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Prélogo

“Nothing in life is to be feared, it is only to be understood.
Now is the time to understand more, so that we may fear less.”

Maria Sktodowska-Curie, Nobel Prize in Physics, 1903, and in
Chemistry, 1911.






Prologo

PROLOGO

El cancer es una de las principales causas de muerte en el mundo, por lo que desde
hace décadas distintas ramas de la ciencia han intentado aunar esfuerzos en la lucha contra
esta enfermedad. Actualmente la quimioterapia es una de nuestras principales armas para
desarrollar esta lucha, y un amplio abanico de drogas de distinta naturaleza se emplean
en el tratamiento contra el cancer. Sin embargo, a pesar de los avances en los ultimos
afios, aun nos enfrentamos a retos como la mejora de la eficacia de los tratamientos, la
supresion de los nocivos efectos secundarios inducidos por estas drogas y la superacion
de la resistencia adquirida a las mismas.

Para conseguir estos objetivos es fundamental comprender los mecanismos a través
de los cuales ejercen su actividad biol6gica los compuestos anticancerigenos, aunque esto
no es una tarea sencilla. A dia de hoy sabemos que la amplia mayoria de estos compuestos
clinicamente en uso ejercen su actividad a través de su enlace al ADN, aunque los modos
de accion exactos son dificiles de precisar. Dado el papel de los &cidos nucleicos en
procesos Vvitales como son la replicacion o la transcripcidon, no es de extrafiar que
constituyan la principal diana terapéutica contra el cancer. Es por ello que una de las
primeras etapas basicas en la investigacion contra el cancer consiste en el estudio
detallado de los modos de interaccion de estas drogas con los acidos nucleicos, con el fin
de entender qué factores son determinantes en su actividad bioldgica. Asi, compuestos
como el cisplatino presentan actividad antitumoral a través de la formacion de enlaces
covalentes con el ADN, mientras que otras drogas como la doxorrubicina forman enlaces
de naturaleza no covalente.

En esta tesis se ha estudiado la interaccion de especies de naturaleza organica y
metalica asi como complejos metalicos con distintas biomoléculas, incluyendo acidos
nucleicos y proteinas, con el fin de relacionar las caracteristicas de esta interaccion con
su actividad biologica. Para ello, por una parte se ha empleado una serie de técnicas de
caracterizacion termodinamica y cinética que nos permiten determinar los tipos de
interaccion y las fuerzas que los gobiernan: medidas de absorcion y de fluorescencia,
dicroismo circular, viscosimetria, calorimetria diferencial de barrido, calorimetria de
valoracion isoterma, ensayos de desnaturalizacion térmica por FRET y la técnica de
relajacion quimica T-Jump. Por otra parte, se han realizado distintos ensayos bioldgicos,
incluyendo ensayos de inhibicién de actividad de enzimas y ensayos de citotoxicidad,
entre otros.

Esta tesis se divide en tres partes:

- Parte 1. La Parte 1, que incluye los Capitulos 111, IV y V, se centra en el estudio
de la interaccion de distintos compuestos con ADN en doble hélice. Entre las
especies estudiadas se encuentra un compuesto de naturaleza organica: la
doxorrubicina; una especie de naturaleza integramente metalica: clusteres
atomicos de plata; y una familia de complejos metéalicos de platino.

15



- Parte 2. En la Parte 2, que incluye los Capitulos VI, VII y VIII, también se
estudia la interaccion de distintas especies con &cidos nucleicos, pero esta vez nos
centramos en un tipo de estructura secundaria concreta: la cuadruple hélice de
ADN o ARN, también conocida como G-cuadruplex. De nuevo, el estudio se
realiz6 con una molécula organica, la porfirina TMPyP4, asi como con una familia
de complejos metalicos con centros de niquel, cobre y vanadio.

- Parte 3. En la Parte 3, constituida por el Capitulo IX, se explora el modo de
accion de una familia de complejos metalicos con centros de iridio y de rodio con
actividad anticancerigena que no presentan como diana el ADN, sino la
mitocondria, lo cual constituye una nueva via alternativa a los clasicos agentes
antitumorales.

Dado que algunos de los Capitulos anteriormente enumerados, a saber Capitulos 111,
IV, V1 y VII ya se encuentran publicados en revistas cientificas indexadas y con revision
por pares, estos articulos se han incluido en su versién original junto con un resumen del
trabajo realizado en cada Capitulo. En todos los casos se han cumplido las normas de
derecho de propiedad intelectual establecidas por las distintas editoriales (American
Chemical Society, Royal Society of Chemistry y Elsevier) relativas a la inclusion de
articulos completos publicados en tesis doctorales.

Por otra parte, los resultados obtenidos durante esta tesis presentados en el
Capitulo V forman parte de un articulo que se encuentra en pruebas de imprenta aceptado
para publicacion en la revista Inorganic Chemistry, y los presentados en los Capitulos
VIl y IX forman parte de articulos que se encuentran en distintas fases de envio.

Ademas, dado que se opta a la Mencion de Doctorado Internacional, que exige la
escritura del trabajo de tesis en al menos dos idiomas, los Capitulos I y Il han sido
escritos en castellano, mientras que todo el contenido referente a resultados, discusion y
conclusiones (Partes 1, 2 y 3) se presenta integramente en inglés.
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Capitulo |

Introduccioén

“Tumors destroy men in a unique and appalling way, as flesh of his
own flesh which has somehow been rendered proliferative, rampant,
predatory and ungovernable. They are the most concrete and
formidable of human maladies, yet despite more than 70 years of
experimental study they remain the least understood.”

Francis Peyton Rous, Nobel Prize in Medicine, 1966






Capitulo |

1. El cancer.

1.1. ¢;Queé es el cancer?

Céncer es un término genérico que engloba un amplio grupo de dolencias que pueden
afectar a cualquier parte del cuerpo. Sin embargo, existen ciertas caracteristicas comunes:
los “sellos distintivos del cancer”, recogidos en la Figura 1 [1]. Estas marcas distintivas
que comparten todas las células cancerigenas incluyen el mantenimiento de la
sefializacion proliferativa, la evasion de los supresores de proliferacion, resistencia a la
muerte celular, inmortalidad replicativa, la induccion de la angiogénesis, y la activacion
de mecanismos de invasion y metastasis.

Sustaining proliferative

signaling
Resisting Evading growth
cell death suppressors
Hallmarks
of Cancer
Inducing Tissue invasion
angiogenesis and metastasis

Enabling replicative
immortality

Figura 1. Los sellos distintivos del cancer (de ref. [1]).

Todas estas caracteristicas surgen debido a determinadas mutaciones en el ADN,
especialmente en genes que controlan los procesos de crecimiento y division celular.
Estas anomalias pueden ser heredadas, producirse como resultado de errores en el proceso
de replicacién del ADN o bien ser causadas por agentes externos (especies quimicas,
radiacion UV, rayos X, etc.). En muchos tipos de cancer estas caracteristicas tienen como
consecuencia ultima la generacion de tumores sélidos, que pueden crecer sin control
invadiendo tejidos cercanos y afectando a su funcionalidad. Estas células tumorales
pueden ser capaces de inducir la formacion de capilares sanguineos para abastecer de
nutrientes y oxigeno al propio tumor, proceso conocido como angiogénesis. En ocasiones,
células cancerigenas de estos tumores pueden desprenderse y viajar por el sistema
circulatorio y linfatico asentandose y originando nuevos tumores lejos del tumor inicial,
lo que se denomina metastasis.
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1.2. El cancer en cifras: un problema mundial.

El cancer se encuentra entre las principales causas globales de muerte con mas de 8
millones de defunciones al afio [2]. Esto significa que una de cada seis muertes en el
mundo estan relacionadas con esta enfermedad, y segln la Organizacion Mundial de la
Salud el futuro no se presenta mas esperanzador: se estima una cifra de hasta 24 millones
de muertes para el afio 2035. Estos datos explican por si solos la magnitud del esfuerzo
que la comunidad cientifica dedica al estudio del cancer, a nivel tanto de ciencia basica
como aplicada. Cabe destacar que aunque el cancer ha sido considerado cominmente
como “la enfermedad del primer mundo”, lo cierto es que los datos aportados por el
proyecto Globocan 2012, que presento los datos de mortalidad y prevalencia del cancer a
nivel global, muestran un cambio de tendencia preocupante, ya que en las Ultimas décadas
se ha producido un incremento de la incidencia del cancer en paises menos desarrollados.
Tanto es asi que en la actualidad cerca del 57 % de los casos de cancer se concentran en
estas regiones menos favorecidas. Ademas, si bien el cancer es uno de los grandes
problemas de las sociedades en paises desarrollados, en las regiones sin recursos el drama
es aun mayor, debido a la imposibilidad de acceder a tratamientos adecuados. Esto hace
que, de hecho, el 65 % de las muertes causadas por esta enfermedad en el mundo se
produzcan en paises en vias de desarrollo [3].

A pesar de los esfuerzos invertidos durante déecadas, son muchos los retos a los que
se enfrenta la ciencia frente a esta enfermedad. A dia de hoy la “cura” del cancer no existe,
muchos de los nuevos tratamientos que podrian implementar mejoras respecto de los ya
existentes presentan costes que hacen que su aplicacion sea insostenible a largo plazo o
sencillamente inasumible por las personas con menos recursos y los datos de incidencia
y mortalidad de la misma son desalentadores...

...y, sin embargo, la historia del ser humano esta repleta de desafios superados.

1.3. Lacienciay el cancer.

La primera descripcion escrita sobre el cancer data del antiguo Egipto (1600 a. C.). Se
trata del “papiro de Edwin Smith”, en el que se describen ocho casos de tumores de mama
y se concluye que para esta dolencia “no existe tratamiento”. No fue hasta el siglo XVI1I
cuando se realizé la primera propuesta de tratamiento contral el cancer: el cirujano John
Hunter sugirié entonces que la cirugia podria usarse para curar determinados tumores [4].

En los dltimos 200 afios nuestro conocimiento en esta materia ha aumentado
considerablemente, para lo cual ha sido vital el papel de la ciencia basica, pilar sin el cual
el progreso de la ciencia resulta imposible. En 1962 Watson y Crick recibieron el Premio
Nobel por el descubrimiento de la estructura de la doble hélice de ADN a partir de las
imagenes de difraccion de rayos X de Rosalind Franklin [5]. Desde entonces, el
conocimiento en este area de la ciencia crecio de forma imparable: aprendimos que el
ADN es la base del codigo genético, contenedor de toda la informacion por la que se rigen
los procesos en los seres vivos, y llegamos a comprender lo que se conoce como dogma
central de la biologia molecular (Figura 2), que explica como se produce el flujo de
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informacidn genética en los seres vivos. Esencialmente, esta informacion contenida en el
ADN puede replicarse para generar una copia de si misma o transcribirse a ARN para ser
después traducido en proteinas [6].

Replicacion
(ADN — ADN)
Transcripcion Inversa Transcripcion
(ARN — ADN) (ADN — ARN)

Replicacion del ARN (virus)
ARN W > (ARN — ARN)
Traduccion
(ARN — proteina)
Proteina @h=@h=0=0=0

Figura 2. Esquema del dogma central de la biologia molecular. Las flechas azules indican los
procesos denominados “generales” formulados inicialmente por F. Crick (1958) [7]. Las flechas
rojas indican algunos de los procesos Ilamados “especiales”, afiadidos con posterioridad [6].

Segun avanzaba el conocimiento sobre la funcion de los &cidos nucleicos se
comenzaron a esclarecer las causas que iniciaban los procesos cancerigenos. Durante los
afios 70 se descubrieron dos importantes familias de genes relacionados con el cancer:
oncogenes y genes supresores de tumores. Modificaciones en este tipo de genes causados
por agentes quimicos o radiacion, la presencia de determinadas anomalias heredadas de
los progenitores en los mismos o la introduccién de nuevas secuencias de ADN por
determinados tipos de virus, pueden iniciar procesos cancerigenos. Ademas, el
descubrimiento de diferentes tipos de tratamiento también experimentd avances a pasos
agigantados, sobre todo en las décadas de los 60 y 70, con el desarrollo de la cirugia,
quimioterapia y radioterapia. En los Gltimos afios nuevas rutas estan siendo exploradas,
como la inmunoterapiay la terapia dirigida [8,9]. A dia de hoy aln queda un largo camino
por recorrer en este ambito, lo cual se evidencia en el gran esfuerzo actual de la
comunidad cientifica dirigido a luchar contra esta enfermedad.

1.4. Tratamientos contra el cancer.

Los tratamientos mas antiguos y de uso mas extendido son principalmente tres:
cirugia, quimioterapia y radioterapia. Otras vias incluyen la terapia hormonal, la
inmunoterapia, la terapia dirigida o la terapia fotodinamica, y existen un amplio nimero
de lineas de investigacion abiertas en todas estas areas [10-12]. En este trabajo nos
centramos precisamente en el ambito de la quimioterapia. Para ello se han estudiado
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distintos tipos de sistemas, incluyendo tanto agentes antitumorales organicos como
complejos metalicos, con el fin de obtener conclusiones sobre el tipo de accién biologica
segun las caracteristicas fisico-quimicas de los compuestos y de su interaccion con
distintas biomoléculas. También se ha explorado el potencial como agentes para terapia
fotodindmica de nuevos complejos metélicos.

1.4.1. Quimioterapia.

La quimioterapia se basa en el uso de drogas anticancerigenas con el fin de detener o
disminuir el crecimiento de las células tumorales. Sin embargo, estos compuestos no solo
afectan a las células cancerigenas, sino que también actdan sobre las células sanas, lo cual
acarrea graves efectos secundarios. Por ello en la actualidad la investigacion en
quimioterapia se centra no solo en el desarrollo de nuevos tratamientos con mejor
eficacia, sino también en suavizar la repercusion de estos efectos secundarios.

La era de la quimioterapia comenzo en la década de 1940, cuando se descubrieron las
propiedades antineoplasicas del famoso gas mostaza, toxina que habia sido empleada en
la I Guerra Mundial [13]. A lo largo de las siguientes décadas se produjeron grandes
avances en el estudio de nuevas drogas antitumorales, principalmente de naturaleza
orgénica, como los taxanos, camptotecinas o antraciclinas [14]. En 1978 la FDA aprobo
el uso del cisplatino, el primer complejo metélico en ser usado como agente antitumoral
[15]. Muchas de las drogas antitumorales tienen como diana celular el ADN, aunque otras
dianas como la mitocondria, centro del metabolismo celular, estan siendo exploradas [16].

1.4.2. Terapia Fotodindmica.

La terapia fotodindmica (PDT) es un tipo de tratamiento que emplea una droga,
Ilamada agente fotosensibilizador (PS), que al ser expuesta a una luz de una determinada
longitud de onda es capaz de generar especies radicales citotoxicas (Figura 3) [17].

Oxigeno
Fotosensibilizador triplete
(estado excitado)
Radicales libres,
oxigeno singlete (*O.,)
Fotosensibilizador l
Irradiacion (estado fundamental)

Citotoxicidad

Figura 3. Esquema del mecanismo de accién de la PDT (adaptado a partir de ref. [17]).

Idealmente este agente PS presenta citotoxicidad nula en la oscuridad [18]. Al ser
irradiado puede pasar al estado singlete excitado (*PS”), y a partir de un cruce entre
sistemas alcanzar el estado triplete excitado (°PS™) [19]. En este punto pueden darse dos
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tipos de reacciones, que se recogen en la Figura 4 [20]. En las reacciones de tipo | el PS
en su estado triplete excitado puede reaccionar a través de un proceso de transferencia
protdnica o electronica con un sustrato bioldgico, dando lugar a determinadas especies
radicales altamente reactivas. En las reacciones de tipo Il se produce una transferencia de
energia entre el estado triplete del PS al oxigeno molecular, que también se encuentra en
estado triplete (302) siendo por tanto una transicion permitida, pasando a oxigeno singlete
(*O,). Esta especie es altamente oxidante y reactiva por lo que puede provocar la muerte
celular por diversas vias.

—h p—
1pg* 3ps” RH 1pg* 3pg* 302
Tipo 1 L’ Tipo II (‘ o
Irradiacion R*+H*  Irradiacion o,
PS - pPS PS
{ 30,
(07

Figura 4. Esquema de los mecanismos fotoquimicos tipo | y tipo 1l en PDT (adaptado a partir de
ref. [20]).

2. Los acidos nucleicos.

2.1. EIl ADN como diana contra el cancer.

El ADN es la diana molecular de muchas de las drogas antitumorales existentes [21].
En este sentido, la mayoria de agentes quimioterapéuticos en uso son inespecificos, ya
que afectan tanto a células cancerigenas como a células sanas. Esta es la razon de que
todos los agentes antitumorales de que disponemos hoy en dia sean potencialmente
toxicos y su uso conlleve importantes efectos secundarios. Como puede verse en la
Figura 5, la investigacion en este campo estd en continua evolucion. Los primeros
agentes anticancerigenos descubiertos a principios del siglo XX interaccionan con el
ADN a través de la formacion de enlaces covalentes (cross-linking), modo de enlace que
comparten algunas drogas antitumorales en uso actualmente, como es el caso del
complejo metélico cisplatino [22]. En las décadas siguientes surgio el interés por las
familias de agentes intercalantes, como las antraciclinas, entre los que se incluye la
doxorrubicina, compuesto estudiado en la Partel de esta tesis [23,24]. Otros
mecanismos de accion, como es la rotura de la doble cadena del ADN, el reconocimiento
de determinadas secuencias de ADN por parte del agente antitumoral con el fin de
incrementar la selectividad o el reconocimiento de complejos proteina-acido nucleico,
han sido también ampliamente investigados.

Por otra parte, una de las vias de estudio mas recientes se basa en aprovechar la
diversidad estructural de los &cidos nucleicos. Como se recoge de nuevo en la Figura 5,
uno de los mejores ejemplos en este ambito son las drogas selectivas de cuadruples hélices
de ADN (G-cuédruplex). Las G-cuadruplex pueden formarse Unicamente en regiones
ricas en residuos de guanina y su existencia se conoce desde la década de 1960 [25],
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aunque se consideraron durante afios como una simple singularidad estructural de los
acidos nucleicos sin relevancia bioldgica. Este tipo de estructuras presenta un altisimo
grado de polimorfismo y su funcidn es aiin objeto de discusién, pero se piensa que pueden
jugar un papel clave en procesos celulares tan importantes como la transcripcion [26-28].
Ademas, se han encontrado mas de 700.000 regiones en el genoma humano con
posibilidad de formar G-cuadruplex [29]. Muchas de estas regiones se localizan
precisamente en promotores de conocidos oncogenes, como el c-Myc, asi como en los
telomeros, que se encuentran en los extremos de los cromosomas [30,31]. Esta es la razon
por la cual el interés por las G-cuadruplex como posible diana terapéutica contra el cancer
se ha intensificado en los ultimos afios, tema que trataremos en la Parte 2 de esta tesis.

En resumen, la interaccion de compuestos, tanto de naturaleza organica como
complejos metélicos, con diferentes tipos y estructuras de acidos nucleicos acarrea
importantes implicaciones bioldgicas que pueden ser aprovechadas en la lucha contra el
cancer. Para ello resulta imprescindible comprender las caracteristicas estructurales de la
propia molécula de ADN, ya que estas van a definir el tipo de interaccidn con las distintas
drogas. También es importante recalcar que, si bien la mayor parte de las drogas
antitumorales en uso tienen como diana terapéutica el ADN, existen otras muchas
posibles vias de accion que son cada vez mas relevantes. Algunos ejemplos de dianas
alternativas al ADN son la membrana celular o el funcionamiento de determinados
organulos como la mitocondria, como veremos en la Parte 3 de esta tesis.
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Figura 5. Tipos de agentes capaces de interaccionar con el ADN y su modo interaccién molecular
(de ref. [21]). A) Cronograma del descubrimiento de los tipos de drogas que acttan a nivel de
ADN vy su evolucién con el tiempo. B y C) llustracion de los distintos tipos de interaccion con
ADN, incluyendo cross-linking, intercalacion, ruptura de la doble cadena de ADN vy
reconocimiento de secuencia. Ademas, la doble hélice de ADN esta frecuentemente asociada a
proteinas como la Topoisomerasa Il, y en forma de estructuras secundarias, como las
G-cuédruplex.
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2.2. Estructura de los acidos nucleicos.

2.2.1. Estructura primaria.

Los &cidos nucleicos son polimeros constituidos por nucledtidos sucesivos unidos
covalentemente entre si. Un nucledtido presenta tres componentes caracteristicos: (1) una
base nitrogenada (pirimidinica o purinica), (2) una pentosa (ribosa en el ARN o
desoxirribosa en el ADN) y (3) uno o mas grupos fosfato (Figura 6).

A Base tipo B
purina o
Grupo pirimidina
fosfato
i " c
O0—P— N7 RCH N7 07 \
A - é : |1 ] scH
entosa iC /
H x1jCH HC%]{?\]/CHI‘?
H
Plrlmldlna Purina

Figura 6. A) Estructura general de un ribonucle6tido (ARN) con la numeracion adoptada para
describir las pentosas. En el caso de los desoxiribonucledtidos (ADN), el grupo —OH en el carbono
2’ (rojo) esta reemplazado por un grupo —H. B) Tipos de bases nitrogenadas: pirimidina y purina
(imagen adaptada de ref. [32]).

Tanto el ADN como el ARN presentan dos tipos de bases nitrogenadas tipo purina:
adenina (A) y guanina (G). En cuanto a las bases pirimidinicas, ADN y ARN presentan
citosina (C), pero la segunda base pirimidinica es diferente: timina (T) en el ADN y
uracilo (U) en el ARN. En la Figura 7 aparecen representadas las estructuras de los
nucleotidos presentes en el ADN.

o]

0 NH,
oy oy ot 0

Hs N
0]
D—f‘—O—G[—I 0 D—ﬂl‘—O—CH, 0 D—LO—CTI 0. D—IIL—'D—CH 0
o] H H ] H H o] H H
H H

e . Deaxyadenylate Deoxyguanylate Deoxythymidylate Dreaxycytidylate
NUCIEOtIdO- (deoxyadenosine (decxyguanosine {deoxythymidine {deceycytidine
5 -monophosphate) &'-monophosphate) 5'-monophosphate) 5'-monophasphate)
Simbolo: A dA, dAMP G, di5, dGMP T,dT, dTMP C, dC, dCMP

Figure 7. Nucledtidos presentes en el ADN (imagen original de ref. [32]).

Los sucesivos nucledtidos se unen entre si de forma covalente mediante enlaces
fosfodiéster, en los que el grupo fosfato en 5° de un nucledtido se une al grupo hidroxilo
en 3’ (ver Figura 6.A) del siguiente, tal y como se representa en la Figura 8. De esta
forma se generan las cadenas de ADN y ARN, en las que se alternan residuos fosfato y
pentosa unidos covalentemente, con las bases nitrogenadas sobresaliendo de forma
lateral. A pH fisioldgico los grupos fosfato del esqueleto covalente estan totalmente

25



ionizados y cargados negativamente. Estas cadenas de nucleoGtidos constituyen una
estructura lineal que se conoce como estructura primaria de los &cidos nucleicos. La
secuencia nucleotidica se indica, por convenio, en direcciéon 5° — 3°.

ADN ARN
5" End 5" End
D—E 0

Enlace
fosfodiéster

Be—m

3' End
Figura 8. Cadena de desoxirribonucleétidos (ADN) y de ribonucledtidos (ARN) unidos mediante
enlaces fosfodiéster (imagen adaptada a partir de ref. [32]).

En la cadena de ADN, la conformacion de un nucle6tido esté afectada por la rotacion
de hasta siete enlaces (Figura 9.A). Uno de ellos es el enlace entre la base nitrogenada y
el C de la posicion 1’ de la pentosa. En las purinas, debido a impedimentos estéricos esta
rotacion puede dar lugar Unicamente a dos tipos de configuraciones: conformacion anti o
syn. En las pirimidinas, los impedimentos estéricos hacen que generalmente solo la
conformacion anti esté presente (Figura 9.B).

A @
eSO

[Basclety’ 2804
7 2" iy
&
o ¥ ) OH OH OH OH OH OH
3¢ syn-Adenosine anti-Adenosine anti-Cytidine

Figura 9. A) La conformacidn de un nucle6tido en el ADN estéa afectada por la rotacion de hasta
siete enlaces diferentes. B) En las bases purinicas existen dos conformaciones estéricamente
posibles: anti o syn. En las bases pirimidinicas Unicamente se encuentra la conformacién syn (de
ref. [32]).
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2.2.2. Estructura secundaria.

La estructura secundaria de los acidos nucleicos se refiere al ordenamiento espacial
de nucleotidos cercanos entre si. En el ADN, la forma predominante consiste en una
estructura en doble hélice, descrita por Watson y Crick en 1953 [5], aunque existen otras
estructuras como las G-cuadruplex o los i-motifs. En el caso del ARN, este suele aparecer
en la naturaleza en forma de cadena sencilla, por lo que la estructura secundaria cuando
aparece es local, solo en determinadas regiones de la molécula.

- Ladoble hélice de ADN.

