature lower than 0 degrees for example, while using



General conclusions
DESs above 2 M. Although this is a handicap in several cases, it also presents new
opportunities for the use of functional DNA, as ethaline DES, for example, can be liquid until
-80 °C.
Selecting de novo the ATP DNA-aptamer in non-conventional media, it was possible to
obtain aptamer sequences specially adapted to the new solvent. Two of these sequences
were able to recognize ATP beads with solvent-specificity, not recognizing them in
physiological media.
The selected new aptamers showed G-quadruplex structures that are rarely found in
aqueous solutions and were dependent of the ionic liquid presence but also the metallic
salts. Additionally, due to the charged nature of the IL, it was possible to control the activity
of water preserving DNA from hydrolysis.
The nanostructure known as supersandwich has been constructure for the first time using
the layer-by-layer method, apart from using the already published one-step method. It has
been necessary to redesign the nanostructure when building it layer-by-layer. This shows
the need to take into account all possible interactions. The development of software could
be of great help.
The formation of dimers or secondary structures such as hairpins has been found to
significantly reduce the efficiency of hybridization to the layer-by-layer nanostructure.
Nevertheless, it has been possible to achieve a nanostructure with 100 % hybridization
efficiency. This nanostructure consists of 3 layers. It was possible to reach 4-5 layers (approx.

25 nm) and maintain a negligible Ko, albeit with reduced hybridization efficiency.
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Regarding the ability of ATP or AMP to break down the nanostructure. The results obtained
differ greatly from those reported in the literature. The target molecule was not able to
undo the single-layer sandwich or the multilayer sandwich, at least at the published
concentration (1 mM).

In the case of the 1-layer supersandwich, 4 mM of AMP was enough to undo it, but the
sensitivity dropped dramatically when more layers were added. It was necessary to use 30
mM AMP to see a significant change compared to GMP.

To improve the sensitivity of the multilayer supersandwich, it has worked to reduce the
affinity between oligonucleotides. However, introducing mismatches also significantly
affects the stability of the nanostructure, so it does not seem a useful strategy. Ideally,
aptamers with a sensitivity towards the target molecule in the nanomolar range should be
used.

The use of DNA nanostructures in non-physiological environments has also been considered,
what permits the long-term use of these structures and the use of new targets as stimuli.
Thermal stability has been found to be higher in the supersandwich than in individual
duplexes, demonstrating that there is cooperativity between the different layers of the
nanostructure.

It has been shown for the first time that the nanostructure maintains the double helix shape
even under very low hydration conditions. However, the length of the nanostructure has

been significantly affected, as observed by gel electrophoresis.



General conclusions
The supersandwich has been successfully immobilized on alumina surface, for further use in
membranes. The permeation experiments were carried out using an isoporous membrane
in a Side-Bi-Side permeation cell and the stimuli-responsiveness of the DNA-functionalized
membrane was successfully tested.
Interestingly, in the microfluidic permeation cell, it has been observed that, as the
supersandwich is only anchored at one end, due to the pressure produced in the microfluidic
system, the nanostructure has not closed the pore against the dye.
The first asymmetric Diels-Alder reaction mediated by DNA has been successfully replicated,
and new ligands have been included. In the process, the following main challenges have
been identified: DNA degradation and its extraction to the organic phase.
To address the DNA degradation, and also to improve the solubility of the reagents, the use
of non-physiological media has been proposed. However, this must be done with caution,
as it has been shown by circular dichroism, that in the presence of choline, the ligand does
not bind efficiently to the DNA.
In order to avoid DNA extraction, the use of a membrane is proposed and using the
microfluidic device it would be possible to create a continuous reactor. This project is

ongoing and we will continue studying the design.
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