Este modelo tridimensional consiste en dos cadenas antiparalelas de polinucleétidos
enrolladas entre si de forma helicoidal alrededor de un eje imaginario. La
complementariedad existente en los pares de bases, entre Gy C y entre Ay T, es la base
de la estructura en doble hélice. Esta complementariedad surge del establecimiento de
tres enlaces de hidrogeno entre las bases G y C, y de dos enlaces de hidrégeno entre A'y
T, tal y como se representa en la Figura 10.A. Por tanto, las dos cadenas de la doble
hélice tienen secuencias de bases complementarias. Ambos pares de bases (G-C y A-T),
al estar formados por una pirimidina y una purina, presentan un tamafio similar. Se
disponen apilados en paralelo con poca separacion entre ellos (3.4 A) y cada par de bases
gira 36° con respecto del anterior en sentido dextrégiro, es decir, hacia la derecha. Este
apilamiento da lugar a una hélice de 20 A de diametro como la que aparece representada
en la Figura 10.B, la cual presenta en su superficie un surco mayor y un surco menor.
Esta estructura se conoce como forma B-ADN y es la mas comun en la naturaleza. Sin
embargo, también se conocen otras estructuras en doble hélice, como son las formas Z
y A [33].
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Figura 10. A) Esquema representando la complementariedad de las bases nitrogenadas en una
doble cadena de ADN vy puentes de hidrégeno establecidos entre dichas bases. B) Modelo de la
estructura de la doble hélice de B-ADN (imagen adaptada a partir de ref. [32]).
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La forma Z del ADN fue descubierta en 1979 a partir de
experimentos de difraccion de rayos X de una doble cadena
complementaria de ADN de composicion d(CG)s
(Figura 11). Inmediatamente atrajo la atencién de la
comunidad cientifica por tratarse de una hélice levogira, en
lugar de la esperada hélice dextrdgira conocida hasta la
fecha [34]. La disposicion resultante de las bases
nitrogenadas hace que la cadena de residuos fosfato tenga
forma de zig-zag, como se representa en la Figura 12. Esta
estructura del ADN aparece a concentraciones muy altas de
sales y en presencia de determinados cationes multivalentes : ——
. . . . . Figura 11. Portada de
in vitro [35,36], e in vivo bajo la accion de determinadas ] -

; L Nature: descubrimiento
proteinas que favorecen la transicion de la forma B a la del Z-ADN [34]
forma Z [37].

e o

En el A-ADN, la doble hélice es dextrogira y mas ancha que la forma B-ADN, con
un didmetro de 26 A (Figura 12). Los pares de bases no son perfectamente
perpendiculares con respecto del eje de la hélice, haciendo que el surco mayor sea mas
profundo y el surco menor menos profundo. Esta forma aparece favorecida en
condiciones de baja hidratacion del ADN [38].

En conclusién, la B-ADN es la forma de ADN de menor energia bajo condiciones
fisioldgicas [37], por lo que no es de extrafiar que sea la forma predominante en la
naturaleza. Es de resaltar que, a pesar de que la informacion genética viene definida por
la secuencia de nucledtidos, la estructura de este polimero juega un papel crucial en todos
los procesos bioldgicos en los que participa. Asi, la doble hélice B-ADN permite el
empaquetamiento, accesibilidad y replicacion de la informacion genética de forma eficaz
[39]. Sin embargo, la presencia tanto en procariotas como en eucariotas de otras formas
como el Z-ADN [40], y el hecho de que parezcan estar involucradas en la expresion de
determinados genes, pone de manifiesto la importancia y la necesidad de investigar y
comprender la diversidad estructural de los &cidos nucleicos.

A form B form Z form
Helical sense Right handed Right handed Left handad
Diameter ~26 A ~20 A ~18 A
Base pairs per
helical turn n 105 12
Helix rise per base
palr 26A 34A 37A
Base tilt normal to
the hellx axis age & Ll
Sugar pucker C-3" endo C-2" endo C-2'" endo for
conformation pyrimidines;
C-3" endo for
purines
Glycosyl bond Ant Ant Anti for
conformation pyrimidines;
syn for purines

Figura 12. Comparacion entre las formas A, By Z del ADN. Las estructuras mostradas presentan
36 pares de bases, con las ribosas y bases en amarillo y el esqueleto en azul. La tabla recoge
algunas de las propiedades de estas formas del ADN (de ref. [32]).
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- Latriple hélice de ADN.

A pesar de que la doble hélice es la forma mas conocida del ADN, existen otras formas
que involucran no dos, sino tres o cuatro cadenas de ADN. Los nucledtidos que participan
en un par de bases pueden formar puentes de hidrégeno adicionales con otros nucle6tidos
cercanos. Por ejemplo, un residuo de cisteina protonado puede interaccionar con un
residuo de guanina de un par G-C, y un residuo de timina con uno de adenosina de un par
A-T, como se muestra en la Figura 13.A. Estas interacciones, diferentes de los
tradicionales pares de Watson y Crick, se denominan apareamientos de Hoogsteen. Estos
apareamientos permiten la formacion de triples hélices de ADN (Figura 13.B) [41,42].

A o - o . B
174 0. N _N
1 {+ TH
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l 1 )
T=A-T c=G-C’

Figura 13. A) Pares de Hoogsteen (en rosa) presentes en el ADN en triple hélice.
B) Representacion de una triple hélice de ADN (de ref. [32]).

- Lacuédruple hélice de ADN.

La formacion de cuadruples helices de ADN o ARN, también conocidas como
G-cuadruplex, se basa en el establecimiento de enlaces de hidrégeno tipo Hoogsteen entre
cuatro guaninas dispuestas en una tétrada plana, como se representa en la Figura 14.A.
Dos 0 mas tétradas pueden apilarse una encima de otra, estableciendo interacciones de
stacking entre ellas y dando lugar a las cuadruples hélices de ADN o ARN [43,44]. Estas
estructuras se estabilizan mediante la insercion en el centro de las mismas de cationes
monovalentes como el Na* o K* (Figura 14.B). Estos cationes se encuentran en el canal
i6nico, coordinados a los ocho atomos de oxigeno expuestos de las guaninas circundantes
[45].

I.--N N—y

i Y Canal l16nico
Figura 14. A) Las unidades estructurales basicas de las G-cu&druplex son las tétradas, compuestas
por cuatro guaninas interaccionando a través de enlaces de Hoogsteen. B) El apilamiento de dos
0 més tétradas da lugar a las G-cuadruplex, establizadas tanto por interacciones de stacking entre
los planos de guaninas como por la presencia de cationes monovalentes en el canal idnico formado
en el centro de estas estructuras (imagen adaptada a partir de ref. [46]).
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Las estructuras de G-cuadruplex presentan un altisimo grado de polimorfismo [45],
ya que se han caracterizado un elevado numero de diferentes topologias o conformaciones
que dependen de:

(1) La secuencia de nucledtidos.

(2) La composicion del disolvente: naturaleza de los cationes monovalentes presentes
en el medio, pH, etc.

De esta forma, una misma secuencia de nucle6tidos rica en guaninas puede plegarse
bajo diferentes conformaciones de G-cuadruplex segun las condiciones del medio, o
incluso pueden coexistir en disolucion diferentes conformaciones de una misma
secuencia en equilibrio [47], lo cual refleja la complejidad del estudio de estos sistemas.
Por ello existen diferentes formas de clasificacion de las cuddruples hélices [46]. Asi,
pueden clasificarse teniendo en cuenta si la estructura se forma a partir de una o varias
hebras de ADN (Figura 15):

A) G-cuadruplex intramolecular: plegamiento de una sola hebra sobre si misma.

B) G-cuadruplex intermolecular: plegamiento de dos, tres o cuatro hebras.

P \
; : ™~
Bz
G-cuédruplex intramolecular G-cuédruplex intermolecular

Figura 15. Representacion esquematica de algunos ejemplos de G-cuadruplex intramolecular e
intermolecular. Las tétradas se representan como rectangulos grises y la cadena de ADN como
lineas negras. La direccion de las flechas se corresponde con la direccion 5° — 3 de la cadena de
ADN.

También la polaridad u orientacion de las hebras (5> — 3’) determina el polimorfismo
estructural de las G-cuadruplex [48], como se refleja en la Figura 16.

A) 4 hebras paralelas: conformacion paralela.
B) 3 hebras paralelas: conformacion hibrida.

C) 2 hebras paralelas: conformacion antiparalela.
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SRS

Paralela Hibrida Antiparalela

Figura 16. Representacion esquematica de las diferentes posibilidades existentes en la
orientacion de las hebras en las G-cuadruplex.

Finalmente, tanto de la polaridad de las hebras como del tipo de plegamiento
dependen el nimero y caracteristicas de los “loops”, que son las cadenas que sobresalen
externas a la estructura formada por las tétradas de guaninas apiladas. En la Figura 17 se
representan los tipos de loops que pueden encontrarse en las G-cuadruplex: tipo hélice,
lateral y diagonal.

Loop

diagonal
Loop
lateral
Loop tipo

hélice
Figura 17. Tipos de loops que pueden encontrarse en las G-cuadruplex.

Todas las caracteristicas anteriormente descritas ponen de manifiesto la variedad y
complejidad estructural de las cuadruples hélices de ADN. Existe un campo de estudio
muy activo en este ambito, y ya han sido caracterizadas estructuralmente las
conformaciones de G-cuadruplex de muchas secuencias de interés en el genoma humano,
como es el caso del ADN telomérico o regiones de protooncogenes como el c-Myc o el
Bcl-2 [47,49,50]. Este gran interés por la resolucion de las conformaciones de las
diferentes cuédruples hélices de ADN reside en que sus caracteristicas estructurales
pueden determinar la interaccion con determinadas drogas especificas de G-cuadruplex,
como veremos en el apartado 3.2 de este Capitulo I.

2.2.3. Estructura terciaria.

El empaquetamiento del ADN en virus, procariotas y eucariotas presenta diferentes
grados de complejidad y da lugar a la estructura terciaria del ADN. Cuanto mas complejo
es el genoma, como en el caso de las eucariotas, mayor es el grado de organizacion del
material genético, como veremos a continuacion [51].
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- Virus. Muchos virus consisten basicamente en una cadena sencilla de ADN o
ARN rodeada por una carcasa proteica. Sin embargo, otros ADNs virales tienen una
topologia circular covalentemente cerrada, al igual que el ADN de muchos procariotas.

- Procariotas. EI ADN en doble hélice en procariotas suele encontrarse en forma
circular covalentemente cerrada y se encuentra anclado en la cara interna de la membrana
plasméatica. Al tratarse de una molécula circular cerrada, puede adquirir diferentes
estructuras por medio de superenrollamientos de la doble hélice sobre si misma. A esta
estructura se la conoce como gendforo o cromosoma procariota (Figura 18). En muchas
bacterias ademas del cromosoma pueden encontrarse otros elementos extracromosémicos
Ilamados plasmidos, constituidos por pequefias moléculas de ADN circular que estan
libres en el citosol y que son responsables, entre otras cosas, de la resistencia a
antibioticos. Por ejemplo, plasmidos con el gen que codifica la enzima B-lactamasa
confieren resistencia a antibidticos como la penicilina, ampicilina y amoxicilina [52].

Figura 18. Representacién del cromosoma bacteriano y de un plasmido, junto con una imagen
este Ultimo obtenida mediante TEM (Microscopio Electrénico de Transmision), en una bacteria
(imagen de “ScienceSourceimages”).

- Eucariotas. La organizacién del material genético en eucariotas presenta un grado
de complejidad mucho mayor que en procariotas y se distribuye en cromosomas, cuyo
namero difiere mucho de unas especies a otras. Cada cromosoma en las células eucariotas
esta formado por una unica molécula de ADN en doble hélice, cuyo nivel de
compactacién es altisimo. Esta compactacion se produce tanto por procesos de
superenrollamiento, similares a los presentes en procariotas, como por asociacién con
proteinas especificas. Estas proteinas son del tipo histona, que presentan bajo peso
molecular y son ricas en aminoacidos basicos, arginina y lisina, disponiendo asi de gran
cantidad de cargas positivas que favorecen la interaccion con los grupos fosfato del ADN.

En la Figura 19 se presenta un esquema con las etapas del empaquetamiento del ADN
en eucariotas. La unidad fundamental de organizacion del cromosoma en eucariotas es el
nucleosoma, que consiste en un octdmero de histonas alrededor del cual el ADN da dos
vueltas. Estos nucleosomas se unen entre si por un fragmento de ADN de unos 200 pares
de bases, dando lugar a una estructura que se conoce como “collar de perlas”. El siguiente
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nivel de compactacidn consiste en una asociacion helicoidal de los nucleosomas, dando
lugar a una estructura llamada fibra de 30 nm, la cual mediante asociacion a proteinas de
tipo no histona se compacta ain mas formando las fibras de cromatina. Finalmente,
mediante la formacion de bucles y superenrollamientos se forman los cromosomas, que

solo son visibles durante la division celular.
E Doble hélice

de ADN

Cromosoma

Nucleosoma

Fibra de
cromatina

Figura 19. Esquema de las etapas del empaquetamiento del ADN en eucariotas (adaptado a partir
de ref. [32]).

3. Interaccion de ligandos con acidos nucleicos.

Los &cidos nucleicos, especialmente el ADN, son dianas terapéuticas claves de
muchas drogas empleadas contra afecciones como el cancer y las enfermedades
infecciosas [53]. Esto es debido al papel que estos biopolimeros juegan en diferentes
procesos bioldgicos vitales (ver Figura 2, apartado 1.3, Capitulo 1), y que pueden verse
alterados o inhibidos debido al enlace de ciertos ligandos. Entender las caracteristicas de
la interaccién de estos ligandos con el ADN y su implicacién bioldgica es un area de
investigacion en la que se involucran areas de la quimica, la biologia molecular y la
medicina. En esta tesis se ha hecho especial énfasis en el estudio de la interaccion de
pequerfios ligandos con dos estructuras del ADN: la doble y la cuadruple hélice de ADN.
Aunque existen muchas caracteristicas comunes, las diferencias estructurales tienen
importantes consecuencias en la interaccion con ligandos. Por ello, a continuacion se
clasifican y describen brevemente los tipos de interaccion ligando — ADN, en doble y
cuadruple hélice, que pueden presentar los agentes anticancerigenos que acttian a nivel
de ADN.

3.1. Interaccion de ligandos con ADN en doble hélice.

Los modos de enlace de ligandos al ADN pueden clasificarse en dos grandes grupos:
covalentes y no covalentes.
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3.1.1. Interacciones covalentes.

Muchas de las drogas anticancerigenas en uso hoy en dia ejercen su actividad
terapéutica gracias a la formacion de enlaces covalentes irreversibles, por ejemplo, a
través de la alquilacion o del cross-linking. Los agentes alquilantes son, de hecho, la clase
mas antigua de agentes antitumorales [21]. Estos agentes suelen reaccionar con los
residuos de guanina del ADN, aunque pueden afectar a otras bases, introduciendo grupos
alquilo como el metilo e impidiendo de esta forma el reconocimiento entre bases A-T y
G-C en los pares de bases del ADN, lo cual provoca un desajuste conocido como
“miscoding” [54]. El resultado ultimo consiste en la fragmentacion de la molécula de
ADN por la accién de las enzimas de reparacion, producido cuando estas tratan de
reemplazar las bases alquiladas sin éxito. Sin embargo, los agentes mas potentes y
eficaces dentro de este grupo actlian a través de la formacion de “cross-linking”, proceso
en el cual dos bases nitrogenadas se unen entre si a través de un agente bifuncional con
dos sitios de unién al ADN [55]. El cross-linking puede ser intracatenario, cuando se
produce entre dos bases de una misma hebra de ADN, o intercatenario, entre dos cadenas
diferentes de ADN (Figura 20). Esto impide la lectura del ADN tanto para ser duplicado
como para sintetizar el correspondiente ARN y, por tanto, los procesos de replicacion y
transcripcion resultan inhibidos provocando la muerte celular [22,56]. Ademas, el enlace
covalente al ADN puede producirse también a través de un solo sitio de union, dando
lugar a monoaductos. El cisplatino es un ejemplo tipico de agente anticancerigeno capaz
de formar distintos tipos de enlaces covalentes con el ADN, en el que el metal, Pt, puede
coordinarse a las posiciones N7 de los residuos principalmente de guanina, como se
representa en la Figura 20 [57,58].

Cross-link Cross-link Cross-link
intracatenario intercatenario Monoaducto ADN-proteina
NHs NH3
HsN HsN
~ /G ~.,_~G
Pt Pt —Pt— HsN—Pt— G
HaN — ~—G HaN — G HsN Pt G 3 |
H20

Figura 20. Tipos de enlaces covalentes con ADN formados por el compuesto cisplatino.

3.1.2. Interacciones no covalentes.

Existen varios tipos de interacciones no covalentes entre ligando y ADN basadas en
el establecimiento de enlaces de hidrogeno, fuerzas de van der Waals, interacciones
electrostaticas y/o hidrofdbicas. Al contrario que las interacciones covalentes, estas son
reversibles, y sus efectos bioldgicos mas relevantes estan relacionados principalmente
con la induccion de cambios conformacionales en la molécula de ADN v la interferencia
en interacciones proteina-ADN como en el caso de las topoisomerasas. Los modos de
interaccion no covalente se clasifican en tres tipos: intercalacion, union al surco y enlace
externo (Figura 21).
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- Intercalacion.

Las drogas intercalantes son moléculas capaces de insertarse entre dos pares de bases
adyacentes de la doble hélice, sin llegar a romper los enlaces de hidrdgeno entre las bases
A-T y G-C. Todas ellas tienen una caracteristica comun: presentan unidades aromaéticas
planas en su estructura [59]. ElI complejo ADN-intercalador estd estabilizado por
interacciones m-m Stacking entre la region aromatica del intercalador y las bases
nitrogenadas del ADN [60]. Por esta razon, este tipo de complejos son menos sensibles a
los cambios de fuerza idnica del medio que las uniones al surco y los enlaces externos
que veremos a continuacion. Entre los efectos que los agentes intercalantes provocan
sobre la molécula de ADN destacan el alargamiento y desenrollamiento parcial de la
doble cadena debido a la insercion de la molécula entre los pares de bases [61,62].
Ademas, las interacciones de stacking establecidas estabilizan la estructura en doble
hélice. Estas modificaciones estructurales tienen importantes consecuencias en la
funcionalidad de la molécula de ADN, ya que pueden desencadenar la inhibicion de los
procesos de replicacion, transcripcion y reparacion del ADN [63]. Algunos ejemplos
clasicos de drogas intercalantes son el bromuro de etidio o miembros de la familia de las
antraciclinas como la doxorrubicina [23,64].

- Union al surco.

Los conocidos como “groove binders” son moléculas capaces de interaccionar con
los surcos de la doble cadena de ADN estableciendo enlaces de hidrogeno y/o fuerzas de
van der Waals con las bases nitrogenadas que quedan expuestas en estas regiones de la
doble hélice. Moléculas grandes como proteinas y oligonucleétidos pueden interaccionar
con el surco mayor, mas espacioso [65,66], mientras que moléculas mas pequefias suelen
interaccionar con el surco menor [67]. Estas moléculas pequefias a menudo presentan
varios anillos aromaticos y su estructura es alargada y ligeramente curva [68], lo que
facilita la interaccion con el surco. Generalmente muestran preferencia por secuencias
ricas en A-T, debido a que el surco en estas regiones es mas estrecho que en secuencias
ricas en G—C, favoreciendo las interacciones de van der Waals [69-71]. A diferencia de
la intercalacion, los enlaces al surco no provocan grandes modificaciones en la estructura
de la doble hélice. Algunos ejemplos de los compuestos mas conocidos capaces de
interaccionar con el surco menor son los antibidticos polipirrdlicos distamicina A y
netropsina o el marcador nuclear DAPI [67].

- Enlace externo.

El enlace externo es de naturaleza electrostatica y tiene lugar entre ligandos cargados
positivamente y los grupos fosfatos del esqueleto del ADN, cargados negativamente. Por
esta razon, es un modo de enlace muy dependiente de la fuerza i6nica del medio [72].

35



éf’ % Enlace al surco menor
-5 4

= Intercalacion

é’,ﬁ’ Enlace externo
="

_,.//

A
P
- Enlace al surco mayor
/
M

X

Figura 21. Representacion de los tipos de interaccion no covalente con ADN.

3.2. Interaccion de ligandos con ADN en cuadruple hélice.

La particular geometria de las G-cuadruplex permite su reconocimiento especifico por
parte de pequefios ligandos a través de distintos modos de enlace, algunos con
caracteristicas comunes a los de la doble hélice [73]. Las interacciones pueden dividirse,
de nuevo, en covalentes y no covalentes. Sin embargo, en el caso de las cuadruples
hélices, las interacciones no covalentes son mas interesantes ya que permiten el disefio de
ligandos altamente especificos aprovechando las peculiaridades estructurales de las
G-cuédruplex [74-76]. Esta selectividad hacia la G-cuadruplex frente a la doble hélice
presenta una gran relevancia, ya que en cualquier sistema biolégico la cantidad de ADN
en forma de doble hélice sera muy superior a la de ADN en forma de G-cuadruplex. Por
ello, solo una elevada selectividad puede permitir a un ligando de G-cuadruplex alcanzar
su “target” [77]. En la Figura 22 aparecen representados algunos de los modos de enlace
que han sido identificados: las interacciones de stacking con las caras externas de las
G-cuadruplex, la intercalacion y el enlace al surco [46].

External stacking Intercalation Groove binding

Figura 22. Representacion de los modos de interaccién ligando — G-cuadruplex mas comunes (de
ref. [46]).
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En general, los ligandos selectivos de G-cuadruplex presentan amplias unidades
aromaticas planas en su estructura, lo que favorece las interacciones de n-stacking con las
tétradas, que poseen también un elevado carcter aromatico [78,79]. Una de las
principales consecuencias que este tipo de interaccion tiene sobre la G-cuadruplex es la
estabilizacion de su estructura. Existe una amplisima literatura al respecto, abarcando
desde moléculas organicas a complejos metalicos [80,81]. En la Figura 23 se recogen
algunos de los ejemplos mas conocidos de ligandos de G-quadruplex [74,82-85].
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Figura 23. Ejemplos relevantes de compuestos organicos y complejos metalicos capaces de
interaccionar y estabilizar estructuras de ADN en cuadruple hélice [74,82-85].

4. Consecuencias biologicas de la interaccion
droga - ADN.

Una vez descritas las caracteristicas estructurales de los acidos nucleicos asi como los
tipos de interaccion que una droga puede establecer con los mismos, es necesario
enmarcar estos aspectos en el contexto bioldgico. ¢Por qué la mayoria de las drogas
antitumorales en uso actian a nivel de ADN?, ;qué relevancia tiene el estudio de la
interaccion droga - ADN?; y, en definitiva, ¢cuales son las consecuencias biologicas de
esta interaccion? En este punto las fronteras entre las diferentes areas de la ciencia,
establecidas por conveniencia, se difuminan, ya que no podemos enfrentarnos a estas
preguntas si no es desde una estrecha colaboracion entre los ambitos de la quimica, la
biologia y la medicina.
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4.1. Elciclo celular.

Las células se reproducen ejecutando una secuencia ordenada de procesos en los que
el contenido celular se duplica y la célula se divide en dos, lo cual se conoce como ciclo
celular [51]. Como se representa en la Figura 24, el ciclo celular eucariota puede dividirse
en cuatro grandes fases secuenciales que involucran diferentes eventos: G1, S, G2 y M.

.\ Fase M
= ) e T ——
' mitosis e
v  (division citocinesis
s nuclea) givisian
Fase G2 _ M | citoplasmatica), . -~ '

Gz,

INTERPHASE
) G
Fase S y
(Replicacion del ADN)
o Fase G1 ~

Figura 24. Representacion esquematica del ciclo celular en células eucariotas (imagen adaptada
a partir de imagenes del repositorio WikimediaCommons y de ref. [51])

Una célula que acaba de generarse por division entra en fase G1 (“gap 17). En esta
fase se produce un aumento del volumen celular y la multiplicacién de los organulos que
deberan después repartirse entre las dos células hijas. Si las condiciones externas son
desfavorables o este proceso se ve impedido por algun otro motivo, la célula puede
detener su proceso proliferativo con el fin de sobrevivir, entrando en un estado de reposo
Ilamado GO, en el que puede permanecer dias o incluso afios, hasta que las condiciones
sean favorables de nuevo y pueda volver a la fase G1 para proseguir con el ciclo celular.

A lo largo del ciclo existen una serie de puntos de control, en los que se chequea que
la maquinaria celular haya funcionado correctamente antes de proseguir con las siguientes
etapas. Al final de la fase G1 existe un punto de control que da paso a la siguiente fase,
la fase S o de sintesis, siempre y cuando el entorno sea favorable y la célula haya crecido
lo suficiente [86]. Durante esta fase S la célula replica su ADN nuclear, creando una copia
completa del mismo. La fase G2 es el segundo “gap” en el ciclo celular y se produce entre
la fase S y la fase M (mitosis). En G2 se encuentra el segundo gran punto de control del
ciclo, en el cual se verifica que la replicacion del ADN haya transcurrido correctamente
antes de dar paso a la fase M. Si se detecta que la replicacion no se ha completado
correctamente, la célula permanecera en esta transicion G2/M hasta que los problemas se
hayan solucionado. Finalmente, en la fase M ocurren dos grandes eventos: la division
nuclear o mitosis, en la cual los cromosomas que han sido duplicados se distribuyen en
dos nucleos para las dos células hijas, y la division citoplasmatica o citocinesis, en la que
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la célula al completo se divide en dos celulas hijas (Figura 25). La mitosis se divide a su
vez en cinco etapas que aparecen representadas en la Figura 25: profase, prometafase,
metafase, anafase, telofase. Es precisamente entre la metafase y la anafase donde se
encuentra el tercer gran punto de control.

Fase M
I L l
Citocinesis
Mitosis ' !
I Punto de control I
Profase Prometafase Metafase  Anafase Telofase

e A
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Figura 25. Representacion de las etapas de la fase M en una célula eucariota (imagen adaptada a
partir de ref. [51]).

Dado nuestro interés en el ADN como diana terapéutica, es importante recalcar que
durante la mayor parte de la vida celular el ADN se encuentra en un estado de
condensacion intermedio en forma de cromatina (ver apartado 2.2.3, Capitulo I). Al
final de la fase G1 comienza a producirse la descondensacion para que puedan separarse
las dos hebras de ADN, lo cual es necesario para la replicacion del mismo durante la fase
S. Enlafase G2 el ADN vuelve a condensarse, y es en la fase M donde aparece el maximo
grado de compactacion: la formacion de los cromosomas.

4.2. Efectos biologicos del enlace a ADN en doble hélice.

Como se ha explicado en apartados anteriores, el ADN y los procesos en los que este
esta involucrado son la principal diana de las drogas antitumorales en uso clinico [21]. En
principio, esto convierte a los agentes antitumorales en drogas inespecificas que afectan
tanto a células cancerigenas como a sanas. Cabe preguntarse entonces cudl es la razon de
la continuidad del elevado interés cientifico por este tipo de drogas.

La respuesta a esta pregunta se encuentra en gran medida en las caracteristicas tipicas
de las células cancerigenas y su ciclo celular [87,88]. Estas células se dividen sin control
y sus mecanismos de senescencia estan desactivados, por lo que ejecutan el ciclo celular
mas veces y de forma mas rapida que sus homologas sanas [88]. La interaccion de
ligandos con el ADN puede impedir que procesos tan importantes en el ciclo celular como
es la replicacion del propio ADN (que se produce en la fase S) transcurra de forma
correcta. Gracias a esto, muchas de estas drogas consiguen detener el ciclo celular en el
punto de control de la fase G2 (ver apartado 4.1, Capitulo 1), debido a los dafios
causados en el ADN durante su replicacion [89]. Algunos ejemplos relevantes de este
modo de accion incluyen el cisplatino o la doxorrubicina [90,91]. En definitiva, la

selectividad de este tipo de drogas reside en el hecho de que en un determinado espacio
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temporal las células cancerigenas ejecutaran mas veces el ciclo celular que las células
sanas, por lo que estadisticamente afectardn en mayor medida a las cancerigenas.

4.3. Efectos biologicos del enlace a G-cuadruplex.

Existen un gran nimero de estrategias planteadas para mejorar la selectividad hacia
células cancerigenas. Una de ellas consiste en incrementar la selectividad estructural de
las drogas, es decir, emplear como diana determinadas estructuras del ADN que pueden
jugar papeles importantes en procesos bioldgicos muy concretos. En el caso de las
cuadruples hélices de ADN, el interés a nivel bioldgico reside en el hecho de que
secuencias con la capacidad de plegarse en G-cuédruplex aparecen de forma recurrente
en promotores de oncogenes y en los telémeros [80,92]. En el ndcleo celular, la formacion
de G-cuédruplex puede ocurrir cuando el ADN en doble hélice se separa localmente para
realizar procesos como la replicacion y la transcripcion, y también en los telémeros de
los cromosomas, que estan constituidos por una sola hebra de ADN de secuencia
d(TTAGGG)n y de los que dependen los procesos de senescencia celular (Figura 26)
[93,94]. Ademas, el ARN mensajero (mMARN) que se encuentra en el citoplasma para
realizar la traduccion también puede formar G-cuadruplex [27]. Por ello, el disefio drogas
que interaccionen y estabilicen especificamente las G-cuadruplex presenta un gran
potencial para afectar y modular diferentes procesos celulares de gran importancia,
aunque lo cierto es que nos encontramos aun en fases de investigacion muy tempranas en
lo que se refiere a las consecuencias bioldgicas de esta interaccion [95].

Nucleus Cytoplasm
A B u yiop
,\EJlTraﬁscription A[VJMVJH’J]
hdh Fosoaona AR Telomeres
C
D _

i, \Re]Lcation Translat\iﬁr;

Figura 26. En el ndcleo la formacion y estabilizacion de G-cuadruplex puede ocurrir durante la
transcripcion (A) y la replicacion (C) y en los telomeros (B). En el citoplasma pueden formarse
G-cuadruplex en el mMARN afectando a la traduccion (D). De ref. [27].

5. Otras dianas contra el cancer.

A pesar de la gran repercusion de las drogas que actdan a nivel de ADN, en los Gltimos
afnos se han planteado otras posibles dianas celulares. El objetivo fundamental consiste
en disminuir los efectos secundarios perjudiciales de las drogas existentes asi como
superar la resistencia que puede aparecer después de determinados tratamientos
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antitumorales. Algunos ejemplos de dianas alternativas investigadas en el &mbito de la
quimioterapia incluyen la mitocondria, los microtdbulos o una amplia variedad de
proteinas con funciones especificas como los receptores transmembrana, entre otros
muchos [96-98].

En la Parte 3 de esta tesis nos centraremos precisamente en la mitocondria como
diana celular de una pequefia familia de complejos metalicos de Iridio y Rodio. Puede
decirse que las mitocondrias son organulos con roles tanto vitales como letales. Por una
parte, son el centro del metabolismo celular, donde a través del proceso de respiracion se
transforma la energia quimica de combustibles organicos en energia utilizable en todos
los procesos celulares necesarios para la vida [51]. Por otra parte, la mitocondria tiene un
papel clave en la regulacion de la muerte celular via apoptosis mediante la liberacion al
citosol de proteinas pro-apoptoticas [99]. Ademas, es bien conocido que las células
cancerigenas presentan diversas alteraciones mitocondriales [100,101]. Como
consecuencia, existe un creciente interés en disefiar drogas que presenten como diana
alguno de los procesos en los que se involucra la mitocondria, y existe una amplia
bibliografia al respecto [102-105]. Una de las ventajas que este tipo de dianas puede
suponer consiste en la superacion de la resistencia adquirida a tratamientos con agentes
antitumotales como el cisplatino, que acttan a nivel de ADN, dado que el mecanismo de
accion biologico es totalmente diferente [106].
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Capitulo 11

1. Metodologia Quimica - Fisica.

1.1. Reactivos.
1.1.1. Disolvente.

Todas las disoluciones se preparan con agua doblemente desionizada por un sistema
Milli-Q® (Millipore, MERCK). Como disolucion tampon se emplea en la mayoria de los
ensayos cacodilato sodico, NaCaC ((CHs).AsO2Na) o cacodilato de litio, LiCaC
((CH3)2As0sLli), y cloruro sodico (NaCl), cloruro potésico (KCI) o cloruro de litio (LiCl)
para ajustar la fuerza ionica (1), salvo en aquellos ensayos en los que se especifique el uso
de otra disolucion tamponante. Los reactivos para la preparacion de las disoluciones se
obtuvieron de Sigma Aldrich (MERCK) con grado de pureza > 99 %.

1.1.2. Ligandos comerciales.
1.1.2.1. Doxorrubicina.

El compuesto doxorrubicina (DOX) se adquirié de Sigma Aldrich. Las disoluciones
madre se preparan mediante pesada en tampon 2.5 mM NaCaC (pH = 7.0) y se conservan
a 4 °C protegidas de la luz. Las disoluciones de trabajo para realizar los distintos ensayos
se preparan a partir de estas en el disolvente tampdn especificado en cada caso.

1.1.2.2. TMPyP4

El compuesto TMPyP4 (meso-5,10,15,20-Tetrakis-(N-methyl-4-pyridyl)porphine).
se adquirié de Sigma Aldrich. Las disoluciones madre se preparan mediante pesada en
agua ultrapura y se conservan a 4 °C protegidas de la luz. A partir de esta disolucién
madre se preparan las disoluciones de trabajo por dilucion en el correspondiente
disolvente tampon.

1.1.3. Ligandos no comerciales.
1.1.3.1. Clusteres de plata triatdmicos (Ags).

Los clasteres de plata triatomicos (Ags) estudiados en el Capitulo 1V fueron
suministrados por el Prof. Arturo Lopez Quintela de laempresa NANOGAP (Santiago de
Compostela, Espafia) y su sintesis y caracterizacion se encuentran descritas en la
bibliografia [107]. Las muestras se conservan a 4 °C protegidas de la luz.

1.1.3.2. Complejos metalicos de platino.

Los complejos de platino que se han estudiado en el Capitulo V de este trabajo fueron
sintetizados y caracterizados por el grupo de los profesores Blanca R. Manzano y Félix
A. Jalon, de la Universidad de Ciudad Real (Facultad de Ciencias y Tecnologias
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Quimicas, Espafia). Las disoluciones madre se preparan por pesada en DMSO, se realizan
alicuotas y se conservan a - 20 °C. Para realizar cada ensayo se descongela una alicuota
que es usada una unica vez para evitar someter a los complejos en disolucion a procesos
de congelacion — descongelacion. Las disoluciones de trabajo se preparan por dilucion en
la disolucion tampdn indicada o bien en medio celular para realizar los ensayos
bioldgicos.

1.1.3.3. Complejos metalicos de niquel, cobre y vanadio.

Los complejos metalicos con centros de niquel, cobre y vanadio que aparecen en el
Capitulo V111 fueron sintetizados y caracterizados por el grupo del profesor Ramén Vilar
del Imperial College London (Faculty of Natural Sciences, Reino Unido). Las
disoluciones madre se preparan por pesada en DMSO Yy las alicuotas se conservan a
—20°C. Las correspondientes disoluciones de trabajo se preparan por dilucién en el
tampon especificado en cada caso.

1.1.3.4. Complejos metalicos de iridio y rodio.

Los complejos metalicos con centros de iridio y rodio presentados en el Capitulo 1X
fueron sintetizados y caracterizados por el grupo del profesor Gustavo Espino de la
Universidad de Burgos (Facultad de Ciencias, Espafa). Las disoluciones madre se
preparan por pesada en DMSO vy las alicuotas se conservan a - 20 °C. Después se diluyen
en las correspondientes disoluciones tampén de trabajo o bien en medio celular para
realizar los ensayos bioldgicos.

1.1.4. Polinucleétidos.
1.1.4.1. ADN Calf Thymus.

El ADN Calf Thymus (ctDNA) se adquirié de Sigma Aldrich en forma de sal de sodio
liofilizada. Esta sal se disuelve en agua ultrapura, se preparan alicuotas de 10 mL y se
someten a un proceso de homogenizacion ultrasonica con un equipo UP400S equipado
con un sonotrodo de titanio de 3 mm de didmetro (Hielscher, Alemania), manteniendo las
disoluciones en hielo para evitar efectos térmicos durante la sonicacion. Mediante
electroforesis en gel de agarosa a 20 VV/cm durante 20 min se determina la longitud media
de las moléculas de ADN tras la sonicacién, siendo aproximadamente de 1000 pares de
bases (bp). Para realizar los ensayos, la concentracién de ADN expresada en molaridad
en pares de bases se determina siempre espectrofotométricamente empleando el
coeficiente de extincion molar £ = 13200 Mt ecm? a A=260nm, 1=0.1M y pH=7.0
[108].
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1.1.4.2. Oligonucledtidos para formacién de G-cuadruplex.

En este trabajo se han empelado una serie de oligonucle6tidos ricos en guanina (G)
de secuencias analogas a las encontradas en determinadas regiones del genoma humano
que son capaces de formar G-cuadruplex in vitro. Ademas, los mismos oligonucle6tidos
modificados en sus extremos 5’ y 3’ con los fluor6foros FAM y TAMRA,
respectivamente, se usaron para los ensayos de desnaturalizacion térmica seguida
mediante FRET (Transferencia de Energia de Resonancia de Forster).

Todas las secuencias de los oligonucle6tidos empleados en este trabajo se encuentran
recogidas en la Tabla 1 junto con sus abreviaturas y bibliografia sobre sus estructuras en
G-cuadruplex. Todos estos oligonucledtidos fueron suministrados liofilizados por
Eurogentec (Liége, Bélgica) con grado de pureza HPLC. Las disoluciones madre se
preparan en agua a una concentracion de aproximadamente 100 uM siguiendo las
especificaciones del fabricante. La concentracion se comprueba mediante
espectrofotometria de absorcion empleando los coeficientes de extincion molar aportados
por el fabricante para cada oligonucleétido. Estas disoluciones madre se conservan a
-20°C. Para realizar el templado (annealing) de la G-cuaddruplex se preparan las
disoluciones de trabajo en el disolvente tampon deseado, tipicamente
10 mM LiCaC (pH =7.4) + 90 mM LiCIl + 10 mM KCI, salvo en aquellos casos en los
que se indique el uso de otro tampdn. Estas disoluciones se mantienen a 95 °C durante 5
minutos y después se disminuye lentamente la temperatura a lo largo de unas 5 horas
hasta alcanzarse la temperatura ambiente. De esta forma se obtienen las estructuras de
G-cuédruplex mas estables termodinamicamente.

Tabla 1. Secuencias de los oligonucle6tidos empleados junto con bibliografia referente a su
estructura en G-cuadruplex.

G-cuédruplex de ADN Secuencia Bibliografia
hTelo o Tel22 5’-AGGGTTAGGGTTAGGGTTAGGGTTA-3’ [47,109]
c-Myc 5-TGAGGGTGGGTAGGGTGGGTAA-3' [49]
c-kit2 5’-GGGAGGGCGCTGGGAGGAGGG-3 [110]
22CTA 5’-AGGGCTAGGGCTAGGGCTAGGG-3' [111]
26CEB 5’-AAGGGTGGGTGTAAGTGTGGGTGGGT-3' [112]
bcl-2 5’-GGGCGCGGGAGGAAGGGGGLCGGG-3 [113]

G-cuadruplex de ARN
TERRA 5-GGGUUAGGGUUAGGGUUAGGG-3' [114]

Doble hélice de ADN
ds26 5-CAATCGGATCGAATTCGATCCGATTG-3'
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1.1.4.3. ADN plasmidico.

Para los ensayos de electroforesis horizontal en gel de agarosa se ha empleado el
plasmido artificial pUC18 de 2686 bp. Este se obtiene mediante cultivo y crecimiento de
la cepa DH5a de Escherichia coli empleando un kit comercial de extraccion de ADN
plasmidico: “Quiagen Plasmid Purification” (Hilden, Alemania). La concentracion de
pUC18 de la disolucion madre, expresada en molaridad en pares de bases, se determina
mediante el kit comercial “Quant-iT™ PicoGreenR dsDNA Assay Kit” de Invitrogen.
Las alicuotas de esta disolucion madre se mantienen a - 20 °C hasta su uso.

1.1.5. Proteinas.
1.1.5.1. Seroalbumina bovina (BSA).

La BSA es una albumina extraida del suero bovino ampliamente utilizada como
modelo sustitutivo de la seroalbdmina humana (HSA) en muchos ensayos bioquimicos,
por ser mucho mas econdémica y presentar un comportamiento muy similar a la HSA
[115]. Las disoluciones madre de BSA, adquirida liofilizada de Sigma Aldrich, se
preparan en la disolucion tamponada indicada y la concentracion se determina
espectrofotométricamente  empleando el  coeficiente de  extincion  molar
£ =44070 Mt cm®a) =278 nmy pH = 7.0 [116]. Las disoluciones se conservan a 4 °C
protegidas de la luz.

1.2. Técnicas Experimentales.
1.2.1. Medidas de pH.

Las medidas de pH se realizan con un pH-metro Metrohm (Herisau, Suiza) equipado
con un microelectrodo de vidrio, un electrodo de referencia y un puente salino de KCI
(3 M). Para ajustar el pH se emplean disoluciones de hidroxido sédico (NaOH) o acido
clorhidrico (HCI).

1.2.2. Espectrofotometria de absorcion.
1.2.2.1. Fundamento tedrico.

Todas las especies moleculares son capaces de absorber radiacion de determinadas
longitudes de onda (A). Este proceso de absorcion de luz se rige por la ley de
Lambert - Beer (ec. 1). Al incidir un haz de luz de una determinada longitud de onda con
una intensidad lo en una disolucién de un cromoforo, una parte de dicha radiacion sera
absorbida, de forma que la parte no absorbida, I, conseguira atravesar dicha disolucién.
La transmitancia, T, se define como la relacion entre la intensidad transmitida y la
incidente (I/1p). La absorbancia (Abs) se relaciona con la cantidad de luz absorbida por la
disolucion a una determinada longitud de onda, se define como el logaritmo del inverso
de la transmitancia y es directamente proporcional al coeficiente de extincion molar, €, a
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la concentracion del cromdforo en disolucién, C, y al camino éptico recorrido por el haz
de luz, I

Abs:Iog%:-IogT:-Iogll:s-C-l (1)

0

1.2.2.2. Instrumentacion.

Las medidas de absorbancia se han realizado con un espectrofotdmetro Agilent 8453
(Agilent Technologies, Palo Alto, California) de haz simple con deteccion por fotodiodo-
array en el rango A = 190 — 1100 nm. Para el control de temperatura lleva incorporado un
sistema Peltier termostatizador (HP-89090A) con precision de £ 0.1 °C. El equipo cuenta
con una lampara de Tungsteno para las mediciones en la region del Visible y una de
Xenon para la regién UV. Las medidas se realizan en cubetas de cuarzo de alta precision
(Hellma Analytics, Millheim, Alemania) con 1 cm de camino oOptico.

1.2.2.3. Método experimental.
- Procesos de agregacion.

Una de las formas para estudiar si una determinada molécula es capaz de formar
agregados en disolucién es comprobar si cumple la ley de Lambert — Beer (ec. 1) [117].
En la cubeta se parte de la disolucién tampon y se realizan adiciones de una disolucion
del compuesto de interés en el mismo tampon a T =25°C. Tras cada adicion, se
homogeniza la disolucién en cubeta y se recoge el espectro de absorcion.

Siec. 1 se cumple, la representacion de la absorbancia a una determinada longitud de
onda (preferiblemente en un maximo de absorcién) frente a la concentracion de
compuesto sera una recta que pasa por el origen (0,0) y cuya pendiente es el coeficiente
de extincion molar del compuesto. La presencia de desviaciones de la linealidad
proporcionan informacion acerca de fendmenos que pueden estar produciéndose en
disolucion: procesos de dimerizacion o formacion de agregados de orden superior,
precipitacion, cambios en el indice de refraccion de la luz, etc.

- Valoraciones espectrofotométricas.

Las valoraciones se realizan partiendo en la cubeta de un volumen conocido de una
disolucion de ligando o droga (D) de concentracion conocida. El disolvente en ausencia
de droga o polinucledtido se emplea para recoger el blanco antes de comenzar la
valoracion. Se realizan adiciones de una disolucion de polinucledtido (P) de
concentracion conocida (C%), se homogeniza el contenido de la cubeta y se recoge el
espectro de absorcion a T = 25 °C. Los espectros son corregidos por el factor de dilucién
(ec. 2), fa, que es la relacion entre la concentracion inicial de D en la cubeta, C%, vy la
concentracion tras cada adicion realizada, Cp:

f, = C%/CD (2)
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Para el analisis de los datos experimentales se selecciona una longitud de onda donde
los cambios espectrales a lo largo de la valoracion sean maximos y se obtiene el valor de
la absorbancia en cada punto de la valoracion. A continuacion se explican los métodos
que pueden emplearse para el analisis de estos datos experimentales dependiendo del tipo
de sistema estudiado.

Ecuacion de Benesi-Hildebrand sencilla.

Entendiendo la interaccion entre la droga (D) y el polinucleétido (P) como una
reaccion en equilibrio en la que se forma un complejo droga/polinucleétido (PD) tenemos
que:

K
P+D ——PD (3)
siendo K la constante de equilibrio que se define como:
PD
k= PPl (4)

[PI[E]

donde [PD], [P] y [D] son las concentraciones en el equilibrio de PD, P y D,
respectivamente, con [P] expresada en pares de bases del polinucleétido.

En cada punto de la valoracion, la concentracion analitica de droga, Cp, es:
C, =[D] + [PD] (5)
Por tanto, teniendo en cuenta la ley de Lambert - Beer (ec. 1) para una determinada

longitud de onda donde solo absorbe la droga libre y la droga complejada y para un
camino Optico de 1 cm, la absorbancia sera:

Abs =g, [D] + &, [PD] (6)
Introduciendo ec. 5 en ec. 4:

1 _(Cy - [PD][P]

K [PD] ()
que puede reescribirse como:

C, _ 1

PO KPP ®
Por otra parte, sustituyendo ec. 5 en ec. 6 se obtiene:
Abs - £,C,= (gpp - &) [PD] 9)
Definiendo:
AAbs = Abs - £,C, (10)
Ae =g, - € (11)

50



Capitulo 11

la ec. 9 queda como:

AAbs

[PD] = ==

(12)
Finalmente, introduciendo ec. 12 en ec. 8 se obtiene la ecuacién conocida como
ecuacion de Benesi-Hildebrand sencilla:

G 1,1t 1
AAbs Ae AeK [P]

(13)

De la representacion de Cp/AAbs frente a 1/[P] se obtiene una recta cuya pendiente y
ordenada se corresponden con 1/AeK y 1/Ag, respectivamente, por lo que podemos
obtener el valor de Ae de la ordenada y el de K de la pendiente. Dado que [P] depende de
la propia constante termodinamica K, es necesario realizar un procedimiento iterativo
para el calculo de K.

Ecuacién de Benesi-Hildebrand completa.

La concentracidn de polinucledtido puede expresarse como:

C. =[P]+[PD] (14)
Teniendo en cuenta ec. 5y ec. 15 se puede reescribir ec. 4 como:

_ [PD]
(C, - [PDI(C, - [PD])

(15)

Sustituyendo en ec. 15 la ec. 12 se obtiene la ecuacion de Benesi-Hildebrand
completa:
CoCp , AAbs _ 1 C,+Cy

AAbs Ag? KAg Ag

(16)

Tomando inicialmente un valor aproximado de Aeg, que podemos obtener de la
ecuacion Benesi-Hildebrand sencilla, se representa CoCp/AAbs + AAbs/Ag? en funcion

de Cp + Cp. De la pendiente y ordenada de la recta se puede calcular Ag y K. Se sustituye

en laec. 16 el valor de Ae obtenido y se realiza un procedimiento iterativo hasta alcanzar
la convergencia.

Ecuacion de McGhee-von Hippel.

La ecuacion anterior (ec. 16) es valida para aquellos sistemas en los que el nimero de
bases ocupadas por el ligando o droga, n, sea igual a 1. Podemos entender la interaccion
como un equilibrio entre el ligando, D, y el nimero de sitios disponibles en el
polinucleotido para ser ocupados por dicho ligando, S. Si n = 1, entonces la concentracion
de sitios disponibles seré igual a la concentracién de pares de bases del polinucleétido, es
decir, [S] = [P]. Sin embargo, en muchas ocasiones el ligando no ocupa exactamente un
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par de bases del polinucleotido, por lo que n # 1y [S] # [P]. En estos casos es necesario
definir la interaccion ligando — polinucledtido como:

K
S+D —— SD a7

La concentracion [S] se puede relacionar con Cp a partir de la expresion propuesta por
McGhee-von Hippel, en la que se define el pardmetro f(r), funcion de grado de saturacion
del polinucledtido, r, y del tamafio de sitio, n [118].

fn= -0 _ B (18)

[1-(n-Dr" C,

El grado de saturacion del polinucleétido dependera de la concentracion total de
polinucledtido, Cp, y de la cantidad de complejo formado en el equilibrio [SD], por lo que
r se define como:

_ [SD] _ AAbs
C. AeC,

r (19)

Incluyendo esta modificacion de la ec. 18 en la ecuacion de Benesi-Hildebrand
(ec. 13) se obtiene la ecuacion de McGhee-von Hippel:
C, _ 1 N 1 1
AAbs Ae  AeK Cf(r)

(20)

Se estima un valor de A€ a partir de la amplitud de la isoterma de la valoracion con el
que podemos calcular un valor aproximado de r y de f(r). Representando Cp/AAbs en
funcién de 1/Cpf(r) se obtiene una recta de pendiente 1/AeK y ordenada 1/Ag. El nuevo
valor de Ae se emplea para recalcular r y f(r) y se itera tantas veces como sea necesario
hasta alcanzar la convergencia para obtener el valor de K.

Ecuacion de Scatchard.

En este método también se tiene en cuenta que el nimero de sitios, n, puede ser
distinto de 1. Para ello se introduce un nuevo parametro, B, que es el numero de sitios de
enlace por cada par de bases del polinucledtido. La concentracidn total de sitios se define
como:

[S],=BC, (21)

Segun la hipdtesis de Scatchard, los sitios de enlace son independientes entre si y
estan saturados, de forma que:

[S],= [S] + [SD] (22)
Sustituyendo ec. 21 en ec. 22 queda:

BC, = [S] + [SD] (23)
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e introduciendo en ec. 23 el pardmetro r anteriormente definido en ec. 19 queda:
BC, = [S] +rC, (24)
Reordenando ec. 24 obtenemos:

[S]=C.(B-T) (25)

Definiendo la constante termodinamica de Scatchard, Ksc, como:

_ 1sD] -
*[slo]

e introduciendo ec. 19 y ec. 25 en ec. 26 se obtiene la ecuacion de Scatchard [119]:
r

ﬁ = KscB - Kscr (27)

De la representacion de r/[D] en funcidn de r se obtiene una recta cuya pendiente es
igual a - Ksc y de cuya ordenada podemos obtener el parametro B, que se relaciona con
el tamafio de sitio n mediante la expresion:

n= # (28)

En necesario tener en cuenta que en la mayoria de los casos la ecuacion de Scatchard
(ec. 27) no se cumple en todo el intervalo de concentraciones de la valoracion, ya que la
hipétesis inicial de independencia de los sitios no se cumple en todo este rango.

- Seguimiento de cinéticas lentas.

La relacion directamente proporcional de la absorbancia con la concentracién también
nos permite seguir el progreso de reacciones lentas en disolucion y obtener mecanismos
de reaccion. Por ejemplo, la formacion de enlaces covalentes entre un ligando y el ADN
puede desarrollarse a lo largo de horas o incluso dias. Otras reacciones de interés que en
ocasiones pueden seguirse de esta forma son las sustituciones de determinados grupos en
complejos metalicos, como veremos en el Capitulo V. Las cinéticas en absorcion se
realizaron a T = 25 °C en la disolucion tampon indicada registrando la absorbancia frente
al tiempo.

1.2.3. Fluorescencia.
1.2.3.1. Fundamento tedrico.

La fluorescencia es una propiedad que presentan ciertas especies extremadamente Util
en técnicas asociadas a la quimica médica y la biologia molecular, como veremos a lo
largo de este trabajo. Se trata de un fendmeno por el cual una especie, tras recibir y
absorber una radiacién luminosa, es capaz de emitir una radiacion luminosa, siempre a

una longitud de onda mayor que la longitud de onda absorbida inicialmente. Esta longitud
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de onda absorbida se denomina de excitacion (lexc), mientras que la emitida se denomina
longitud de onda de emision (Aem).

En la Figura 1 se muestra el diagrama de Jablonski, en el que aparecen representadas
las posiciones relativas de los niveles de energia electronicos y vibracionales de una
molécula [120]. Un fluor6foro que se encuentra en el estado electrénico singlete
fundamental, So, puede absorber radiacion de determinadas longitudes de onda y pasar a
estados electronicos excitados (Si1, S2...). En las moléculas, cada uno de estos estados
electronicos presenta a su vez diferentes estados vibracionales, y la excitacion puede
producirse hasta cualquiera de ellos, razén por la cual existen bandas de absorcion que
abarcan un rango de longitudes de onda. La vuelta al estado fundamental So puede
producirse por distintas vias: radiativas y no radiativas. Por ello, aunque todas las
moléculas son susceptibles de absorber radiacion y ser excitadas a estados electronicos
superiores, no todas son capaces de emitir radiacion al volver al estado fundamental.

Dentro de las vias de relajacion no radiativas se encuentra la relajacion vibracional y
la conversion interna. La primera se produce entre niveles de energia vibracionales y es
extremadamente rapida (ver Tabla 2). La segunda se produce entre diferentes estados
electronicos de igual multiplicidad gracias a la superposicion entre estados vibracionales
de los distintos estados electronicos (por ejemplo, entre Sp y Sy, y entre S1 y So). Sin
embargo, existe la posibilidad de que el retorno a Sp desde Si se produzca de forma
radiativa mediante la emisién de un fotdn, proceso que se conoce como fluorescencia. La
fluorescencia es un proceso relativamente lento, por lo que encuentra mucha competencia
con los procesos de relajacion no radiativos (Tabla 2). Otra posibilidad de relajacion al
estado fundamental de forma radiativa es la fosforescencia. Para ello primero debe darse
un proceso conocido como cruce entre sistemas, en el que se produce un cambio de
multiplicidad de spin al pasar del estado singlete S al estado triplete T1. La fosforescencia
se produce por emision de un fotdn al pasar del estado triplete, Ty, al estado singlete
fundamental, So. Esta transicién es prohibida, por lo que es muy lenta y poco probable.
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Figura 1. Diagrama de Jablonski (de ref. [120]).
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Tabla 2. Escalas de tiempo medios de las transiciones radiativas y no radiativas del
diagrama de Jablonski.

Transicion Escala de tiempos (s) ¢Proceso radiativo?
Conversion Interna 1014 - 101 no
Relajacion Vibracional 101 - 101 no
Absorcion 101° si
Fosforescencia 104-10% si
Cruce entre sistemas 108-103 no
Fluorescencia 10°- 107 si

Por tanto, el espectro de fluorescencia de una molécula o fluoréforo es caracteristico
de la misma, ya que depende de sus propiedades electronicas. La espectroscopia de
fluorescencia posee muchas ventajas con respecto a otras técnicas como la absorcion, ya
que presenta una elevada sensibilidad permitiendo trabajar a concentraciones mucho mas
bajas. Ademas, otros parametros relevantes de los fluoréforos son el rendimiento cuantico
y el tiempo de vida. El rendimiento cuantico, @, es la relacion entre el nimero de fotones
absorbidos y el numero de fotones emitidos, por lo que su valor puede variar entre 0 y 1,
y es una medida de la eficacia del proceso de emision. El tiempo de vida de un fluoroforo,
1, e define como el tiempo promedio que una molécula pasa en el estado excitado antes
de retornar al estado fundamental [120].

1.2.3.2. Instrumentacion.

Las medidas de fluorescencia de estado estacionario se realizaron en un
espectrofluorimetro Shimadzu Corporation RF-5301PC (Duisburg, Alemania) equipado
con una lampara de Xenon (150 W). La temperatura se controla mediante un bafio externo
Julabo, con una precision de £ 0.1 °C. Se emplearon cubetas de cuarzo de fluorescencia
de alta precision de 1 cm de camino dptico (Hellma Analytics, Mullheim, Alemania).

Las medidas de tiempos de vida y de rendimientos cuanticos se realizaron en un
espectrometro modular FLS980 (Edimburgh Instruments, Livingston, Scotland) equipado
con detectores fotomultiplicadores de UV-Visible (300 - 900 nm) refrigerado mediante
efecto Peltier (Figura 2). Como fuentes de excitacion dispone de lampara de Xenon de
emisién continua (350 W) y de laseres pulsados de diodo de picosegundos. Los tiempos
de vida se midieron con una cubeta de cuarzo de fluorescencia. Para la determinacion del
rendimiento cuantico se empled una cubeta de fluorescencia en una esfera integradora
junto con el accesorio de ensamblaje de la esfera integradora F-MO01 (Edimburgh
Instruments, Livingston, Scotland). La esfera integradora consiste en una cavidad esférica
de 120 mm de didametro de un material con una reflectancia >95% en el rango
A =250 - 2500 nm.
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Figura 2. Espectrometro modular FLS 980 empleado para la determinacion de tiempos de vida 'y
rendimientos cuanticos.

1.2.3.3. Método experimental.
- Valoracién espectrofluorimétrica.

Las valoraciones se realizaron partiendo de un volumen conocido de disolucién de
ligando del que conocemos sus caracteristicas de emision (longitudes de onda de
excitacion, Aexc, y de emision, Aem). Al igual que en las valoraciones en absorcion, se
procede a realizar adiciones del polinucledtido, homogeneizando la disolucion y
recogiendo el espectro de fluorescencia tras cada adicion a T = 25 °C. El andlisis de los
datos se realiza empleando las mismas ecuaciones del apartado 1.2.2.3 usando el valor
de la fluorescencia (F) a una Aem determinada donde los cambios sean maximos,
sustituyendo AAbs por AF = F - Fo.

- Espectroscopia de fluorescencia resuelta en el tiempo.

Para determinar el tiempo de vida medio del estado excitado de las especies
fluorescentes es necesario conocer previamente sus caracteristicas de emision y
seleccionar el laser de diodo 6ptimo como fuente de excitacion pulsada. Los fluoréforos
empleados en esta tesis presentaban maximos de excitacion por debajo de los 450 nm,
por lo que se emplearon laseres pulsados de Aexc = 375 M 0 Aexc = 405 nm (50 ps). Las
medidas se realizaron en una cubeta de fluorescencia con la disolucién del compuesto de
interés. Ademas, se realizaron medidas también en presencia de diferentes
concentraciones de polinucleétido, ya que la interaccion con el mismo puede modificar
los tiempos de vida del fluoréforo. El equipo permite excitar la muestra con un pulso
ultrarrapido del orden de los picosegundos y cuantificar los fotones emitidos después del
pulso en funcion del tiempo a una determinada Aem. ESto permite conocer el tiempo de
vida medio, T, del estado excitado. El analisis de los datos se realizd con el software
FAST 3.4.0.
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- Rendimiento cuantico.

Las medidas de rendimiento cuéntico se realizaron con el método de la esfera
integradora. Para preparar las muestras de ligando, se selecciona la dexc @ la que quiere
determinarse el rendimiento cuantico y se prepara una disolucion en el disolvente deseado
a una concentracion tal que la absorbancia del ligando a esa A sea cercana a 0.1. Se
necesitan dos cubetas de fluorescencia idénticas, una conteniendo el disolvente (blanco)
y otra la disolucién de ligando en dicho disolvente (muestra). Se recoge el espectro de
emision de ambas disoluciones a la Aexc seleccionada, incluido el “scattering” emitido a
la misma A que la excitacion, como puede verse en la Figura 3.
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Figura 3. Ejemplo de espectros de emision recogiendo la regidn de scattering (S) y la region de
emision (E) de una disolucién muestra de ligando (B) y el blanco solo con el disolvente (A)
(imagen de Edimburgh Instruments).

El rendimiento cudntico @ puede obtenerse de forma directa de la siguiente relacion:
N.,, Eg-E,

O = em
N, S,-S,

(29)

abs

donde Nem Y Nabs son el nimero de fotones emitidos y absorbidos por el compuesto,
respectivamente, Eg y Ea son las éareas integradas de los picos de emisién del ligando y
del blanco y Se y Sa son las areas integradas de los picos de scattering del ligando y del
blanco, respectivamente.

Este analisis se realizo con el software F980 (Edimburgh Instruments, Livingston,
Scotland).

1.2.4. Dicroismo circular (CD).
1.2.4.1. Fundamento tedrico.

El dicroismo circular es una técnica de espectroscopia de absorcion de radiacion
electromagnética circularmente polarizada. Esta radiacion esta formada por dos
componentes polarizados circularmente, uno a izquierda (L) y otro a derecha (R), que
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estan en fase y tienen la misma amplitud (ver Figura 4.A). Cuando una luz circularmente
polarizada atraviesa una disolucion de una molécula dpticamente activa (con centros
quirales), esta puede absorber de forma diferente la luz circularmente polarizada a
izquierda y derecha, es decir, L # €r. Esta diferencia Ae = gL — er Se denomina dicroismo
circular e induce un desfase en ambos componentes circularmente polarizados, lo cual
genera una rotacion del plano de luz polarizacion de angulo a (Figura 4.B) [121].

A) B) T

A Ert+ En

Figura 4. Representacion de los componentes de la luz polarizada a izquierda y derecha (E. y Er)
antes de atravesar la muestra (A) y tras atravesar una muestra 6pticamente activa que absorbe de
distinta manera los componentes E. y Er (B).

Para definir cuantitativamente el dicroismo circular recurrimos a la ley de
Lambert — Beer — Bouguer [121]. La absorbancia en cada uno de los dos componentes de
la radiacion sera AbsL = log(lo/IL) y Absr = log(lo/Ir) y, por tanto, la diferencia en la
absorcién de ambos componentes al atravesar la muestra seré:

AAbs = Abs, - Abs; = log (:—Oj - log[l—o) = logI—R (30)

L IR IL

y el dicroismo circular:
1
Ag = a AADbs (31)

Como puede verse en ec. 30, lo no aparece en la ecuacion, y C y | en ec. 31 son
constantes conocidas, por lo que solo es necesario la medicion de Ir e I por parte del
equipo para realizar las medidas de dicroismo circular. EI pardametro fisico medido en la
técnica de dicroismo circular es la elipticidad, 0, que se relaciona con Ag de la siguiente
forma:

tano= Er L _ A, (32)

r TEL

En las medidas experimentales el software del instrumento de medicién de dicroismo
circular proporciona el valor de 0 para cada longitud de onda medida. Los resultados
suelen presentarse en forma de elipticidad molar, [0], en funcion de la concentracion
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expresada en pares de bases de polinucledtido, o bien en funcion del numero de
biomoléculas en el caso de proteinas y oligonucle6tidos:

[0] = % (deg-M™.cm™) (33)

La espectroscopia de dicroismo circular es extremadamente Util en el estudio de las
propiedades conformacionales de biomoléculas como &cidos nucleicos y proteinas. En el
caso de los acidos nucleicos, estos presentan bandas en la region UV, que es donde
absorben las bases nitrogenadas [122]. Por ejemplo, el espectro del ctDNA presenta dos
bandas caracteristicas: una negativa en torno a 245 nm, relacionada con la helicidad, y
otra positiva a 260 nm, relacionada con las interacciones de stacking entre las bases [123].
La interaccién con ligandos puede provocar cambios conformacionales en el ADN que
modifican estas bandas aportando informacion sobre el enlace, o incluso pueden aparecer
nuevas bandas en el rango visible debido a la formacion de nuevos complejos
ligando/ADN en disolucion, lo cual se conoce como dicroismo circular inducido
[124,125].

1.2.4.2. Instrumentacion.

Para realizar las medidas de dicroismo circular se empled un instrumento modular
MOS-450 BioLogic (Claix, Francia) con ldmpara de arco de Xenon y un modulador
electroOptico para obtener la luz circularmente polarizada a izquierda y derecha de forma
alterna con una frecuencia de 50 kHz. La deteccién se realiza mediante un
fotomultiplicador, y el software Biokine (version 3.2) transforma la sefial recibida en
elipticidad (0). La temperatura se controla mediante un bafio externo Julabo. Para realizar
las medidas se emplearon cubetas de cuarzo alta precisién de 1 cm de camino dptico
(Hellma Analytics, Mullheim, Alemania). En el caso de los experimentos con
oligonucledtidos (G-cuadruplex), debido a su alto coste se emplearon microcubetas de
cuarzo de pared negra, que permiten trabajar con volimenes inferiores a 500 pL.

1.2.4.3. Método experimental.

Para realizar las valoraciones primero se registra un blanco, que consiste en recoger
el espectro de CD del disolvente en ausencia de droga y de biomolécula, en las mismas
condiciones (rango espectral y velocidad de barrido) que los siguientes espectros. Este
blanco se sustrae a los demas espectros para restar la contribucion del disolvente al
espectro de CD. Se parte de una disolucion de polinucle6tido o proteina de interés de
volumen y concentracidn conocidos. Se realizan adiciones de ligando de concentracion
conocida y se registra el espectro (0 frente a A). Los espectros se corrigen por la
concentracion de biomolécula segun ec. 33 para obtener la elipticidad molar [0]. En las
isotermas se representa [0] a una determinada longitud de onda donde la variacion sea
maxima frente a la relacion de concentraciones droga/biomolécula (Cp/Cp).
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1.2.5. Calorimetria de Valoracion Isotérmica (ITC).
1.2.5.1. Fundamento tedrico.

La calorimetria de valoracion isotérmica o ITC (Isothermal Titration Calorimetry) es
una técnica muy potente para el estudio de interacciones droga/biomolécula [126,127],
ya que permite medir de forma directa el calor asociado al enlace entre ambos. Se trata
de una valoracion en la que el ligando se afiade progresivamente a una disolucion de
polinucleotido o proteina, midiendo el calor absorbido o desprendido tras cada adicion,
lo cual permite determinar los pardmetros termodinamicos del enlace [128]. El caso més
sencillo se corresponderia con un equilibrio del tipo:

K
P+D ——PD (33)

donde Py D son el polinucleétido y el ligando libres, respectivamente, PD el complejo
formado y K la constante termodindmica que gobierna el proceso que queda definida
como:

[PD]
K=
[PI[D]
siendo [P], [D] y [PD] las concentraciones en el equilibrio de P, D y PD,
respectivamente.

(34)

La constante de enlace K determina la diferencia en la energia libre de Gibbs del
proceso, AG, que se relaciona a su vez con los pardmetros termodindmicos de variacion
de entalpia, AH, y entropia, AS:

AG = - RTInK = AH - TAS (35)
donde R es la constante de los gases y T la temperatura absoluta en grados kelvin.

El equipo de ITC permite obtener de forma directa el valor de K y de AH a una
temperatura T determinada, con lo que a partir de ec. 35 pueden obtenerse también los
valores de AG y de AS del proceso de enlace [129].

En la Figura 5 se muestra un diagrama esquematico de un instrumento ITC, el cual
presenta dos celdas idénticas, una de referencia y otra de medida, alojadas en un blogque
isotérmico aislante que mantiene la temperatura constante a lo largo de la valoracion.
Estas dos celdas se mantienen en equilibrio térmico durante todo el experimento, de forma
que AT =0. En la celda de referencia se introduce agua ultrapura, mientras que en la de
medida se encuentra la disolucion de polinucleétido o proteina. En esta celda de medida
se realizan adiciones de pequefias alicuotas de disolucién de ligando espaciadas en el
tiempo, y el equipo mide la energia calorifica por unidad de tiempo (J/s 0 W) que es
necesario aportar a esta celda para mantener AT = 0 en todo momento.

60



Capitulo 11

=__Jeringa (droga)

f

Celda referencia_

: i 1 Sistema de mezclado
(disolvente) :

1
1
|

Celda de medida
(macromolécula)

.- Bloque aislante

f AT v - Sensor térmico

Figura 5. Diagrama esquematico de un instrumento de ITC (imagen adaptada a partir de ref.
[129)).

En la Figura 6 se muestra un ejemplo de un experimento tipico de ITC. Los datos
experimentales de la valoracion representan potencia (W) frente a tiempo, de forma que
se obtienen picos correspondientes a cada una de las adiciones (Figura 6.A). El calor
absorbido o desprendido tras cada adicion de ligando se obtiene del area del pico
correspondiente, y puede representarse frente a la relacion de concentraciones
ligando/macromolécula Cp/Cp (Figura 6.B). Mediante el software especializado del
equipo se ajustan los modelos de enlace a estos datos experimentales, obteniéndose del
area de los picos iniciales el valor de AH, y de la pendiente del ajuste la K termodinamica

de enlace.
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Figura 6. Ejemplo de un experimento tipico de ITC obtenido de ref.[129]. A) Datos brutos
obtenidos para una interaccion exotérmica durante la valoracion de una macromolécula (P) con
un ligando (D). B) Isoterma derivada de la integracion de los datos brutos a cada relacion de

concentraciones Cp/Chp.
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1.2.5.2. Instrumentacion.

Las valoraciones por ITC se realizaron con un Nano ITC (TA Instruments, Newcastle,
USA) con celdas de oro de 187 pL. La jeringa de inyeccion tiene una capacidad de 50 pL
y una velocidad de rotacion para el mezclado de 250 rpm. Para desgasificar las muestras
se emplea una estacion de desgasificacion (TA Instruments, Newcastle, USA), que
también se usa para limpiar el equipo tras cada uso. El software empleado para analizar
las valoraciones y obtener los pardmetros termodindmicos de enlace es Launch
Nanoanalyze 2.0 (TA Instruments, Newcastle, USA).

1.2.5.3. Método Experimental.

Se preparan las disoluciones de polinucledtido y de ligando empleando el mismo
disolvente. Este disolvente debe ser una disolucién tamponada dado que pequefias
variaciones de pH o fuerza ionica durante la valoracion pueden influir notablemente en
el calor absorbido o desprendido durante la misma. Tanto la disolucidn de polinucle6tido,
que se introduce en la celda de medida con una jeringa Hamilton de 500 pL de volumen,
como la de ligando, que se encuentra en la jeringa de inyeccién de 50 UL, se desgasifican
durante 30 min antes de realizar la valoracion para evitar la formacion de burbujas en las
celdas. La celda de referencia se llena con agua ultrapura desgasificada. En un
experimento tipico, se realizan 50 o 25 inyecciones de 1 o 2 pL del ligando,
respectivamente, espaciadas temporalmente entre ellas unos 300 segundos (s). Ademas,
deben realizarse experimentos control en los que se inyecta ligando sobre disolvente, para
obtener el calor debido a la dilucion del mismo vy restarlo al calor de la valoracién. Los
analisis se realizaron con el software del equipo empleando diferentes modelos de enlace
segun el sistema estudiado: agregacion, un solo modo de enlace o varios modos de enlace.
Entre cada experimento se limpia la celda de medida empleando é&cido férmico
(10 % v/v), detergente Extran® (MERCK) y finalmente haciendo pasar 2 L de agua
ultrapura por la celda.

1.2.6. Calorimetria Diferencial de Barrido (DSC).

1.2.6.1. Fundamento tedrico.

La calorimetria diferencial de barrido o DSC (Differential Scanning Calorimetry) es
una técnica que permite detectar la cantidad de calor absorbida o liberada por una muestra
cuando tiene lugar una transicion inducida por una variacion de la temperatura. En nuestro
caso, esta técnica se ha empleado para estudiar el proceso de desnaturalizacion térmica
del ADN en presencia y ausencia de ligandos que pueden estabilizar o desestabilizar la
estructura en doble hélice del mismo, pero es también una técnica muy util para el estudio
de proteinas [130-132].

La desnaturalizacion térmica del ADN es el proceso por el cual este pierde su
estructura secundaria, por ejemplo, la doble o cuadruple hélice de ADN, al producirse un
incremento en la temperatura del medio en el que se encuentra. Se trata de un proceso
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endotérmico en el que los enlaces de hidrogeno establecidos entre las bases nitrogenadas
deben romperse. En el caso del ADN en doble hélice, este se desenrolla y separa dando
lugar a dos hebras sencillas (Figura 7). Se define la temperatura de desnaturalizacion o
de “melting” (Tm) como la temperatura a la cual la fraccion entre el ADN nativo y el
desnaturalizado es igual a 1. Esta Tm depende de diversos factores, tales como la propia
composicion del ADN, incrementandose la estabilidad térmica de la doble hélice cuanto
mayor es su contenido en pares G-C, debido a la presencia de tres enlaces de hidroégeno
que es necesario romper frente a los dos enlaces del par A-T [133,134], o la fuerza ionica
del medio [135]. Ademas, la interaccion con ligandos puede afectar sustancialmente a la
Tm dependiendo del tipo de interaccién establecido, por lo que es un parametro muy Util
en la determinacion de la naturaleza del modo de enlace entre un ligando y el ADN. Por
ejemplo, los ligandos intercalantes suelen inducir importantes incrementos en la Trm del
ADN, debido a la estabilizacion de la doble hélice por las interacciones de stacking [136].

ADN desnaturalizado

ADN en doble hélice g, (hebrassencillas)

T AL,
QOGO — &
4 JE}\(J/ “~;th&:__g N TR

Desnaturalizacion térmica
(proceso endotérmico) @5

Figura 7. Representacion esquematica del proceso de desnaturalizacién del ADN en doble hélice.

Un calorimetro diferencial de barrido permite medir el intercambio de calor requerido
para la desnaturalizacion del ADN. Para ello, el equipo consta de dos celdas idénticas,
una de referencia y otra de medida, integradas en un bloque termostatizado aislante que
evita que existan flujos de calor con el exterior (Figura 8). En la celda de referencia se
encuentra solo el disolvente y en la celda de medida la especie de interés, en nuestro caso
ADN, en el mismo disolvente. Entre las dos celdas existe un sensor térmico que determina
la diferencia de temperatura entre ambas y cada celda cuenta con un calentador
compensatorio. Mediante un sistema termoeléctrico se producen los barridos de
temperatura, incrementando o disminuyendo la temperatura dentro del bloque
termostatizado a una determinada velocidad (°C/min). El equipo mide el diferente aporte
de calor de los calentadores a la celda de referencia y a la de medida necesario para
mantener ambas a la misma temperatura en todo momento. En definitiva, la sefial
obtenida es un flujo de calor expresado en W (J/s) en funcion de la temperatura (°C) a una
velocidad de barrido determinada.
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Figura 8. Corte transversal de un equipo Nano DSC para muestras liquidas (imagen original de
TA instruments).

Este flujo de calor esta directamente relacionado con la capacidad calorifica (Cp)
mediante la siguiente expresion [137]:

i 1
C, =flujo de calor - 36
» = [velocidad de barrido-C-Vj (36)

donde C es la concentracion molar de biomolécula y V el volumen de disolucion en
la celda.

A partir de la capacidad calorifica de la transicion se pueden determinar otros
parametros termodindmicos como la entalpia, AHcal, la entropia, ASca, y la temperatura
de desnaturalizacion, Tm:

TZ
AH,, =[C, dT (37)
Tl

C
AS,, = ?" dT (38)

Tl
donde T1y T2 son las temperaturas inicial y final de la transicion.

Un termograma tipico obtenido mediante DSC para una transicion como la
desnaturalizacion del ADN se muestra en la Figura 9.

/.\-Iﬁxiulo =T

1

Area = AHca

Cp (kJ K mol)

AC,

‘Temperatura (°C)
Figura 9. Célculo de Tm y AHca a partir de un termograma obtenido mediante DSC.
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1.2.6.2. Instrumentacion.

Las medidas se realizaron en un Nano DSC (TA Instruments, New Castle, USA)
disefiado especialmente para el estudio de biomoléculas en disolucion. Las celdas
capilares de referencia y medida de platino tienen un volumen de 300 uL. El equipo
permite trabajar en un rango de temperaturas de entre — 10 y 130°C, a velocidades de
barrido de entre 0 y 2 °C/min y presién de entre 0 y 6 atmdsferas (atm). La desgasificacion
de las muestras se realiza en una estacion de desgasificacion de TA Instruments, que
también se emplea para la limpieza del equipo tras cada uso. Para el analisis se empled el
software NanoAnalyze 2.0 (TA Instruments).

1.2.6.3. Método experimental.

Se preparan disoluciones de ctDNA a una concentracién determinada solo y en
presencia de diferentes concentraciones de ligando. Estas disoluciones de trabajo se
introducen en la celda de medida, mientras que en la celda de referencia se introduce el
disolvente en el que se hayan preparado dichas disoluciones. Todas las disoluciones se
desgasifican previamente durante 30 min para evitar la formacion de burbujas en las
celdas a lo largo del experimento. En general, los barridos se realizan entre 25y 110 °C
a P = 3 atm para evitar la ebullicion de la muestra y con velocidad de barrido = 1 °C/min.
Es siempre necesario registrar una linea base bajo las mismas condiciones experimentales
en la que se introduce solo el disolvente tanto en la celda de referencia como en la de la
medida. Esta linea base se resta a los termogramas de las muestras para realizar el analisis
de los datos. Tras cada experimento las celdas de medida y de referencia se limpian
haciendo pasar 2 L de agua ultrapura por las mismas.

1.2.7. Desnaturalizacion téermica por FRET.
1.2.7.1. Fundamento tedrico.

El fendmeno de transferencia de energia de resonancia de Forster (FRET) puede ser
aprovechado para seguir la desnaturalizacion térmica de distintos tipos de estructuras
secundarias de &cidos nucleicos, como veremos a continuacion. El proceso FRET consiste
en una transferencia de energia entre dos moléculas: una especie dadora y fluorescente
(MD) y otra especie aceptora (MA). Este fendmeno puede tener lugar cuando el espectro
de emisidn de la molécula dadora solapa con el espectro de absorcion de la molécula
aceptora. Es importante resaltar que el FRET no consiste en la emision de una radiacion
por parte de MD que es absorbida por MA (no hay intercambio de fotones), sino que se
produce un acoplamiento dipolo-dipolo entre MD y MA gracias al cual se produce la
transferencia de energia entre ambos. Este acopamiento es altamente dependiente de la
distancia entre MD y MA, requiriéndose generalmente una distancia maxima entre ambos
de 50-60 A [120]. Este es precisamente el factor clave en el que se basa el ensayo de
desnaturalizacion térmica mediante FRET, en el que se emplean oligonucleétidos de
determinadas secuencias capaces de formar G-cuadruplex marcados en sus extremos 5’ y

3’ con una molécula MD y una MA, como se representa en la Figura 10.A.
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Concretamente, la molécula dadora empleada en este trabajo es FAM, un derivado de
la fluoresceina, y la aceptora es TAMRA, un derivado de la rodamina [138]. Cuando el
oligonucle6tido esta plegado en forma de G-cuadruplex, sus extremos 5’ y 3°, marcados
con FAM y TAMRA, se encuentran proximos entre si. En estas condiciones, al irradiar
la muestra a la A de excitacion del fluoro6foro FAM, se produce una transferencia de
energia desde FAM a TAMRA, por lo que FAM no presenta emision. Al incrementarse
la temperatura puede producirse la desnaturalizacion de la G-cuadruplex (Figura 10.A),
de forma que FAM y TAMRA se alejan entre si disminuyendo drasticamente el proceso
de FRET conforme avanza la desnaturalizacion. Siguiendo el aumento de la fluorescencia
de FAM en funcion de la temperatura podemos obtener las curvas de desnaturalizacion
térmica o “melting” de la G-cuddruplex, de las que puede obtenerse Tm [139]. Estos
ensayos suelen realizarse en Real Time Quantitative PCR (qPCR), que permiten seguir la
fluorescencia de 96 disoluciones diferentes simultaneamente empleando pequefias
cantidades de muestra (Figura 10.B). Se trata de un método muy util en el estudio de
ligandos de G-cuadruplex, ya que la gran mayoria de ligandos selectivos de estas
estructuras inducen un fuerte incremento de su T debido a las interacciones de stacking
establecidas. Por ello, la diferencia entre la T de una G-cuadruplex sola y en presencia
de una determinada concentracion de ligando (ATm) aporta informacion sobre la
estabilizacion inducida por dicho ligando [140,141].

Emision ( R
‘%. : Desnaturalizacion ‘

térmica TAMRA
K TAMRA
Excitacion " g

A

96 condiciones
V =40 uL

Figura 10. A) Representacion esquematica del proceso de desnaturalizacion de una G-cuadruplex
marcada con FAM y TAMRA basada en el fendmeno FRET. B) gPCR empleada para realizar los
ensayos de desnaturalizacion por FRET.
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1.2.7.2. Instrumentacion.

Los ensayos FRET se realizaron en una qPCR Stratagene Mx3005P de Agilent
Technologies (Figura 10.B) con lampara haldégena de tungsteno como fuente de
excitacion y tubo fotomultiplicador como detector. La temperatura de la celda se controla
mediante un sistema tipo Peltier en un rango que abarca entre 25y 99 °C. Para cargar las
muestras se emplearon placas de 96 pocillos (30 — 200 uL) aptas para medidas de
fluorescencia (Invitrogen Life Science Technologies).

1.2.7.3. Método experimental.

Las disoluciones stock de los oligonucleétidos marcados con FAM y TAMRA en sus
extremos 5’ y 3’ (ver Tabla 1, Capitulo 1) en agua ultrapura se conservan a - 20 °C.
Entre estos oligonucledtidos se incluye una doble hélice de ADN (ds26) para comprobar
la selectividad de los ligandos hacia la G-cu&druplex. Antes de cada ensayo, se preparan
disoluciones de concentracion 0.4 uM en el disolvente indicado (tipicamente
10 mM LiCaC + 90 mM LIiCl + 10 mM KCI, pH =7.4) y se someten a un proceso de
templado o “annealing” para que se formen las correspondientes G-cuadruplex. El
annealing se realiza en un bloque térmico, manteniendo las disoluciones a 95 °C durante
5 min y dejando después enfriar lentamente hasta temperatura ambiente a lo largo de
4-5 horas. A continuacion se prepararan las disoluciones de trabajo afiadiendo el ligando
de interés a diferentes concentraciones. Estas disoluciones de trabajo presentan siempre
una concentracién final de oligonucledtido marcado (G-cuadruplex) de 0.2 UM expresado
en moles de moléculas de oligonucle6tido, y un volumen de 40 pL. En la gPCR se realiza
el barrido de temperatura entre 25 y 95°C a una velocidad de barrido de 1 °C/min
recogiendo la fluorescencia de FAM (Aexc = 450 - 495 nm y Aem = 515 - 545 nm) cada
0.5 °C. Las curvas de desnaturalizacion, en las que se representa fluorescencia de FAM
frente a T, se analizaron con el software Origin 8.5 para obtener Tr, a partir del punto de
inflexion de la funcion sigmoide.

1.2.8. Viscosidad.

1.2.8.1. Fundamento tedrico.

La medida de la viscosidad de una disolucion de ADN es un método hidrodinamico
que permite monitorizar cambios en la longitud de la doble hélice de ADN debidos a la
interaccién con ligandos. De hecho, un parametro clave de los agentes intercalantes es
que provocan el alargamiento de la doble hélice, ya que los pares de bases deben separarse
entre si para alojar la molécula de ligando entre ellos [142]. Este alargamiento de la
molécula de ADN provoca un aumento de la viscosidad de la disolucion que puede
seguirse mediante el uso de un viscosimetro Ubbelodhe (Figura 11). La disolucion se
desplaza por el capilar por gravedad y se mide el tiempo que tarda en pasar desde un
punto inicial Mj hasta un punto final Ms.
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En el caso de polinucleotidos, los resultados se expresan primero en forma de
viscosidad relativa (n/no), que se define como:

not-t (39)

Mo ty - ts

donde ts es el tiempo de caida del disolvente, to el tiempo de caida del polinucledtido
y t el tiempo de caida del polinucleétido con el ligando a una determinada concentracion.

Finalmente, la viscosidad relativa se relaciona con la elongacion relativa de la
molécula de ADN (L/Lo) mediante la siguiente expresion [143]:

L_n (40)

L, Mo

M, +—|(

M, ——

d Disolucién
@ de ADN
Figura 11. Viscosimetro Ubbelodhe empleado para realizar medidas de viscosidad de

disoluciones de ADN en presencia o ausencia del ligando de interés. Para ello se mide el tiempo
que la disolucién tarda en caer por gravedad desde M hasta M.

1.2.8.2. Instrumentacion.

Se empled un viscosimetro Ubbelohde (Schott-Instruments, Mainz, Alemania) con
una capacidad de volumen entre 2 y 4 mL, inmerso en un bafio termostatizado para
mantener la temperatura constante a T = 25 °C. La medida de los tiempos se realiza con
un cronémetro manual con precision de 0.01 s.

1.2.8.3. Método experimental.

Se parte en el viscosimetro de un volumen conocido (en torno a 3 mL) de una
disolucion de ctDNA de concentracion no inferior a 2 x 10* M y se mide to por triplicado
(ver ec. 39). A continuacion se realizan adiciones de una disolucion de ligando (el
volumen final total no puede sobrepasar los 4 mL), homogeneizando la disolucion en cada
punto y recogiendo el tiempo t tras cada adicion por triplicado. Ademas, para obtener el
valor de ts, se mide el disolvente en ausencia de polinucleétido y de ligando. Mediante
ec. 39 y ec. 40 se calcula la elongacion relativa del ADN en cada punto y se representa
esta frente a la relacion de concentraciones Cp/Cp.
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1.2.9. Relajacion por salto de temperatura: T-Jump.
1.2.9.1. Fundamento Teorico.

Las técnicas de relajacion quimica fueron implementadas por Manfred Eigen, a quien
se concedié el premio Nobel en Quimica en 1967 por sus estudios de reacciones
“extremadamente rapidas” efectuados provocando perturbaciones en el equilibrio por
medio de pulsos de energia muy cortos. Estas técnicas se basan en seguir la relajacion de
un sistema que se encuentra en equilibrio quimico tras aplicar una perturbacion ejercida
por un cambio subito en alguna de las condiciones claves como la presion (P-Jump), el
campo eléctrico (Electric field-Jump) o la temperatura (T-Jump). En este trabajo se ha
empleado esta Ultima para estudiar reacciones del orden de microsegundos entre
diferentes polinucle6tidos (incluyendo doble y cuadruple hélice de ADN) y ligandos. El
interés de esta técnica reside en el hecho de que modos de interaccion tan relevantes como
la intercalacion o cambios conformacionales de macromoléculas suelen tener lugar en
esta escala de tiempos [144,145].

En la técnica de relajacién por salto de temperatura partimos de una disolucion de
ligando, D, y polinucledtido, P, que en el caso mas sencillo se encontraran en equilibrio
con el complejo PD a una temperatura determinada, por ejemplo, T = 22 °C.

k
P+D —=PD (41)
kd
donde ks y kq son las constantes cinéticas de formacion y de disociacion del complejo

PD, respectivamente.

La disolucion se encuentra en una celda como la que se muestra en la Figura 12. Se
realiza una descarga eléctrica de 30 kV entre dos polos de esta celda de forma que, por
efecto Joule, se induce en la disolucion un incremento de temperatura muy rapido
(~ 50 ns), hasta T = 25 °C. El sistema se desplazara hasta alcanzar de nuevo el equilibrio
para esta nueva temperatura (siempre y cuando AH #0), ya que la constante
termodindmica del proceso K depende directamente de la temperatura (ver ec. 35). En
definitiva, en disolucion se produce una variacion de las concentraciones de P, D y PD
debido al cambio en el valor de K al haberse modificado la T, y esta variacion puede
seguirse en el tiempo midiendo parametros como la absorbancia o la fluorescencia de
alguna de estas especies. Asi, para unas concentraciones de P y D determinadas,
obtendremos una curva cinética en la que se representa Abs a una determinada A frente al
tiempo, de la que puede obtenerse mediante un ajuste por minimos cuadrados la constante
de tiempo 1/t (s1). El comportamiento cinético para un mecanismo en una etapa como el
representado en ec. 41 se ajusta a la siguiente ecuacion:

1

- = kq *+ ki -([P]1+[D]) (42)

De esta forma recogiendo curvas cinéticas a distintas concentraciones de reactivos D
y P, podemos representar 1/t en funcion de [P] + [D] y obtener los valores de ks y de kq

de la pendiente y la ordenada, respectivamente. Ademas, la constante termodinamica del
proceso puede calcularse a partir de las constantes cinéticas, ya que K = ki/Kaq.
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Figura 12. Celda de T-Jump para medidas de absorbancia y de fluorescencia. La luz entra por la
ventana pequefa (flecha roja), y se recoge la luz que sale a 90° en el caso de medidas de
fluorescencia (flecha azul) y a 180° en el caso de medidas de absorbancia (flecha verde).

1.2.9.2. Instrumentacion.

Las medidas cinéticas se llevaron a cabo en un T-Jump construido segun el prototipo
de Riegler et al [146] y se siguieron siempre por absorcion. Como fuente de luz el equipo
cuenta con una ldmpara de Tungsteno y un detector fotodiodo para las medidas de
absorbancia. La celda que contiene la disolucién presenta dos electrodos de oro a traves
de los cuales se transmite la descarga eléctrica, que se realiza con un condensador que
genera una descarga de 30 kV elevando la temperatura desde T=22°C a T =25 °C. El
camino optico de la misma es de 1 cm. El control de temperatura se lleva a cabo mediante
un bafio Julabo con precision £ 0.1 °C. Los cambios de absorbancia en la disolucién se
traducen en sefales eléctricas que son recogidas por un osciloscopio Agilent 54622A
(Santa Clara, CA) y transferidas a un ordenador. El analisis de las curvas cinéticas se
realiza con el programa Table Curve del software Jandel Scientific (AISN software,
Richmond, CA).

1.2.9.3. Procedimiento experimental.

En la celda se introduce una disolucién que contiene concentraciones conocidas del
polinucleotido y del ligando. Es muy importante no emplear nunca disolventes con
fuerzas idnicas menores a 0.01 M, dado que el paso de la corriente a través de la
disolucién cuando se produce la descarga eléctrica requiere de la presencia de iones en el
medio. Para cada disolucion estudiada (que se corresponderan con determinados valores
de [P] + [D]) se acumulan entre 6 y 10 curvas de relajacion, esperando 10 min entre ellas
para dejar que el sistema regrese a la temperatura inicial. Las curvas cinéticas obtenidas
se analizaron mediante un ajuste no lineal de minimos cuadrados para obtener la constante
cinética 1/t en cada punto. A partir de estos datos y mediante ec. 42 se obtienen las
constantes cinéticas ks y kq y la constante termodinamica K.
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2. Metodologia Biologica.

2.1. Electroforesis.

La electroforesis es una técnica ampliamente utilizada en el campo de la biologia
molecular que permite la separacion de biomoléculas en funcion de su tamafio, carga y
conformacién, al hacerlas atravesar una matriz porosa empleando una corriente eléctrica
controlada [147]. Existen distintos tipos de electroforesis, y a continuacion se explican
las dos modalidades que se han empleado en este trabajo: la electroforesis horizontal de
agarosa Y la electroforesis vertical de acrilamida.

2.1.1. Electroforesis horizontal de agarosa.

En este trabajo se ha empleado la electroforesis horizontal para la separacion y
visualizacion de las bandas de ADN plasmidico (pUC18) en presencia y ausencia de
determinados ligandos. La instrumentacion requerida para este tipo de electroforesis
aparece representada en la Figura 13.A y consiste en una cuba electroforética horizontal
con un anodo (polo positivo) en uno de sus extremos y un catodo (polo negativo) en el
otro. En la cuba se sitGa la matriz porosa, en este caso un gel de agarosa, inmersa en
tampon electroforético. Mediante una fuente de alimentacion externa se aplica una
diferencia de potencial entre ambos electrodos de forma que las moléculas negativamente
cargadas, como es el caso del ADN a pH = 7, que se encuentren en el gel, migraran hacia
el polo positivo o &nodo. Para una determinada diferencia de potencial aplicada en voltios
(V) entre los electrodos separados una determinada distancia (cm), la velocidad de
migracion de la molécula de ADN dentro de la matriz porosa dependera de su tamafio, su
conformacién y su carga neta.

El ADN plasmidico puede existir en tres conformaciones distintas que pueden
separarse Yy visualizarse como bandas aisladas tras la electroforesis (Figura 13.B):
“supercoiled” (SC), “open-circular” (OC) y “linear” (L) [148]. En ocasiones puede
aparecer una cuarta banda cuando la lisis alcalina en el proceso de extraccion del plasmido
ha durado mas tiempo del debido: “circular single-stranded” (CSS). El plasmido en su
forma nativa se encuentra mayoritariamente en forma de supercoiled, por lo que es la
banda mas intensa. En esta conformacion el plasmido es una doble cadena circular
enrollada sobre si misma (ver Figura 13.B), y migra mas rapido que las formas L y OC.
En la forma OC se ha producido un corte en una de las hebras de la doble cadena, por lo
que aunque el plasmido mantiene la topologia circular, pierde el superenrollamiento de
la forma SC. Cuando el corte se produce en el mismo punto en las dos hebras de la doble
cadena, se pierde la topologia circular y el plasmido pasa a ser lineal (L). Las formas OC
y L migran mas lento que la forma SC.
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Figura 13. A) llustracion del equipo de electroforesis horizontal empleado para separacion de
ADN (imagen adaptada a partir de original de Genome Research Limited). B) Representacion del
orden en el que aparecen las bandas de ADN plasmidico en una electroforesis horizontal (este
orden puede variar dependiendo del tampdn electroforético empleado) junto con imagenes TEM
del plasmido en cada una de las conformaciones descritas.

La interaccion de ligandos con el ADN plasmidico puede originar importantes
cambios tanto en la movilidad como en la intensidad de las bandas, por lo que es una
técnica muy util para determinar o descartar determinados modos de enlace [123,149].
Por ejemplo, el enlace covalente del cisplatino aumenta la movilidad de la forma OC
debido a la compactacion inducida por el cross-linking [150].

2.1.1.1.Procedimiento experimental.

El plasmido pUC18 a una concentracion de 10-15 uM (expresada en pares de bases)
se incuba con diferentes concentraciones de ligando durante un tiempo indicado. Es
necesario incluir una muestra control con el plasmido solo y una muestra con el control
del vehiculo (DMSO) a la maxima concentracion empleada en el experimento. El gel de
agarosa al 1 % se prepara en el momento de realizar el ensayo afiadiendo 1 g de agarosa
en 100 mL del tampon electroforético que se vaya a emplear, en nuestro caso TBE x1, y
se calienta para facilitar la disolucion de la agarosa. Como agente de tincion para revelar
las bandas de ADN se emplea bromuro de etidio (EB), que se afiade cuando la agarosa
esta totalmente solubilizada de forma que su concentracion final en el gel es 0.05 pg/ml.
Este gel se sumerge en TBE en la cuba electroforética y se cargan las muestras (10 pL
por pocillo). En un experimento tipico se aplica un campo de 5-6 VV/cm durante 2 h para
una buena separacion de las bandas. El gel se visualiza mediante un sistema de imagen
Gel Doc XR+ (Bio-Rad Laboratories, Inc., California, USA).
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2.1.2. Electroforesis vertical de poliacrilamida (PAGE).

El principio fundamental de la electroforesis vertical es el mismo que el de la
horizontal: las macromoléculas cargadas se hacen pasar por una matriz porosa
estableciendo una diferencia de potencial entre dos polos. En este caso el gel se sitla en
una cuba vertical como la que se representa en la Figura 14. Sin embargo, la principal
diferencia entre ambos tipos de electroforesis no reside en la orientacion del gel, sino en
su composicion [151]. En general, para la separacion de grandes moléculas de ADN hasta
25 kb (kilobases), como es el caso de plasmidos, se emplea la electroforesis horizontal de
agarosa, que presenta un tamafio de poro relativamente grande. Por el contrario, la
electroforesis vertical de acrilamida presenta un tamafio de poro mucho menor, por lo que
es la técnica 6ptima cuando necesitamos una mayor resolucion con el fin de separar
pequefios fragmentos de ADN de hasta 500 bases, como pueden ser oligonucledtidos.
Ademaés, es la técnica empleada para la separacion de proteinas, ya sea en forma
desnaturalizante (SDS-PAGE) o nativa (native-PAGE) [152,153].

Carga muestras
% / Catodo Oligonucleétidos de
' distintos tamanos
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Figura 14. llustracion del equipo de electroforesis vertical empleado para separar
oligonucledtidos de pequefio tamafio (también empleado para separacién de proteinas).

A continuacion se explican las dos modalidades de electroforesis vertical de
acrilamida que se han empleado en este trabajo: electroforesis desnaturalizante para el
andlisis de oligonucledtidos de ADN vy electroforesis nativa para el analisis de la
conformacién de proteinas.

2.1.2.1. Electroforesis desnaturalizante: separacion de oligonucleotidos.

En determinados ensayos no queremos separar macromoléculas en funcién de su
conformacién o su carga, sino exclusivamente en funcién de su tamafio. Por ejemplo, a
la hora de determinar la longitud de un oligonucledtido de una sola hebra, es necesario
que la Unica variable que afecte a su movilidad electroforética sea el nUmero de bases
nitrogenadas que lo componen, y no las estructuras secundarias que puedan formar [154].
En estos casos se recurre al uso de agentes desnaturalizantes, comunmente urea o
formamida, que impiden la formacion de enlaces de hidrégeno entre las bases del ADN
Yy, por tanto, el establecimiento de estructuras secundarias [155].
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El porcentaje de acrilamida en los geles determina el tamafio de poro: a mayor
concentracion de acrilamida menor serd el tamarfio de poro medio. Teniendo en cuenta el
tamarfio de los oligonucledtidos a separar en este trabajo, se prepararon geles al 20 % de
acrilamida y una concentracion 7 M de urea para mantener las condiciones
desnaturalizantes. Los geles se preparan el dia anterior al ensayo y se conservaban a 4 °C
con alta humedad. Como tampdn electroforético se emplea TBE. En este tipo de
electroforesis es necesario precorrer el gel durante 30 min (20 V/cm) y después
homogeneizar los pocillos con TBE antes de introducir las muestras. Una vez cargadas
estas en el gel, se aplica un potencial de 20 VV/cm durante 90 min. En nuestro caso, los
oligonucleotidos de interés estaban marcados en uno de sus extremos con un fluoroforo
(FAM) como se explica en el apartado 2.2, Capitulo 11, por lo que la visualizacion de
las bandas se realizé de forma directa sin necesidad de tincién en un lector de geles con
deteccion por fluorescencia.

2.1.2.2. Electroforesis nativa de proteinas.

La electroforesis nativa de proteinas emplea condiciones no reductoras y no
desnaturalizantes, de forma que se mantiene la estructura secundaria de la proteina y su
densidad de carga nativa al pH de trabajo. Muchas de las proteinas empleadas como
modelos en biologia molecular, como son la seroalbumina humana (HSA) o bovina
(BSA), presentan puntos isoeléctricos (pl) acidos o ligeramente bésicos [156], entre 3y
8, por lo que al pH de trabajo (pH ~ 8.3) se encuentran negativamente cargadas y migran
hacia el anodo. Si la proteina de interés presentara un pl mayor que el pH de trabajo seria
necesario invertir los polos, ya que migraria hacia el catodo.

Dado que en la electroforesis nativa la movilidad depende no solo del tamafio, sino
también de la conformacion y carga de la proteina, es necesario encontrar las condiciones
experimentales éptimas para cada proteina. En este trabajo se ha empleado la BSA como
modelo para estudiar la interaccion de seroalbliminas con ligandos [115] y el protocolo
empleado es una adaptacion de un método que se encuentra en la bibliografia [157]. Tras
realizar pruebas a distintas concentraciones de acrilamida y a distintos tiempos y
potenciales aplicados, se seleccionaron las siguientes condiciones: los geles se prepararon
al 10 % de acrilamida y la electroforesis se realizd con un sistema de refrigeracion
(~4°C) para evitar procesos de desnaturalizacién por calentamiento, aplicando un
potencial de 8 VV/cm durante 4 h. Después, los geles se tifieron con Coumassi Brilliant
Blue R-250 y se visualizaron con un sistema Gel Doc XR+ Imaging System (Bio-Rad
Laboratories, Inc., California, USA).

2.2. Polymerase Stop Assay (PSA).

El ensayo PSA se realizd durante la estancia predoctoral en el Imperial College
London para estudiar la capacidad de una familia de complejos metélicos de inhibir la
actividad de una enzima polimerasa de ADN mediante la estabilizacion de una
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G-cuadruplex que impidiera dicha actividad. Este nuevo método es una modificacion del
descrito inicialmente por Salazar et al [158].

Para el ensayo se diseid un oligonucleodtido que llamamos molde o “Template” de 65
deoxinucledtidos (es decir, “65-mer”), que contiene una secuencia de interés capaz de
formar una estructura en G-cuadruplex, en nuestro caso c-Myc [159]. En la Figura 15 se
ilustra el disefio y secuencia de este Template. Comenzando desde el extremo 3’, primero
se introduce una secuencia complementaria a otro oligonucleétido llamado “Primer”
(22-mer) y que esta marcado con el fluoréforo FAM. Tras esta secuencia se introduce un
“linker”, cuya funcion es separar espacialmente la secuencia complementaria al Primer
de la secuencia capaz de formar G-cuadruplex: c-Myc. Finalmente, tras la secuencia
c-Myc se afiade una cola.

22-mer
A
Complementario al\
Primer marcado

cola c-Myc linker

Template: 5’GCGGC CCTGT G AGG GTG GGG AGG GTG GGG AAG ATTCCCGACTTCGTATTAAGTACTCTAGCCTT 3’
3’AGCATAATTCATGAGATCG (35 ’

\ )
Y

\ 37-mer )

Y

65-mer

Primer marcado:

Figura 15. Secuencia del Template y del Primer marcado con FAM empleados para el PSA.

En este ensayo se emplea una Taq polimerasa de ADN, una enzima capaz de sintetizar
ADN en direccion 5° — 3’generando una hebra complementaria a la hebra molde o
Template [160]. Fijandonos en la Figura 15, el Primer marcado con FAM estara
hibridado al Template formando una doble cadena. La Taqg polimerasa reconocera esta
region de doble cadena y en las condiciones adecuadas (temperatura, disponibilidad de
desoxirribonucle6tidos, etc.) comenzara a sintetizar ADN complementario al Template
en el Primer marcado en direccion 5° — 3°. Si la enzima no encuentra ningun obstaculo,
obtendremos una secuencia complementaria al Template completa, es decir, 65-mer,
marcada con FAM en su extremo 5°. Sin embargo, si en la region que coincide con la
secuencia c-Myc se ha formado una G-cuédruplex estable, debido por ejemplo a la
presencia de un ligando que la estabiliza, la enzima no sera capaz de seguir avanzando
por esta region y la sintesis de ADN se detendré tras el linker, obteniéndose una secuencia
37-mer.

Para determinar si la Taq polimerasa ha conseguido sintetizar el producto 65-mer al
completo o, por el contrario, ha habido parada al llegar a la G-cuadruplex obteniéndose
el producto de pausa 37-mer, se emplea la electroforesis vertical desnaturalizante (ver
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apartado 2.1.2.1, Capitulo Il1). En la Figura 16 se muestra un ejemplo de un
experimento de PSA realizado en presencia de diferentes concentraciones de uno de los
complejos metalicos sintetizados por el grupo del profesor R. Vilar y estudiados en este
trabajo, capaz de estabilizar la G-cuadruplex de forma muy efectiva, como veremos en el
Capitulo VIII. Tras la electroforesis visualizamos el gel por fluorescencia aprovechando
que el Primer estaba marcado con FAM, de forma que podemos determinar su longitud.
A mayor longitud menor movilidad, por lo que la banda del 65-mer es la que menos
avanza y la 22-mer, correspondiente al primer inicial, la que méas avanza. Entre ambas
aparece el producto 37-mer si ha habido parada y, ademas, la intensidad de la banda esta
directamente relacionada con la concentracion de producto. Asi, en la primera calle se
encuentra el control negativo, en el que no hay ningun tipo de especie estabilizante de
G-cuédruplex, de forma que se obtienen Unicamente las bandas correspondientes al
primer inicial 22-mer (se afiade en exceso por lo que esta banda aparece en todas las
calles) y al producto completo 65-mer. Podemos observar como al ir afiadiendo
concentraciones cada vez mayores de complejo metélico comienza a aparecer la banda
del 37-mer, debido a que la enzima no ha podido ejecutar la sintesis de ADN completa al
estabilizarse la G-cuadruplex por accién del complejo. Como control positivo, en la
altima calle se afiade una elevada concentracion de K*, capaz de estabilizar
eficientemente la G-cuédruplex de c-Myc, con lo que también se obtiene el producto de
pausa 37-mer. La intensidad de la banda del producto 37-mer se puede representar frente
a la concentracion de complejo y obtener la concentracion a la cual la actividad de la
enzima esta inhibida al 50 % (ECso). De esta forma podemos estudiar la influencia de un
ligando en la actividad bioldgica de una enzima polimerasa de ADN en una secuencia
con potencial para formar estructuras en G-cuadruplex.

) ] ) Control positivo
Concentracion complejo metélico K*

OpM 03pM 1uM 5uM  10uM 20uM 10 mM

Full-length
< product T .- - - - -
65-mer

L s . GG

ausing

- - - e e » || product—>

37-mer

Primer _, g - o - S - &

T 22-mer T

@ Taq polimerasa @
Primer Template

(marcado con FAM)

Figura 16. PSA realizado con un complejo metalico capaz de estabilizar estructuras en
G-cuadruplex. En el gel se detecta el primer marcado con FAM.
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Se realizan ademas experimentos adicionales para tener la certeza de que la parada de
la sintesis de ADN se produce por la presencia de la G-cuadruplex en la secuencia c-Myc,
y no debido a otros procesos como puede ser el envenenamiento de la propia enzima al
aumentar la concentracion de complejo. Para ello se introdujo una mutacion en el
Template, sustituyendo dos residuos de G de la region c-Myc, necesarios para la
formacion de la G-cuadruplex, por dos residuos de A. En este caso no se producia parada
de la sintesis con ninguna de las concentraciones de complejo testadas, por lo que puede
concluirse que la parada se debia exclusivamente a la formacion de la G-cuadruplex.

2.2.1. Procedimiento experimental.

Los oligonucle6tidos correspondientes al Template y al Primer marcado con FAM se
encargaron a Eurogentec (Seraing, Bélgica). Las disoluciones con ambos
oligonucle6tidos a concentracion 1 uM y diferentes concentraciones (0 — 20 uM) de los
complejos metélicos se someten a un proceso de annealing a 95 °C durante 5 min en
tampon Tris-HCI (10 mM LiCl, 50 mM Tris-HCI, pH = 7.4). Para el control positivo se
sustituye el LiCl del tampdn por KCI. Tras dejar enfriar hasta temperatura ambiente las
disoluciones, se realizan los ensayos de PSA en Tag buffer x1. Las disoluciones de trabajo
finales contienen la mezcla de oligonucleétidos anteriormente descrita (0.2 M),
deoxinucleotidos dNTPs (0.2 mM), MgCl2 (1.25 mM) y Taq polimerasa (2.5 U). La
amplificacion se lleva a cabo a 37 °C durante 30 min, tras lo cual se detiene la reaccion
mediante la adicion de un volumen igual al de la disolucion de trabajo de buffer de parada
(90 % formamida, 10 mM NaOH). Los productos se analizan por electroforesis vertical
desnaturalizante en geles al 20 % de acrilamida en tampdn TBE (20 VV/cm, 90 min) y se
visualizan en un lector de geles de fluorescencia (canal FAM). Para cuantificar la
intensidad de las bandas del producto de parada 37-mer se emplea el software
GelAnalyzer 2010a.

2.3. Cultivo celular.

En este trabajo se han empleado varias lineas celulares humanas adherentes, entre las
que destacan las lineas de adenocarcinoma de pulmén (A549) y colorrectal (SW480). El
cultivo se realiza en frascos de cultivo especiales para células adherentes (VWR) y acorde
a los estandares de la ATCC (American Type Culture Collection). EI medio empleado es
DMEM (Dulbecco's Modified Eagle's medium) suplementado con 10 % (v/v) de FBS
(Suero Bovino Fetal) y 1 % (v/v) de antibiotico (Penicilina - Estreptomicina), salvo en
casos concretos en los que se indique el uso de otro medio. Para subcultivar, se retira el
medio de los frascos y se realizan dos lavados con PBS (tampdn fosfato salino). Las
células se levantan con disolucion Tripsina-EDTA (T4174, Sigma Aldrich), se
resuspenden en medio de cultivo y se siembran en nuevos frascos con diluciones 1:5 0
1:10, de forma que se mantiene siempre una confluencia inferior a 80-90 %. Las
condiciones de incubacion son alta humedad, T=37°C y 5% CO,. Todos los
componentes del medio mencionados fueron suministrados por Sigma Aldrich.
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2.4. Citotoxicidad: ensayo MTT.

La citotoxicidad de un compuesto puede ser determinada mediante el ensayo
colorimétrico del MTT, el cual permite estimar la viabilidad celular de forma indirecta
mediante medidas espectrofotométricas de absorcién [161]. Este ensayo se basa en la
reduccion de una sal de MTT (methyl-thiazole-tetrazolium) para dar cristales azules de
formazan, los cuales son insolubles en el medio de cultivo. Esta reduccion se produce
debido a la actividad deshidrogenasa en mitocondrias activas y, por tanto, la cantidad de
formazan generado es directamente proporcional al ndmero de células vivas
metabolicamente activas. Los cristales de formazan generados se disuelven mediante una
disolucion solubilizadora para poder leer la absorbancia del formazan (Amax = 590 nm), y
la concentracion de compuesto que inhibe la proliferacion celular al 50 % (ICso) se
determina como se explica a continuacion.

2.4.1. Procedimiento experimental.

Las células se siembran en placas de 96 pocillos a razon de 5-10 x 10° células por
pocillo dependiendo del tipo celular y se incuban durante 24 h a 37°C y 5 % CO..
Después se retira el medio, se sustituye por 100 uL de medio fresco con diferentes
concentraciones del compuesto a testar y se incuba durante 24 h més. Se retira el
tratamiento, se afiaden 100 pL de MTT de concentracion 0.5 mg/mL y se incuba durante
4 h. Finalmente, se afiaden 100 pL de disolucidn solubilizadora (10 % SDS, 0.01 M HCI)
por pocillo y se mantiene a 37 °C toda la noche para facilitar la solubilizacion de los
cristales de formazan.

La absorbancia de cada pocillo a A =590 nm se midi6 en un lector de placas
CLARIOstar® BMG (Labtech) en los ensayos realizados durante la estancia predoctoral
en el CiMUS (Santiago de Compostela) y en un Cytation 5 Imaging Reader (BioTEK) en
los ensayos realizados en la Universidad de Burgos. La absorbancia se relaciona con la
supervivencia celular segun la expresion:

Abs
Abs

trat

- Abs

control medio

. . - Abs__.
% supervivencia = ( medio j x 100 (43)
donde Absmedio €S la absorbancia del medio solo, Abswat la absorbancia a una
determinada concentracion de compuesto y Abscontrol 12 absorbancia del control negativo
en ausencia de compuesto.

Con estos datos se obtienen las curvas de supervivencia celular (% supervivencia en
funcién de la concentracion de compuesto), de las que se calcula el valor de ICso
(concentracion de compuesto que inhibe la proliferacion celular al 50 %) mediante el
software GraphPad Prism 6.07. Para obtener los valores del I1Cso se realizan al menos tres
experimentos independientes con cuadriplicados para cada condicion testada.
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2.5. Captacion celular mediante ICP-MS.

Las drogas que actlan como agentes terapéuticos o diagnosticos deben ser capaces de
alcanzar su diana en la célula para poder ser efectivas. Estos agentes pueden ser captados
por las células a través de diferentes mecanismos, incluyendo difusion pasiva o a traves
de transportadores de membrana [162]. En el caso de los complejos metalicos, la
cuantificacion de metal que entra en las células tras un determinado periodo de incubacién
puede realizarse de forma sencilla mediante ICP-MS (espectrometria masas por plasma
acoplado inductivamente) [163,164].

2.5.1. Procedimiento experimental.

Se siembran 1.5 x 10° células por pocillo en 1 mL de medio en placas de 6 pocillos y
se incuban durante 24 h a 37 °C y 5 % CO>. Después se retira el medio, se afiade medio
fresco con el complejo metélico a la concentracion indicada y se incuba durante un
periodo de 4 h. En el ensayo se incluyen controles negativos (células sin tratamiento) y
controles positivos (células tratadas con cisplatino). A continuacién se retira el
tratamiento y las células se lavan dos veces con PBS, tras lo cual se levantan empleando
tripsina-EDTA y se recogen en 1 mL de PBS. El numero de células recogidas en cada
muestra se determina mediante contaje en cAmara Neubauer y se realiza una digestion
acida con HNOs al 2 % (v/v) para ser analizadas mediante ICP-MS. De este analisis se
obtiene la cantidad total de metal presente en cada muestra, y los resultados finales se
expresan como cantidad de metal (expresada en gramos o moles) en 1 x 10° células.

2.6. Microscopia Confocal de Fluorescencia.

La microscopia confocal de fluorescencia es una potente técnica de visualizacion que
presenta una serie de ventajas con respecto de la microscopia éptica de fluorescencia
(“wide-field”) convencional [165]. En la Figura 17 aparecen ilustradas las principales
diferencias entre un microscopio de fluorescencia “wide-field” y un microscopio
confocal. En el primero, una muestra (por ejemplo, una monocapa de células) se ilumina
mediante una fuente de luz, tipicamente de Xenon, con un sistema de filtros para
seleccionar un rango de longitudes de onda de excitacion, y se recoge la fluorescencia
emitida por la muestra de un plano de la misma relativamente grande (ver Figura 17.A).
Por el contrario, un microscopio confocal permite visualizar la luz emitida solo de un
pequefio plano al introducir un “pin hole” antes del detector, evitando recoger todo el
conjunto de la luz emitida por la muestra (Figura 17.B). Esto permite obtener imagenes
con mucha mayor resolucién, como se ejemplifica en la Figura 18, donde podemos
observar la diferencia entre la resolucion de ambos tipos de microscopia. Ademas, la
longitud de onda de excitacion en un microscopio confocal se selecciona mediante un
monocromador en lugar de mediante un sistema de filtros, lo cual permite evitar
fendmenos de solapamiento entre varias sondas fluorescentes.
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Detector B) Detector

Figura 17. llustracion del funcionamiento de un microscopio o6ptico de fluorescencia
convencional (A) y un microscopio confocal (B). Adaptado de ref. [165].

Figura 18. Comparacién de la resolucion de imagenes tomadas mediante microscopia éptica (A)
y microscopia confocal (B). A y B son imagenes de tejido de rifién de raton tefiidos con DAPI
(azul, nacleo), Alexa 488 (verde, membrana) y Alexa 568 (rojo, filamentos de actina). Barra de
escala = 20 pM. De ref. [166].

2.6.1. Ensayos de colocalizacion celular.

La microscopia confocal de fluorescencia se empled durante la estancia predoctoral
en el CiMUS (Santiago de Compostela) para realizar ensayos de colocalizacién celular.
En estos ensayos se emplean sondas fluorescentes comerciales que son capaces de
acumularse selectivamente en determinados organulos celulares. De esta forma, si un
compuesto de interés presenta propiedades de emision, puede estudiarse su localizacién
celular mediante co-tincién con este tipo de sondas [167,168]. En concreto, se empleo
TMRM (Tetrametilrodamina, T668, Thermo Fisher Scientific) para tincién selectiva de
mitocondria y LysoTracker™ Red DND-99 (L7528, Thermo Fisher Scientific) para
tincion selectiva de lisosomas. Ambas sondas presentan emision en el rojo
(Aem ~ 650 nm).
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En cuanto al procedimiento experimental, las células se siembran 24 h antes del
tratamiento en placas Petri de 35 mm (1.2 x 10° células por placa) con fondo de vidrio
especiales para microscopia (MatTek Corporation, Massachusetts, USA). Después, se
incuban durante 30 min con TMRM (100 nM) para colocalizacién con mitocondria o bien
con Lysotracker (75 nM) para colocalizacion con lisosoma. A continuacion se retira el
medio con las sondas, se tratan con el compuesto fluorescente de interés y se incuba otros
30 min. Finalmente, se retira el tratamiento, se realizan dos lavados con PBS y se afiade
medio de cultivo fresco (DMEM) sin rojo de fenol para evitar interferencias en las
medidas de fluorescencia. En este trabajo se empled un microscopio laser confocal (TCS-
SP2, Leica, Heidelberg, Alemania) para registrar los diferentes canales de fluorescencia:
el complejo metélico estudiado emitia en el verde y las sondas selectivas de mitocondria
y lisosoma en el rojo. El grado de colocalizacion se determina cuantitativamente
empleando el software procesador de iméagenes Fiji para calcular el factor de correlacion
de Pearson (PCC) [168]. El valor del PCC puede variar entre 0 y 1, siendo valores
cercanos a 1 indicativos de alto grado de colocalizacion.

2.7. Microscopia Time-Lapse.

La microscopia Time-Lapse permite recoger iméagenes de células vivas en cultivo a
lo largo de tiempos largos (horas o incluso dias) para seguir su evolucion frente a
determinadas perturbaciones, como puede ser el tratamiento con un compuesto de interés.
Un microscopio Time-Lapse, como el que aparece en la Figura 19, podria definirse como
un microscopio de fluorescencia que lleva acoplado un sistema de incubacién, el cual
permite mantener condiciones de alta humedad, T = 37 °C y atmosfera de 5 % CO..

)

Motor
placas

Incubador
Modulo

ot
,,_,%control deT

Modulo
control de CO2

Microscopio
optico de
fluorescencia

Figura 19. Equipo para microscopia Time-Lapse (imagen original de Zeiss International
Corporation).

En el equipo pueden incubarse placas de varios pocillos, y recoger imagenes de todos
ellos en un punto determinado gracias al motor que lleva incorporado, junto con un
software que permite guardar las coordenadas exactas en los ejes X e Y de todos los
campos seleccionados. Asi pueden monitorizarse en un mismo ensayo un elevado nimero
de condiciones diferentes (controles, tratamientos, etc.).
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2.7.1. Activacion de caspasas.

La microscopia de fluorescencia Time-Lapse se emple6é durante la estancia en el
CiMUS para monitorizar la activacion de caspasas, mediadores esenciales en el proceso
de apoptosis [169,170], inducida por el tratamiento con determinados compuestos. Para
ello se emplea el reactivo comercial CellEvent Caspase-3/7 Green Detection Reagent
(C10423, Thermo Fisher Scientific), que es una sonda que contiene el péptido DEVD, el
cual impide su enlace al ADN celular. Cuando tiene lugar la activacion de caspasa 3 0
caspasa 7 en células apoptdticas, el péptido DEVD queda secuestrado y se separa de la
sonda. Esta queda libre entonces para unirse al ADN formando un complejo fluorescente
que emite en el verde, por lo que detectamos un “flash” de emision verde desde el nucleo
celular tras producirse la activacion de caspasa 3 0 7.

Para realizar estos ensayos se siembran 2 x 10* células por pocillo en placas de 24
pocillos y se dejan incubar 24 h. Las células se tifien después con el reactivo CellEvent
Caspase-3/7 Green Detection Reagent (8 uM) y se tratan con los compuestos a estudiar.
Se monitorizan cada una de las condiciones durante 24 h, tomando imagenes en los
canales de fluorescencia en el verde y en contraste de fases cada 30 o 45 min,
manteniendo siempre T =37°C y 5% COz. El equipo empleado fue un Wide Field
Okolab DMI600B, con camara DFC360FX con un controlador CTR7000HS (Leica
Microsystems) y software LAS AF (Leica).

Como ejemplo de estos ensayos, en la Figura 20 se encuentran cddigos QR que dan
acceso, mediante cualquier aplicacion movil de lector de cddigos QR, a videos
Time-Lapse obtenidos para un control (células A549 sin tratamiento) y tras aplicar un
tratamiento con un compuesto capaz de inducir apoptosis.

B

Figura 20. Cédigos QR para acceder a los videos obtenidos mediante microscopia Time-Lapse
durante 24 h de células A549 tefiidas con el reactivo CellEvent Caspase-3/7 Green Detection
Reagent en ausencia de tratamiento (A) y tratadas con 5 UM del compuesto [Rh-b]Cl estudiado
en el Capitulo IX (B).

2.8. Citometria de flujo.

La citometria es el proceso en el que se miden determinadas caracteristicas fisicas y/o
quimicas de células individuales [171]. Un citometro de flujo es un instrumento que
ilumina las células (u otro tipo de particulas de interés) de forma individual con una fuente
de luz laser segun atraviesan un capilar y recoge la sefial luminica con varios detectores,
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ya sea luz transmitida, de scattering o de fluorescencia (Figura 21). La sefial es procesada
por un software para obtener informacion de distintos pardmetros simultaneamente:

- De la luz transmitida cuando una célula atraviesa el haz de luz se obtiene
informacion sobre el didmetro de la célula y, por consiguiente, de su volumen.

- De la luz de scattering que se dispersa al incidir sobre la célula se obtiene
informacidn sobre la rugosidad la superficie celular: a mayor rugosidad mayor
dispersion.

- De la fluorescencia emitida puede obtenerse un amplio abanico de informacion,
ya que las células pueden tefiirse con sondas fluorescentes para el seguimiento de
muy variados procesos, Como veremos a continuacion.

Células en
suspensién

distintos canales

%b Detectores de
% fluorescencia

Fuente luz

laser scattering

(90°)
Detector luz
transmitida
(180°)

Figura 21. Esquema de las partes fundamentales de un citémetro de flujo.

2.8.1. Estudio del ciclo celular.

Como se ha explicado en el Capitulo I, determinadas drogas pueden provocar
alteraciones en el normal transcurso del ciclo celular, deteniendo su avance en
determinados puntos del mismo [88]. Una de las formas para analizar la fase del ciclo en
la que se encuentra una célula es cuantificar la cantidad de ADN que posee. Durante la
fase G1 (o en la fase GO) las células presentan una sola copia de su ADN, hasta que entran
en fase Sy comienzan a duplicarlo. Finalmente, en la fase G2-M la célula habra terminado
de duplicar su material genético y presentara el doble de ADN que el que tenia en la fase
G1 [51].

Empleando una sonda fluorescente especifica de ADN como es el yoduro de propidio
(PI), que emite en el rojo solo cuando esta unido al ADN, podemos cuantificar la cantidad
de ADN presente en las células [172]. El citobmetro permite analizar la intensidad emitida
individualmente por cada célula de una poblacién, y esta intensidad es proporcional a la
cantidad de ADN que posee. Los resultados de citometria se presentan en histogramas,
en los que se representa el numero de células (eje Y) que presentan una determinada
intensidad de emisién (eje X). En la Figura 22 aparece un histograma tipico de una
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poblaciéon celular tefiida con Pl analizada mediante citometria. De las areas de cada una
de estas regiones se obtiene el porcentaje de células que se encuentran en cada fase.
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Figura 22. Estudio de ciclo celular mediante determinacion del contenido de ADN empleando
tincion con PI.

Para realizar estos estudios se siembran 1.5 x 10° células por pocillo en placas de 6
pocillos y se dejaron incubar durante 24 h. A continuacion se retira el medio y se sustituye
por medio fresco con las concentraciones deseadas del compuesto de interés. Los ensayos
se realizan aplicando tratamientos de 24 y 48 h, tras lo cual se procede a fijar las células
para su posterior analisis mediante citometria de flujo. Para la fijacion, las células se
levantan con tripsina, se resuspenden en 1 mL de PBS y se fijan con 3 mL de etanol por
muestra manteniéndolas durante todo el proceso en hielo. Las células fijadas pueden
guardarse a 4 °C para ser analizadas hasta 3 dias después. Para realizar las medidas de
citometria las células fijadas se lavan con PBS para retirar el etanol, se resuspenden en
0.5 mL de PBS y se determina el nimero de células presente en cada muestra mediante
un contador automético (TC20™ Automated Cell Counter, Bio-Rad, California, USA).
La tincion con Pl se realiza con una disolucién de 0.1 mg/mL PI, 0.1 mM EDTA,
0.1 % Triton X-100 y 2 mg/mL RNA-sa durante 30 min, teniendo en todas las muestras
el mismo nimero de células para que la tincion sea uniforme. Después se centrifugan las
muestras (5 min, 1000 rpm) y se suspenden en 100 pL de PBS para ser analizadas en un
citdbmetro Guava EasyCite (Millipore, MERCK, Madrid, Espafia).

2.8.2. Estudios de viabilidad celular.

A pesar de que el método de rutina mas comun para determinar la viabilidad celular
es el ensayo MTT (apartado 2.4, Capitulo I1), debe tenerse en cuenta que este método
proporciona una medida indirecta de la supervivencia celular, asociada a la actividad
mitocondrial. Por esta razon, es conveniente corroborar los datos de viabilidad celular a
través de técnicas basadas en procesos alternativos. En este trabajo se empled la
citometria de flujo con el reactivo comercial Guava® ViaCount® Reagent (C4000-0040,
Guava Technologies) como técnica complementaria al ensayo MTT para determinar la
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viabilidad celular a determinadas concentraciones de los complejos estudiados (por
ejemplo, en el ICsp). Basandose en la distinta permeabilidad celular de dos sondas
fluorescentes en células viables y no viables, el ensayo de viabilidad de Guava ViaCount
permite cuantificar el nmero de células vivas y muertas de una muestra de forma directa.

El procedimiento experimental para este ensayo es muy sencillo. Las células se
siembran en placas de 12 pocillos a razén de 8 x 10* células por pocillo y se incubaron
durante 24 h. A continuacidn se retira el medio y se afiade medio fresco con el tratamiento
deseado. Tras incubar durante el tiempo indicado, las células se levantan mediante
tripsinizacion, se lavan con PBS, se centrifugan (5 min, 1.000 rpm) y se resuspenden en
0.5 mL de PBS. A 50 pL de esta suspension se le afiaden 150 pL del reactivo comercial
ViaCount y se procede a su analisis mediante citometria. El analisis del nimero de células
viables y no viables en cada muestra se realiza automaticamente con el software CytoSoft
de Guava ViaCount (Guava Technologies).

2.8.2.1.Inhibicion de caspasas.

El proceso de apoptosis esté regulado por una familia de proteasas llamadas caspasas
[169]. Estas caspasas se activan a través de la liberacién de determinados factores
proapoptoticos, como el citocromo-c, como consecuencia de un determinado estimulo y
desencadenan el proceso de apoptosis [173]. Para determinar si un compuesto induce
muerte por apoptosis puede emplearse un inhibidor de caspasas, de forma que la apoptosis
queda impedida, lo que deberia traducirse en un incremento de la supervivencia celular.
En este trabajo se empled el inhibidor de caspasas Z-VAD-FMK (tIrl-vad, InvivoGen,
San Diego, USA) para comprobar si este promovia un aumento en la supervivencia
celular cuando las células eran tratadas con los complejos metalicos estudiados.

Experimentalmente, las células se siembran en placas de 12 pocillos a razén de
8 x 10* células por pocillo y se incuban durante 24 h. A continuacion se retira el medio,
se aflade medio fresco con 20 uM Z-VAD-FMK y medio fresco solo en los controles y
se incuba durante 1 h. Después se tratan con el compuesto a estudiar a una determinada
concentracion y se incuba durante 24 h més. La determinacion de la supervivencia celular
de cada muestra (controles y tratamientos en presencia y ausencia de Z-VAD-FMK) se
realiza mediante el ensayo de viabilidad de Guava ViaCount, explicado en el apartado
anterior, en un citometro Guava EasyCite (Millipore, MERCK).

2.8.3. Acumulacion de especies reactivas de oxigeno (ROS).

La citotoxicidad de muchos agentes se debe a la sobreproduccion y acumulacion de
ROS en la célula [174]. En este trabajo se estudio mediante citometria de flujo la
capacidad de una serie de compuestos de inducir la generacion de determinadas especies
ROS. Concretamente, se emple6 DHE (dihydroethidium, D1168, Invitrogen™) como
sonda especifica de anion superoxido y H2DCFDA (2',7'-dichlorodihydro-fluorescein
diacetate, D399, Invitrogen™) como sonda para deteccion de perdxidos y otras especies
ROS (Figura 23). Estas sondas no son fluorescentes y reaccionan especificamente con
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las especies ROS indicadas para dar compuestos fluorescentes. La intensidad de esta
emision es proporcional a la cantidad de ROS que se ha generado en la célula durante el
tiempo que haya durado el tratamiento.

Control

_1p0 | 1p0 | zp0

H2DCEDA Tratamiento

No fluorescente

AanARconnnocokanaaneenaanos
I o
Actividad
Esterasa

Counts

20 40 60 50

10’ 10 10 10°

-
o

Fluorescence Intensity

H2DCF
No fluorescente

Figura 23. Esquema del proceso de deteccion de ROS mediante citometria de flujo empleando la
sonda H2DCFDA. En el histograma aparecen en amarillo las células que han sido tratadas con un
compuesto que incrementa la produccién de ROS intracelular y en gris las células control.

Se siembran 4 x 10* células por pocillo en placas de 12 pocillos y se incuban durante
24 h. Después, las células se tifien durante 30 min con 6 UM DHE o bien con 25 uM
H2DCFDA en medio Hank’s Balanced Salt Solution (HBSS, H9269, Sigma Aldrich)
suplementado con 1% FBS. Se retira este medio, se lava dos veces con PBS, se afiade
medio fresco completo y se dejan incubar 1 h antes de afiadir los tratamientos con los
compuestos de interés. Los tratamientos se realizan durante 2 ¢ 4 h, tras lo cual se
levantan las células y se analizan mediante citometria de flujo, en este caso en un
citdbmetro Guava EasyCite (Millipore, MERCK, Madrid, Espafia).

2.8.4. Estudio de la cardiolipina oxidada.

La cardiolipina es un fosfolipido presente en la membrana interna de la mitocondria
y su oxidacion, por ejemplo producida por ROS, esta relacionada con la liberacion de
citocromo-c al citosol, lo cual desencadena el proceso de apoptosis [99,173]. La oxidacion
de este fosfolipido como consecuencia del tratamiento con una droga puede detectarse
empleando el fluoréforo NAO (Nonyl Acridine Orange), que presenta una elevada
afinidad por la forma reducida de la cardiolipina, pero no por su forma oxidada. De esta
forma, a mayor cantidad de cardiolipina oxidada se registra una menor intensidad de
emisién de la sonda NAO [175,176].

Las células se siembran en placas de 6 pocillos (1.5 x 10° células por pocillo). Tras
24 h, las células se tifien con una disolucion 100 nM de NAO (A1372, Thermo Scientific)
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en HBSS (1 % FBS) durante 15 min. Después se retira la tincion, se lavan dos veces con
PBS y se tratan con las concentraciones indicadas de compuesto durante un tiempo
determinado (por ejemplo, 4 h). Tras el tratamiento, se levantan las células, se lavan con
PBS y se analizan mediante citometria de flujo.
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PARTE 1

Interaccidon de Doxorrubicina, Clusteres Cuanticos
Atomicos (AQCs) y Complejos Metalicos de Pt con
ADN en Doble Hélice.

CAPITULOS I, IVyY V

“Conclusion: Big helix in several chains, phosphates on outside,
phosphate-phosphate inter-helical bonds disrupted by water.
Phosphate links available to proteins.”

Rosalind Franklin, lecture notes, November 1951.






Aim of Part 1

Part 1 of this thesis is divided into three Chapters, namely Chapters 111, IV and V,
in which we discuss the interaction of different species with double stranded DNA
(dsDNA) and the biological consequences of this interaction.

Chapters 111 and 1V correspond to already published articles and are both part of a
project in collaboration with the groups of Prof. Fernando Dominguez (CiMUS, Santiago
de Compostela, Spain) and Prof. Arturo Lopez-Quintela (Universidad de Santiago de
Compostela, Spain). The aim of this project was to study the biological consequences of
the interaction of silver triatomic quantum clusters (AQCs or Ags) with DNA. Their
synthesis procedure and characterization, developed by the group of Prof. Arturo
Lépez-Quintela, as well as the characteristics of their interaction with dsSDNA had been
previously studied [107]. In this previous work, it was shown that very low concentrations
of ACQs (at AQCs/DNA(BP) concentration ratios below 0.05) induced noticeable
changes in the structure of natural DNA, which put forward the question of whether this
would have an impact in living organisms. Many vital processes, such as DNA replication
or transcription, involves the binding of highly specific proteins to DNA. Certain
modifications in the DNA structure can prevent this binding and disrupt the activity of
the enzymes with lethal consequences.

Bearing all this in mind, we decided to use a well-known DNA ligand as a model to
study how the conformational changes induced in the DNA molecule by very low
concentrations of AQCs affected the binding of this ligand. Doxorubicin (DOX), an
anticancer agent currently in clinical use that strongly intercalates into DNA, was chosen
for this purpose. First, a complete characterization of the interaction of DOX with dsSDNA
was carried out. This thermodynamic and kinetic characterization is reported in the article
named “New Insights into the Mechanism of the DNA/Doxorubicin Interaction” and
corresponds to Chapter 111 of this thesis [177].

As explained before, the next step was to study the consequences in the DNA/DOX
interaction caused by the conformational changes induced by the AQCs. Indeed, it was
observed that the presence of only one Ags cluster every 200 DNA base pairs completely
prevented DOX from intercalating into DNA. These observations were in highly good
agreement with the biological studies that were carried out by the group of Prof. Fernando
Dominguez, which demonstrated the impact of the AQCs on the activity of different
DNA-binding enzymes, as well as their bactericidal effect in various species of bacteria
isolated from clinical samples. All these results were published in the article named
“Interaction of silver atomic quantum clusters with living organisms: bactericidal effect
of Ags clusters mediated by disruption of topoisomerase-DNA complexes” that can be
found in Chapter 1V [178].
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Chapter V also deals with the interaction of ligands with dsDNA. In this work, we
wanted to explore the cytotoxicity as well as the interaction with biomolecules (DNA and
seroalbumin) of a family of platinum complexes analogous to cisplatin. This type of
compounds usually exert their biological activity through the establishment of covalent
bonds with DNA, among other possible mechanisms. The synthesis and the
characterization of these metal complexes were carried out by the group of Prof. Blanca
R. Manzano and Prof. Félix A. Jalon (Universidad de Ciudad Real, Spain).
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Capitulo 11

Mecanismo de la Interaccion
entre el Agente Antitumoral
Doxorrubicina y el ADN







Capitulo 111
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Figure 1. Schematic representation of the DNA/DOX interaction mechanism.

Doxorubicin (DOX) is an anticancer agent of the family of anthracyclines in clinical
use since 1974 [24]. Its biological activity as an antitumor drug is related to its binding to
DNA (P) that leads to the inhibition of 11A-type human topoisomerase activity [179]. In
this respect, the binding features of DOX with nucleic acids have been studied in depth
in the literature, and it has been regarded for years as a classical intercalating agent [180].

For convenience, in this work DOX is referred to as “D” and the polinucleotides to as
“P”. A set of thermodynamic techniques, including CD, DSC, ITC, viscosity and
fluorescence measurements allowed to identify and characterize not one but two distinct
DNA/DOX complexes depending on the drug/polynucleotide concentration ratio Cp/Cp:
“PD;” at Cp/Cp ratios below 0.35, and “PD>” at higher Cp/Cp ratios. In principle, PD:
exhibited all the typical characteristics of an intercalation complex, as it stabilized the
double helix structure increasing its Trm and also induced a marked elongation of the DNA
molecule, as evinced from the viscosity measurements. However, the kinetic data
obtained for the formation of PD1 by T-Jump measurements put forward the existence of
an intermediate complex, named PDy, at the expense of which PD; gets formed. In order
to shed light onto this issue, titrations of synthetic copolymers [poly(dA-dT)]> and
[poly(dG-dC)]. with DOX were carried out, as intercalating agents often present a marked
preference for GC-rich regions, whereas groove binders prefer AT-rich sequences.
Interestingly, DOX could bind to both copolymers with significant affinity. These
experimental results, along with the bibliographic data regarding the structure and
characteristics of the different moieties of the DOX molecule, let us put forward the
bifunctional character of PDy, in which the positively charged amino sugar moiety of
DOX interacts with the groove of the DNA molecule, while its planar tetracyclic core
intercalates between the DNA base pairs.

As to PD;, the ability of DOX to form aggregates at high concentrations and the
behaviour observed with the different thermodynamic techniques, point to the formation
of an external aggregation complex when DOX concentration is raised at Cp/Cp ratios
above 0.35.
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ABSTRACT: Doxorubicin (DOX) is an important anthracycline
antibiotic whose intricate features of binding to DNAs, not yet fully
understood, have been the object of intense debate. The dimerization
equilibrium has been studied at pH = 7.0, I = 2.5 mM, and T = 25 °C.
A thermodynamic and kinetic study of the binding of doxorubicin to
DNA, carried out by circular dichroism, viscometry, differential
scanning calorimetry, fluorescence, isothermal titration calorimetry,
and T-jump relaxation measurements, has enabled us to characterize
for the first time two different types of calf thymus DNA (ctDNA)/
DOX complexes: PD, for Cpox/Cpya < 0.3, and PD, for higher drug
content, The nature of the PD, complex is described better in light of the affinity of DOX with the synthetic copolymers
[poly(dA-dT)], and [poly(dG-dC)],. The formation of PD, has been categorized kinetically as a two-step mechanism in which
the fast step is the groove binding in the AT region, and the slow step is the intercalation into the GC region. This bifunctional
nature provides a plausible explanation for the high PD, constant obtained (K, = 2.3 X 10° M™!). Moreover, the formation of an
external aggregate complex ctDNA/DOX (PD,) at the expense of PD;, with K, = 9.3 X 10° M, has been evinced.

H INTRODUCTION Intercalator

Hydroxydaunorubicin, also known as doxorubicin (DOX), is a
prominent family member of anthracycline antibiotics, one of
the most effective types of anticancer drugs currently in use.'
Since this drug was discovered five decades ago, active interest
in studies involving DOX continuous to be as vivid as ever;
however, despite the intense investigation developed so far, its
mechanism of action still remains unclear.” The main mode of
action appears to be the inhibition of IIA-type human
topoisomerase, both by poisoning and by catalytic inhibition.?
Nowadays, it is recognized that the main features of the bindin,

of DOX to DNA seem to be the origin of its biological action.

Figure 1 shows the various functional moieties of
anthracyclines structure;® in addition to the amino sugar
moiety (positively charged at neutral pH), the b, ¢, and d rings Amino sugar moiety
constitute an intercalative region. The mode of interaction of
DOX with double-stranded DNA is determined by the role
played by each component.

Intercalation of drugs into DNA can distort the polynucleo-
tide structure and result in enzyme inhibition related to the
DNA replication and transcription. Due to the insertion of the
tetracyclic region into the DNA base pairs, DOX has been
regarded for years as a classical intercalating agent.® Studies
performed with some anthracyclines suggest that the strength > ) ) ] )
of intercalation relies upon the ability to form cleavable Amino  sugar moiety. Rel;noxfal or lallte‘ratlon of this unit
topoisomerase I complexes.” The kinetics of association and drastically decreasesl ltge binding equ}llbr‘lum canstant f’f 'fhe
dissociation of the calf thymus DNA (ctDNA)/DOX system DNA/DOX system. Even thc?ugh a mixed }node of binding
was investigated by stopped flow measurements according to a can be put forward,  the mechanism of formation of the DNA/

five-step model® and by T-jump measurements according to a

Figure 1. Structure and functional moieties of doxorubicin.

to recall that the extracellular medium contains 104 mM CI™
ion concentration, whereas the intracellular medium has only 4
mM,'"" hence the appropriateness of working at low ionic
strength.

Some contributions have emphasized the role played by the

single association step process,” with the mechanism inter- Received: November 20, 2013

preted in terms of site exclusion effects. In both cases the Revised:  December 24, 2013

studies were conducted at I > 0.15 M (NaCl); it is noteworthy Published: January 13, 2014
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DOX complex so far is not well determined. In this work, the
thermodynamics of the interaction of DOX with ctDNA and
the synthetic copolymers [poly(dA-dT)], and [poly(dG-dC)],
were studied by viscometry, fluorescence, circular dichroism
(CD), differential scanning calorimetry (DSC), and isothermal
titration calorimetry (ITC) measurements. As a classical
intercalating agent, DOX is expected to interact with
[poly(dG-dC)],, but not with [poly(dA-dT)],;"* in fact,
some studies have concluded that DOX displays no traceable
binding with [poly(dA-dT)],.'"* By contrast, DOX has been
shown here to bind to both [poly(dA-dT)], and [poly(dG-
dC)],. Also, for the first time, two different ctDNA/DOX
complexes have been observed and characterized as a function
of the drug content.

B MATERIALS AND METHODS

Materials. Doxorubicin hydrochloride (D), from Sigma
Aldrich, was used without further purification. Stock solutions
of DOX were prepared by dissolving weighed amounts in 2.5 X
107> M sodium cacodylate (NaCaC), [(CH,),AsO,Na], as a
buffer to maintain the pH constant at 7.0. Aqueous solutions
were prepared with doubly deionized water from a Millipore Q
apparatus (APS; Los Angeles, California). Calf thymus DNA
(P), from Sigma Aldrich, was dissolved in water and sonicated
using a MSE-Sonyprep sonicator by applying 20 cycles of 10 s
to suitable DNA samples (10 mL ctDNA, 2 X 107 M) with 20
s pause between cycles, at 98 ym amplitude. The sonicator tip
was introduced directly into the solution, kept in an ice bath to
minimize thermal sonication effects. Stock solutions of the
synthetic copolymers [poly(dG-dC)], and [poly(dA-dT)],
were prepared by dissolving the solids in water. In all cases,
the polynucleotide concentration, Cp, was expressed as molarity
of base-pairs (Mpp). Stock solutions were stored in the dark at 4
°C.

Methods. Fluorescence titrations were performed on a
Shimadzu Corporation RF-5301PC spectroflucrometer (Duis-
burg, Germany) at A, = 490 nm and 4, = 555 nm. The
titrations were performed by adding increasing amounts of
polynucleotide directly into the cell with the dye solution.

The CD spectra were recorded on a MOS-450 Bio-Logic
dichrograph (Claix, France). The measurements were per-
formed in 1.0 cm path-length cells at 25 °C. Titrations of the
ctDNA/DOX system were carried out by injecting increasing
micro amounts of the drug into a known volume of the
polymer solution.

The thermal behavior of the ctDNA/DOX system was
studied by DSC measurements, using a Nano DSC Instrument
(TA, Waters LLC, New Castle, USA). To reduce to a minimum
the formation of bubbles upon heating, the reference and the
sample solutions were previously degassed in a degassing
station (TA, Waters LLC, New Castle, UUSA). The samples
were scanned at 3 atm pressure from 20 to 110 °C at 1 °C-
min~!

The ITC experiments were performed at 25 °C using a Nano
ITC Instrument (TA, Waters LLC, New Castle, USA). To
prevent formation of air bubbles, all solutions were degassed in
a degassing station (TA, Waters LLC, New Castle, USA). Drug
solutions were placed in a 50 pL syringe and continuously
stirred. Fifty additions of 1 uL in 400 s intervals were injected
into the sample cell containing the buffer or the polymer
solution. Control experiments were carried out to determine
the contribution of the heat of dilution of both ¢tDNA and
DOX. The integration of these peaks, corrected by the dilution

scan rate.
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effect, gave the binding isotherms (heat change versus Cp,/Cp
mole ratio). All the data were analyzed using the NanoAnalyze
software.

Viscosity measurements were performed with an Ubbelohde
viscometer (Schott, Mainz, Germany) immersed in 2 water bath
at 25 °C. The flow time was measured with a digital stopwatch.
The sample viscosity was evaluated as the mean value of at [east
three replicated measurements. The ctDNA/DOX viscosity
rcadinéqs were reported as L/Ly = (/1,)"® versus Cp/Cp
ratio,' where 5 and 1, stand for the polynucleotide viscosity in
the presence and in the absence of drug, respectively.

Kinetic measurements were performed with a T-jump
apparatus built up according to the Riegler et al. prototype,'’
working in the absorbance mode. The kinetic curves, collected
with an Agilent 54622A oscilloscope (Santa Clara, CA), were
transferred to a PC and evaluated with the Table Curve
program of the Jandel Scientific package (AISN software,
Richmond, CA). The time constants were averaged out to 10
repeated kinetic experiments, the observed uncertainty of time
constants being 10%.

B RESULTS AND DISCUSSION

Aggregation Behavior of Doxorubicin. Doxorubicin, a
monocation species under physiological conditions, is known to
undergo dimerization.'® This process is influenced by the ionic
strength and the buffer used, and must be characterized under
the same conditions of the study of the ctDNA/DOX
interaction. ITC provides full thermodynamic characterization
of the aggregation process. Figure 2 shows an experimental ITC
titration curve of DOX in 2.5 mM NaCaC and pH = 7.0. Each
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Figure 2. ITC profile of DOX dissociation in buffered solution. C% =
2.6 mM, I =25 mM, pH =7.0,and T = 25 °C.
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injection produced an endothermic effect due to disaggregation.
The binding isotherm was fitted by a dimer dissociation model
that allows one to obtain concurrently the thermodynamic
parameters of both the dissociation and the aggregation
processes.

To reliably tackle the dimerization process without
interfering with the study of the ctDNA/DOX system, the
conditions in which the dimer content was negligible had to be
carefully selected. The thermodynamic dimerization constant
(K;) obtained by ITC was quite close to that obtained by fitting
to the spectrophotometric data-pairs a model that only
considers monomer and dimer species in solution.'” It can
then be concluded that under these conditions, the formation
of higher order aggregation species can be disregarded. Table 1
lists the data collected for the dimerization reaction 1:

K,
D =D, (1)

Table 1. Best-Fit Thermodynamic Parameters Obtained by
ITC Measurements from a Dimer Dissociation Model”

1074 K, (M)
1.4 {+0.3)

AH; (k] mol™)
—52 (+5)

AS,, (_] mol ™! K_L)
—95 (+17)

“Ky is the aggregation equilibrium constant, AH, the enthalpy, and
AS, the dimerization entropy {eq 1).

Thermodynamic and Kinetic Features of the ctDNA/
DOX Binding. Circular Dichroism. CD titrations were
performed by adding increasing amounts of DOX to a
ctDNA solution. The CD spectra collected are shown in
Figure 3A. Different trends can be differentiated in the intricate
325—-600 nm spectral region. For instance, a new 480 nm band
was formed upon raising the DOX content. Moreover, the
isoelliptic point at A = 293 nm reveals the formation of new
species in solution (Figure 3A, inset); this iscelliptic point
appeared only for very low drug contents (0 < Cp/Cp < 0.1)
and vanished when the Cp,/C, ratio was raised. The assumption
of different types of complexes is also reinforced by the changes
observed in the overall spectra. The characteristic negative band
centered at 300 nm experienced a hypsochromic shift, which
became more intense when the Cp/Cp ratio was raised.

Doxorubicin is a quiral molecule in nature, and its CD
contribution should be taken into account (Figure 3B). At 275
nm, DOX displayed no dichroic effect, and hence it is an
appropriate point to study the behavior displayed in Figure 3A.
Figure 4 shows that the intensity of the 275 nm band increased
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Figure 4. Molar ellipticity at 275 nm of the ctDNA/DOX system
versus Cp/Cp ratio. Cp = 1.02 X 107* M, I = 2.5 mM, pH = 7.0, and T
=25°C.

when the C,/C; ratio was raised. At C,,/Cp = 0.35, the trend
changed drastically, suggesting a critical ftransition in the
binding features, most likely reflecting the appearance of a
different mode of binding when the drug content was raised. As
an implication, two different complexes (PD, and PD,) can be
presumed in solution. The different binding features are even
more clear in Figure 3B, in which two spectra were recorded at
Cp/Cp = 0.2 and C,/C, = 0.6 to compare the change in
intensity and location of the bands. At Cp/Cp, = 0.2, none of the
typical DOX bands were evinced, suggesting that the content of
free drug in solution was negligible when PD, is the prevailing
form. By contrast, for the Cp/Cp = 0.6 limit, in which the PD,
species is present, the trend changed and the positive band at
250 nm sharply rose.

Viscosity. The viscosity measurements revealed two different
effects (Figure 5), in fairly good agreement with the CD
experiments. The first effect, for Cp/Cp ratio between 0 and
0.35, consists of a sharp increase in the relative contour length
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Figure 3. (A) CD spectra recorded for the ctDNA/DOX system between 0 < Cp/Cp < 1.0. Inset: isoelliptic point {4 = 293 nm) displayed by
ctDNA/DOX between 0 < Cp/Cp < 0.1. (B) CD spectra recorded for free DOX (red line) and Cpp/Cp = 0.2 {blue line) and Cpp/Cp = 0.6 (green line)

ratio. C) = 1.02 X 10 * M, I = 2.5 mM, pH = 7.0, and T = 25 °C.
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Figure 5. Relative viscosity of the ctDNA/DOX system. Cp = 2.03 X
107" M, I = 2.5 mM, pH = 7.0, and T = 25 °C.

when the drug content was raised. The projected slope (1.02 +
0.06) is consistent with formation of an intercalative complex
(PD,)."® At Cp/Cp ~ 0.35, 2 maximum was reached followed
by a drop in the relative viscosity, revealing the formation of a
second type of ctDNA/DOX complex (PD,). This diminution
in the polymer contour length points to partial loss of the
intercalative nature of DOX in the PD, complex; that is, PD, is
formed at the expense of PD,. Therefore, DOX is partially
intercalated and serves as a scaffold to form the aggregated
complex, PD,.

Thermal Stability. The melting process of the ctDNA/DOX
system was studied by DSC, monitoring the endothermic
transition peaks in the Cp/Cp = 0—0.7 range. Figure 6A shows
two DSC curves at C,/Cp = 0.0 and 0.3, observing only a single
transition. The maximum temperature corresponded to the
melting temperature (T,). To ensure that possible disag-
gregation upon increasing the temperature does not interfere
with the melting temperature, the free drug was analyzed also
by DSC. Indeed, no disaggregation peaks were observed (data
not shown), hence the endothermic peaks recorded can be put
down to denaturation of the ctDNA/DOX complexes. Figure
6B shows the T, values obtained as a function of the C,/C,
ratio.

Up to Cp/Cp = 0.2, the ctDNA/DOX system underwent a 38
°C increase in the melting temperature relative to ctDNA in the
absence of drug. As expected for intercalating agents, the
formation of PD, lends a marked thermal stabilization to the
double helix. It is noteworthy that this significant increase in the
melting temperature is much higher than that caused by most
classical intercalators (as an example, proflavine causes AT, =3
°C at Cp/Cp = 0.3* and ethidium bromide AT, = 13 °C at
Cp/Cp = 0.17"). Above the Cp/Cp = 0.3 ratio, the melting
temperature remained nearly constant. Therefore, from Figure
6B one can conclude that the second complex (PD,) detected
at higher drug content displays different thermal features, as it
does not stabilize the DNA double helix structure. These results
concur with those obtained from CD and viscosity experiments,
bearing out the existence of two complexes with different
features.

Kinetic Study. The kinetic study of the ctDNA/DOX
interaction was undertaken with the T-jump relaxation
technique at I = 0.1 M. To determine the mechanism of
formation of PD, the experiments were carried out in excess of
DNA (Cp/Cp < 0.1). The kinetic curves recorded displayed
monophasic behavior (Figure 7A). Analyses of the effect of the
reactants concentration on the reciprocal relaxation time
(Figure 7B) suggests a two-step mechanism according to eq 2:

K, &,
P+ D = PD, = PD,
k., (2)
fitting eq 3 to the kinetic data:
l _ Kk ([P] + [D])
L+ Ky([P]+[D])

T 3

The formation of PD, is preceded by a fast step that leads to
formation of PDy, with K, being the equilibrium constant, and
k, and k_; the rate constants of formation of PD, from PDy in
the forward and reverse direction, respectively, being K," = k,/
k_,. The overall apparent equilibrium constant, K;, can be
obtained from eq 4:

K =K1+ K/') 4

Table 2 lists the values of equilibrium and kinetic constants
obtained. The high value of K, (1.0 X 10* M™") points up an
interaction stronger than that stemming from an ion-pair drug/
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Table 2. Rate (k;, k_,) and Equilibrium (K,, K’;, and K;)
Constants for the ctDNA/DOX System According to Eqs 3
and 4°

W05k (1) 102k, 6D 10 MY 107K 107K (MY
19 1.8 1.6 1 1.6
57°

“I=01M,pH =7, and T = 25°C. b = 2.5 mM, corrected with eq 5.

DNA complex formed “outside”, whose Ky value lies below
100.>* Additionally, a groove complex is formed faster and
more stable than an intercalative one.* Therefore, it can be
surmised reasonably that the fast step corresponds to formation
of PD,, a groove binding complex markedly electrostatic in
nature, as suggested earlier.® This binding should correspond to
the interaction at the sugar site, in which the electrostatic
charge of DOX is located in the phosphate groups. The binding
to the groove is also favored by formation of H bonds between
the OH substituent of the amino sugar and the nucleobase

oxygen (or nitrogen) site; this set of interactions may justify the
rather high K, value deduced. At this point, the slow process
corresponding to intercalation of the tetracyclic core would
afford the PD, complex. A five-step mechanism has been
claimed by stopped flow measurements, Obtaininég the
dissociation constants in the presence of SDS.” For
convenience, the five steps are rearranged in an association
mechanism with two branches, although other mechanisms
should not be ruled out. Chaires has suggested other
mechanisms valid for antracyclines different from DOX.**
The model put forward here for the ctDNA/DOX binding is
closer to the single-step mechanism by Féster et al,” even
though their T-jump kinetic studies were carried out under
excess of DOX, conditions for which we have verified the
formation of the PD, species; the kinetic equilibrium constant
(8 x 10° M™!) concurs well with what we report here for PD,
obtained by ITC, as shown below.

According to our results, the values k; = 1.9 X 10°s™" and k_;
= 180 s™" match fairly well the dissociation and formation rate
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Table 3. Thermodynamic Parameters Determined for the Binding of DOX to ctDNA Using a Two-Site Model (PD,; and PD,
Complexes) and to [poly(dG-dC)], and [poly(dA-dT)], Using a One-Site Model”

polymer WK (MY AG (k] mol ) AH (K] mol ) AS (J mol * K'Y
ctDNA (PD,) 2300 + 800 —47.7 £ 0.7 —48 £ 03 144 + 3
ctDNA (PD,) 93+ 07 —34.1 + 0.2 —2.69 + 0.02 1052 + 0.7
[poly(dG-dC)], 63+ 07 —33.1 £ 03 —22.8 + 03 3442
[poly(dA-dT)], 078 + 0.03 —279 + 0.1 —248 + 0.1 101 + 0.7

“I'=25mM, pH =7.0,and T = 25 °C.
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Figure 9. (A) Binding isotherm for the [poly(dG-dC}],/DOX system. Inset: Spectrofluorometric titration of the [poly(dG-dC)],/DOX system. (B)
Binding isotherm for the [poly(dA-dT)],/DOX system. Inset: Spectrofluorometric titration of the [poly(dA-dT)],/DOX system. (C) Binding
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$58 nm, I = 2.5 mM, pH = 7.0, T = 25 °C.

constants of PD, from PD,. The equilibrium constant K;" =1 X
10% is at least one order higher than the binding constant
expected for the formation of an intercalative complex from a
pure electrostatic comp]ex.25 That is, PD, helps to form PD,, a
bifunctional complex in which the chromophore intercalates
into the DNA base-pairs and the amino sugar spreads along the
minor groove. This mechanism, much simpler than that by
Rizzo et al,” is in fairly good agreement with the structural data
of the DNA/DOX interaction.”> To hold fair comparison of the
T-jump equilibrium constant with that from ITC measure-
ments (under considerably smaller ionic strength, I = 2.5 mM),
K, had to be corrected considering the ionic strength effect
according to the Manning and Record equation:*®

AlogK

A(=log Na™®) "

(8)

where m' stands for the number of phosphodiester residues

occupied by one drug unit, and ¥ is the DNA charge
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counteracted by the external ions. The value reported for m"¥
equals 0.97;"" thus, the thermodynamic constant for formation
of PD, (under 2.5 mM ionic strength) was K; = 5.7 X 10° M™!
(Table 2).

Isothermal Titration Calorimetry. ITC measurements may
provide full thermodynamic characterization of the equilibrium
interactions of DOX with ctDNA, [poly(dA-dT)], and
[poly(dG-dC)],. Solutions containing the polynucleotide
were titrated with increasing amounts of DOX. For the
ctDNA/DOX system, a “two-site” model has served to fit the
binding isotherm (Figure 8A), corroborating two different
modes of binding that depend on the drug/polynudeotide
concentration ratio. The titration data for ctDNA/DOX
displayed a minimum for Cp/Cp = 0.3, borne out by the CD
and viscosity experiments. Table 3 lists the thermodynamic
constants, K, and enthalpy and entropy parameters, AH and
AS, comresponding to formation of PD, and PD,. The
thermodynamic constant obtained by ITC (2.3 x 10° M™)
agrees well with that obtained from T-jump measurements at

dx.doi.org/10.1021/jp411429g | J. Phys. Chem. B 2014, 118, 12881295
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low drug content, once corrected for I = 2.5 mM {K; = 57 X
108 M) (Table 2). This figure, corresponding to formation of
PD,, is twice and three times, respectively, that for classical
intercalators such as proflavine or ethidium bromide, >’
revealing a more complex interaction. Table 3 also shows
that formation of PD; is exothermic and highly entropic,
whereas intercalative complexes are known to display rather
moderate entropic contribution.® These results support that,
under these conditions, PD, does not behave as a classical
intercalator, consistent with its groove binder nature, as inferred
from the two-step mechanism observed by T-jump.

Groove binders quite often show preference for AT-rich
sequences, whereas intercalating agents prefer GC-rich
sequences.14 With this in mind, the affinity of DOX with the
synthetic copolymers [poly{dA-dT}], and [poly(dG-dC)], was
studied to draw information on the nature of the respective
interactions. Figure 8B,C shows the ITC experiments
corresponding to [poly(dG-dC)],/DOX and [poly{dA-
dT)],/DOX, respectively. The binding isotherms obtained in
both cases suggest that at least two different types of
interactions between DOX and DNA are at work, depending
on the nucleotide sequence. A “one-site” model was used to fit
the ITC data for [poly{dG-dC)],/DOX and [poly{dA-dT}],/
DOX systems. As to the equilibrium constants obtained (Kgc
and K,p), Ko was one order higher than K. In contrast to
the data previously published at I = 0.1 M," the ITC profile
makes clear that DOX does bind to [poly(dA-dT}],. Therefore,
formation of the bifuncional PD, complex requires the presence
of GC and AT regions.

The high values of the afinity constants {Table 3) relative to
K, (Table 2), enables one to hypothesize that the dimer
concentration present in the solution containing DNA is
negligible; however, the heat of dilution of D, has been
considered in the calculations, as explained in the Methods
subsection.

Spectrofluorometric Titrations. Fluorescence experiments
have served to verify the different nature of the interaction of
DOX toward the synthetic copolymers [poly{dA-dT)]; and
[poly(dG-dC)], The fluorescence behavior of these systemns
considerably differ from one another {Figure 9}, corroborating
the different binding nature observed by ITC. It also suggests
intercalation process with the GC-rich sequence and a different
type of interaction toward the AT-rich sequence. Figure 9A
shows that the fluorescence dropped to neatly zero when the
reaction between [poly{dG-dC)], and DOX was to com-
pletion. An analysis of the isotherm as reported earlier™ yields
the value K = (5.0 £ 0.2} X 10° M7, in good agreement with
the TTC result {Table 3}, bearing out the nonfluorescent nature
of the intercalated complex.

The [poly(dA-dT}],/DOX interaction meets fully different
features. Inspection of Figure 9B unveils two different
processes. First, the fluorescence diminishes upon addition of
[poly(dA-dT}]; to the cell containing the DOX solution, that
is, at high D content. From Cp/Cp > 1 {or Cp/Cp < 1), the
fluorescence increased gently, giving way to the binding
isotherm. It should be noticed that the binding observed by
ITC (Figure 8C) occurs in the same range of concentration
ratio as that of the isotherm corresponding to the second
process {Figure 9B). In other words, the DOX binding to the
[poly(dA-dT}], groove yielded a fluorescent complex whose
equilibrium constant evaluated by IT'C {T'able 3} could not be

obtained accurately from the fluorescence data.
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Therefore, from Figure 9A,B it seems clear that the
quenching effect due to intercalation exceeds the fluorescence
increase due to the binding to the groove; because of this, the
overall observable effect in the ¢tDNA/DOX system was the
quenching {Figure 9C). This behavior resembles that of the
[poly(dG-dC}],/DOX system; the amplitude of the isotherm
in the former was less, as expected from the influence of the
binding to the groove which, combined with intercalation,
yields PD,. Unlike with ITC, for tDNA/DOX two types of
binding were not observed from fluorescence measurements,
indicating that both PD; and PD, are nonfluorescent species.
An analysis in light of the Scatchard plot® yielded K = (1.16 +
0.04) X 107, a value intermediate between the formation
constants of PD; and PD, deduced from ITC measurements
{Table 3).

Bearing all this in mind, the kinetic mechanism proposed in
eq 2 finds now convincing explanation. The PD, species is
formed when the charged amino sugar moiety interacts with the
AT region. The value K, =1.0 X 10* M ' obtained by Tjump
measurements at I = 0.1 M {Table 2) compares fairly well with
the constant Kyp = 7.8 X 10* M~ obtained at [ = 2.5 mM
{Table 3). Taking for granted the electrostatic nature of PDy,
the ionic strength effect on the bindinﬁ constant was corrected
according to the Giintelberg equation,”"** log K = log K° +1.01
ZaZol (1 + Y, 2,7 being —1. However, the value
obtained for K;, once corrected, lies below K,p. This feature
points to the non-fully electrostatic nature of the interaction to
the groove; instead, it would include also H-bonding through
the OH of the sugar moiety; such interactions were not
considered in the above equation. In addition, PD; is finally
formed when the planar core of the drug intercalates into the
GC base-pairs. In conclusion, the above sets of results have
enabled us not only to describe but also to quantify the kinetic
and thermodynamic parameters of the ctDNA/DOX system, in
good agreement with those drawn from the structural data.®?

As for the second complex, PD,, with K, = 9.7 X 10° M, it
could be the outcome of an external aggregation complex from
PD,. The formation of PD, requires large entropic contribu-
tion, consistent with the release of water molecules from the
complex interface.’® The partial release in PD; of intercalated
drug molecules from the base-pairs, observed with viscosity
measurements, favors the formation of PD,. Lastly, a reaction
mechanism consistent with eq 2 can be put forward in the
form:

E, ky +D
P+D=PD,=PD =PD,

=1

(6)

B CONCLUSIONS

The formation of two nonfluorescent complexes {PD; and
PD,) between DOX and ctDNA, depending on the Cp/Cp
ratio, has been reported for the first time from thermodynamic
and kinetic measurements. For Cp/Cp < 0.3, the PD; complex
prevails, a bifunctional mode of binding formed by a two-step
mechanism. The first {fast} step involves groove binding to the
AT sequence, in which the DOX amino sugar moiety spreads,
giving way to a gently fluorescent complex. This AT-DOX
interaction has not been reported hitherto. The second {slow)
step consists of the intercalation of the aromatic DOX core to
the GC sequence, giving way to a nonfluorescent complex. In
addition, the appearance of a second complex, PD,, with rather
different binding features is evinced at higher drug content. The
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PD, species, formed at the expense of PD, when all the
Intercalative sites are occupied, could be an external complex
that partially overhangs from the intercalated core in PD;, thus
serving as a scaffold to form the aggregate.
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Capitulo IV

The bactericidal effect of silver has been known for many centuries, although the
exact mechanism (or mechanisms) of action still remains unclear. Silver ions (Ag") or
silver nanoparticles (NPs) have been proposed to be responsible for this effect [181,182].
It is worth noting that the cytosol of the cells is a very reducing environment in order to
keep reactive oxygen species (ROS) at very low levels [183], so Ag* could be reduced to
Ag®. For this reason, we explore in this work the biological effect of small neutral
triatomic silver clusters (Ags), which could get form in bacteria exposed to silver.

These Ags clusters had been shown to intercalate into DNA inducing some changes
in the dsDNA molecule at very low concentrations [107]. Many vital biological processes,
such as replication and transcription, take place through the formation of specific
protein-DNA complexes, in which the enzymes need to recognize their DNA binding site
by either recognition of specific sequences or recognition of DNA geometry. Changes in
the DNA structure could impede this recognition disrupting the enzyme activity.

On one hand, using DOX as a model DNA ligand, we assessed whether the
modifications induced by very low concentrations of Ags in the DNA structure could
modify or even prevent the DNA/DOX interaction. ITC, fluorescence and circular
dichroism titrations demonstrated that the formation of the intercalated complex PDj,
previously characterized in Chapter 111 of this thesis, could not get formed when DNA
had been incubated overnight with only one Ags cluster for every 200 BP of DNA. As a
negative control, the same experiments were carried out incubating DNA overnight with
Ag" ions instead of with Ags, and the formation of PD1 was not inhibited.

On the other hand, the effect of Ags on the biological activity of DNA-binding
enzymes was studied by the group of Prof. Fernando Dominguez (CiMUS, Santiago de
Compostela, Spain). In particular, they tested the effect exerted on proteins that bind to
DNA in a sequence-dependent mode, such as the restriction enzyme Hindlll, and proteins
that recognize DNA geometry, such as type Il topoisomerases. They found that the
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Parte 1

activity of these enzymes was inhibited at nanomolar concentration levels of Ags. In
addition, they studied the bactericidal activity against various species of bacteria isolated
from clinical samples, finding that Gram-positive bacteria were more resistant to the Ags
treatment than Gram-negative bacteria, probably due to the action of the peptidoglycan
layer in the cell wall present in Gram-positive bacteria. In any case, Ags displayed great
bactericidal activity against some of the Gram-negative isolates.

Resistance to antibiotics is one of the biggest threats to global health, so there is a
major interest in the developing of new antibiotics that could help overcome this problem.
In this work, we described for the first time the bactericidal activity of AQCs (Figure 1),
which are currently being studied in depth not only as potential antibiotics, but also as
enhancers of the anticancer activity of certain drugs.

) P9% DN interacti
. _.....J mreraction
P+ — A IENES — is inhibited
or ﬂ
DNA enzymes
— Bactericidal
Activity

Figure 1. Schematic representation of the bactericidal activity of Ags.
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by intercalation intc DNA. All these effects, not observed in the presence of Ag' ions, can explain the
powerful bactericidal activity of Ag-AQCs, extending the knowledge of silver bactericidal properties.
Lastly, we highlight the interest of the interaction of Ag clusters with living organisms, an area that

influence on the

Received S5th June 2015
Accepted 13th July 2015
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Introduction

The bactericidal properties of silver have been known since
ancient times; however, nowadays the underlying mechanisms
are only poorly understood. Whether silver nanoparticles
(NPs),* silver ions (Ag™)* or both are responsible for the eyto-
toxicity of silver is open to discussion,*™ largely because of their
relative bioavailability.® Cells can reduce Ag™ to the metallic
form, which constitutes a well-known biosynthetic method to
prepare NPs.t On the other hand, NPs taken up into eukaryotic
cells dissolve quickly and chemical species of silver change over
time from Ag® to Ag-O- to Ag-S- forms.” NPs are unstable in the
presence of excess of S-containing chemicals such as gluta-
thione, present in cells at millimolar levels,” which can etch NPs
to produce Ag clusters.? At the same time, in the course of the
formation of NPs by reduction of Ag™, stable Ag clusters can also
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Enfermedades Cronicas (CIMUS), University of Santiago de Compostela, E-15782
Santiago de Compostela, Spain. E-mail: fernando.dominguez@usc.es

*Department of Chemistry, University of Burgos, E-9001 Burgos, Spain. E-mail: begar@
ubu.es

‘Department of Physical Chemistry, Fac. Chemistry and Nanomag Laboratory, HT.
University of Santiago de Compostela, E-15782 Santiago de Compostela, Spain

t Electronic supplementary information (ESI} available: Fig. 1SI and 2SI and
fitting procedure of eqn (151). See DOI: 10.1039/c55c02022k
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be formed. Therefore, the possibility that Ag clusters are
present in bacteria exposed to silver should not be excluded.
Earlier, we have reported that Ag; clusters (denoted here as
Ag-AQCs) interact with DNA through intercalation.** The effect
exerted by Ag-AQCs on the DNA conformation is stronger than
by classical intercalators such as acridines or ethidium
bromide, mainly for two reasons: (a) Ag atoms have larger radii
than C atoms and the unwinding and subsequent lengthening
of the double helix induced by Ag-AQCs is in consequence larger
than that occasioned by polyeyclic aromatic ligands;™ and (b)
the dissociation rate constant for the Ag-AQCs/DNA complex is
several orders of magnitude lower than those with classical
intercalators,” thus prolonging the residence time in the
intercalated position. In a topologically closed DNA domain,
changes in the secondary structure are immediately reflected by
a change in the overall shape, helping to disrupt the protein
binding. This outcome raises naturally the question of whether
Ag-AQCs can inhibit the binding of DNA-ligands. To shed some
light on this issue, we firstly address the effect of Ag-AQCs,
incubated in DNA, on the DOX-DNA binding. Likewise, for
comparison purposes, a parallel study replacing Ag-AQCs by Ag™
ions was carried out. DOX is a renowned member of the
anthracycline family, a very effective type of anticancer drugs
currently in use." " Recently, we have studied the interaction of
DOX with calf thymus DNA (ct-DNA), reporting that this system
is able to form a strong intercalated-groove DOX-DNA complex.
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The formation of this complex is categorized kinetically as a
two-step mechanism in which the fast step is the groove binding
of the amino sugar moiety and the slow step is the intercalation
of the anthracycline group.'® We hypothesize that the distortion
of the DNA groove as a consequence of the intercalation of
Ag-AQC reported earlier' is responsible for the inhibition of the
binding of DOX to DNA.

We then study the effect of the Ag-AQCs incubated in DNA on
major groove binding proteins such as topoisomerase 1V, E. coli
DNA gyrase and the restriction enzyme HindIIl. Lastly, the
effects of Ag-AQCs in living organisms were assessed by evalu-
ation of their antibacterial activity. A schematic diagram of the
research performed is outlined in Fig. 1.

Results and discussion

Influence of Ag-AQCs and Ag" ions on the DNA-DOX
interaction

The study of ternary systems containing DOX, DNA and
Ag-AQCs (or silver ions, used for comparison purposes) was
conducted by isothermal titration calorimetry (ITC) and circular
dichroism (CD) measurements. This physicochemical study will
allow us to learn the effect caused by the cluster, once interca-
lated into the DNA, on different types of groove-binders. The
study is composed of two types of experiments: (1) titration with
DOX of a DNA sample previously incubated overnight with
submicromolar amounts of Ag" (Cpwa : Cag = 200), and (2)
identical conditions, replacing Ag" by Ag-AQCs.

The ITC profile was generated by adding micromolar
amounts of DOX (Cp, molar concentration) to: (a) ct-DNA + Ag”
(Fig. 2A), and (b) ct-DNA + Ag-AQCs (Fig. 2B), (Cp stands for the
DNA concentration expressed as molar base pairs). Table 1
collects the thermodynamic binding constants, K; and K,
obtained for DOX/(ct-DNA + Ag") using a two-sites model; for
comparison, the same data for the DOX/ct-DNA system is also
included. The small diminution of the K; and K, values for
DOX/(ct-DNA + Ag”) relative to DOX/ct-DNA indicates that the
Ag’ ions exert only a small effect on the binding of DOX to
ct-DNA. In contrast, a substantially different behavior was
observed in the presence of Ag-AQCs (Fig. 2B); Ag-AQCs species

are responsible for the observed full inhibition of the interca-
lation of DOX into ct-DNA, even for very small Cpna/Cagaqcs
ratios.

Fig. 2 also shows the CD spectra recorded upon addition of
micromolar amounts of DOX to (ct-DNA + Ag”') and to (ct-DNA +
Ag-AQCs). The set of CD spectra and the molar ellipticity versus
Cp/Cp plot recorded for DOX/(ct-DNA + Ag') at A = 275 nm
(Fig. 2C, inset) and those for DOX/ct-DNA' are very similar,
meaning that the effect of the Ag" ions on the CD spectra is
trivial. In contrast, the pattern obtained with Ag-AQCs differs
noticeably; disappearance of the positive bands at 240 and
500 nm, and the observed increase of the negative band at
540 nm both denote heavy structural distortion of the DNA. The
molar ellipticity profile at A = 275 nm (Fig. 2D, inset) reveals
that, in the presence of Ag-AQC, the strong intercalated-groove
complex is not formed for both DOX-DNA and DOX/(DNA + Ag”)
systems, as stacking interactions are characterized by positive
variation around 275 nm."* However, the observed diminution
of [#] for Cp/Cp > 0.4 indicates that an external complex could be
formed.

Likewise, formation of the non-fluorescent complex DOX/
Ag-AQCs has been studied in the absence of DNA. Fig. 1SIAT
shows the isotherm plot; fitting of the data pairs (see ESIf)
yielded the value K = (2.9 £ 0.1) x 10° M~'. Regarding
absorption measurements, the isosbestic points at 300 and 350
nm in the set of spectral curves of Fig. 1SIBt support interaction
between DOX and Ag-AQCs; by contrast, lack of spectral
changes in the titration of DOX with Ag" reveals that no reaction
is at work.

The ITC results have shown that the interaction with DNA of
the species resulting from DOX + Ag-AQCs differs only slightly
from the interaction of DOX with DNA (Fig. 2SIt); the constants
obtained for DOX-DNA were only an order of magnitude greater
than those obtained for (DOX + Ag-AQCs)/DNA (see Table 1).

In summary, so far we can conclude that Ag-AQCs interca-
lated into DNA are responsible for the observed non-intercala-
tion of DOX into DNA and also that Ag-AQCs strongly interact
with DOX in the absence of DNA. This study affords useful
information to understand the mechanisms of inhibition of
biological groove-binding agents, such as proteins, by Ag-AQCs.

8) + — + “7=7 DOX DNA interaction
—> isinhibited
or ﬂ
DNA enzymes
- Bactericidal
Activity

Fig. 1 Schematic representation of the bactericidal activity of Ag-AQC. The inhibiting action of different types of groove-binders is due to the
enlargement and subsequent distortion of DNA caused by intercalation of the cluster.
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Fig.2 Ag-AQCs clusters prevent the binding of DOX to ct-DNA. ITC profile obtained for (A) DOX/(ct-DNA + Ag’) system, and (B) DOX/(ct-DNA
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molar ellipticity versus Cp/Cp ratio at A = 275 nm, Cp = 50 pM. lonic strength =25 mM, pH =7 and T =25 °C.

Ag-AQCs affect the biological activity of DNA-binding proteins

We also looked into the influence of Ag-AQCs on groove-binding
agents such as DNA-binding proteins, for Ag-AQCs inhibit the
binding of DOX to DNA. Initially, we focused on proteins that
can bind to DNA in a dependent sequence mode, such as
restriction enzymes; these enzymes recognize DNA with

pronounced selectivity, as this is the basis to provide defense
mechanism against invading foreign DNA. Hindlll is a restric-
tion enzyme that cuts pTG7 (4892 bp plasmid DNA), releasing
two fragments of 3757 and 1135 bp (Fig. 3A, lane 3). Ag-AQCs at
nanomolar levels inhibited HindIIl restriction activity (Fig. 3A,
lanes 4-12). On the other hand, Ag" at 6 pM concentration,

Table 1 Thermodynamic constants obtained for binding of DOX/ctDNA, DOX/(1Ag* + 200 base pair ct-DNA) and (DOX + Ag-AQCs)/ct-DNA
using a two-sites model. Ky corresponds to the bifunctional (intercalative—groove binding) complex and K> to the external complex. K calculated
from fluorescence experiments. lonic strength = 25 mM, pH =7 and T = 25°C

KM

K (MY K (M)

DOX/ctDNA (2.3 + 0.8) x 10°
DOX/(ctDNA + Ag') (4 +2) x 107
DOX/(ctDNA + Ag-AQCs) —

(DOX + Ag-AQCs)/ctDNA (1.0 + 0.4) x 107
DOX/Ag-AQC

(9.3 + 0.7) x 10°
(7 +1) x10°
(6+1)x 10"
(2.9 + 0.1) x 10°

“ From ITC experiments; K; and K, for DOX-DNA taken from ref. 15. ” From fluorescence experiments.
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higher than any dose of Ag-AQCs used, produced no effect
(Fig. 3A, lane 13). Thus, as occurs with DOX intercalation, the
inhibitory action of the enzymatic cleavage is characteristic of
Ag-AQCs, but not of Ag” ions.

DNA binding proteins can recognize DNA binding sites by
two types of mechanisms: recognition of specific DNA
sequence'® and recognition of DNA geometry such as type 1I
topoisomerases.'”” Bacteria require topoisomerases, that is,
proteins that specifically alter the DNA topology to enable DNA
replication. Therefore, we also studied the effects of Ag-AQCs on
two members of bacterial type II topoisomerases, top-
oisomerase IV (Topo IV) and DNA gyrase.

The decatenation activity assay for Topo IV utilizes the
kinetoplast DNA (kDNA), a large network of interlocked (cate-
nated) circles, which cannot enter the agarose gel.® E. coli Topo
IV decatenates the circles from the network (Fig. 3B, lane 1); the
free circles are detected upon decatenation as discrete bands on
the gel (Fig. 3B), nicked open-circular, and covalently closed-
circular DNA (NOC and CCC, respectively). Ag-AQCs at

nanomolar concentration levels inhibited the Topo IV activity
(Fig. 3B, lanes 3-14) with an ICs, value of (roughly) 16 nM.
Topo 1V, a type II enzyme with remarkable similarity in
sequence to DNA gyrase, can relax but not introduce negative
supercoils into DNA.* The activity of E. coli gyrase can be
assessed by a supercoiling based assay in which a relaxed
plasmid DNA, pBR322, is treated with E. coli DNA gyrase. This
enzyme converts the relaxed topoisomers to the SC form of the
plasmid, which migrates faster on agarose gel. Also an upper
band corresponding to the nicked OC DNA is visible, which was
also present in the relaxed substrate, but co-migrates with some
of the relaxed topoisomers (Fig. 3C, lane 1). Ag-AQCs at nano-
molar levels inhibited the activity of E. coli gyrase (Fig. 3C, lanes
2-11). Notably, we found that SC DNA had less mobility in the
presence of increasing Ag-AQCs concentrations (Fig. 3C, lanes
4-11, dotted red line) concurrent with the observation that the
negative SC DNA may have slightly less mobility than normal,
depending on the amount of intercalant bound to DNA.>® The
different mobility of SC DNA clearly indicates that the Ag-AQCs
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Fig. 3 Agarose gel electrophoresis showing the inhibition by Ag-AQCs of (A) restriction enzyme Hindlll activity. The pTG7 plasmid (lane 2) was
incubated for 30 min at 37 °C with one Hindlll unit (lane 3) in the presence of nanomolar concentration of Ag-AQCs (lanes 4-12), or AQNO3z
(6 uM, lane 13), the reaction products were run on agarose gel. Continuous arrows indicate the theoretical products obtained after cut of the
plasmid. Dotted arrows indicate the location of the plasmid with different supercoiling conformations. Lane 1, molecular weight markers. (B)
E. coli topoisomerase IV decatenation activity. This gel contains ethidium bromide, which allows one to clearly resolve topoisomerase IV
generated nicked (NOC) and covalently closed circular (CCC) DNA. The kDNA networks are too large to enter the gel; (C) E. coli DNA gyrase
activity. The open-circular (OC) and supercoiled (SC) DNA are resolved and the relaxed DNA species are present as a Gaussian distribution of
topoisomers, SC DNA has less mobility with increasing Ag-AQCs concentrations (dotted red line, lanes 4-9). The images are representative of at

least three independent experiments.
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inhibitory effect occurs by intercalation into DNA in a dose-
dependent manner, the inhibition being greater the larger the
number of Ag-AQCs intercalated into DNA.

Ag-AQCs bactericidal activity

The topological consequences of intercalation are even more
evident in bacteria, whose circular genomes exist in a tightly
regulated topological state.”* Actually, DNA gyrase is affected in
vitro by the presence of Ag-AQCs, therefore we explored whether
it could also be affected in vivo. Fig. 4A shows that Ag-AQCs at
low concentration display antimicrobial activity against E. coli.
It has been reported that gyrase inhibitors induce oxidative
damage cellular death in E. coli;** hence, the effect of Ag-AQCs
on the bacterial ROS levels was investigated. As shown in
Fig. 4B, addition of Ag-AQCs to bacteria increases the

superoxide levels over the controls, indicating that the bacteri-
cidal activity of Ag-AQCs could be partially mediated by oxida-
tive damage.

Ag-AQCs have a prominent inhibitory effect on bacterial DNA
topoisomerases, that is, mediated by the distortion of the DNA
topology. The DNA structure is evolutionarily well preserved,
suggesting that any change affecting it could also affect
multiple bacteria species. To probe this argument, we tested the
activity of Ag-AQCs against randomly selected bacteria isolated
from clinical samples representing various species. Interest-
ingly, not all of the isolates were equally susceptible to the
Ag-AQCs bactericidal action (Fig. 4C). After treatment with
Ag-AQCs, five isolates showed strongest resistance to 50%
viability. So far it is unknown whether this differential suscep-
tibility is an outcome of the particular isolates or it is common
to the species they belong to. However, our data point to
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Fig.4 (A) Bacterial survival. E. coli were treated for 3 h with vehicle (control) or with Ag-AQCs (83 ng ml™?) and stained with the green fluorescent
vital dye Syto 9; the number of green cells (viable bacteria) was assessed with flow cytometer. The image is representative of at least three
independent experiments. (B) ROS generation. E. coli was treated for 3 h with Ag-AQCs (83 ng ml™?) (red), ampicillin (5 pg ml™?) (yellow) and
vehicle (green). At the end of the incubation dihydroethidium was added to detect the presence of ROS, superoxide, and the fluorescence was
assessed with flow cytometer. The image is representative of at least three independent experiments. (C) Bacteria isolated from clinical samples
were treated for 1 h with Ag-AQC (83 ng ml™) and grown for 20 h. At the end of the incubation, the absorbance at 600 nm was read, percentage
viability is assessed as the percentage of absorbance of the Ag-AQCs treated bacteria versus control (vehicle). Inset: percentage viability of
bacteria from different species grouped according to Gram-staining (horizontal lines, mean values of the group). Mean values of two inde-
pendent experiments. (D) P. aeruginosa DNA gyrase activity. The OC and SC DNA are resolved and the relaxed DNA species are present as a
Gaussian distribution of topoisomers. SC DNA has less mobility with increasing Ag-AQCs concentration. The images are representative of at least
two independent experiments.
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bacterial species as the key factor in Ag-AQCs resistance. In fact,
Gram-positive bacteria seem to be more resistant than Gram-
negative (Fig. 4C, inset); actually, four out of five resistant
strains were Gram-positive. The difference among Gram-posi-
tive and Gram-negative species is the presence of a thick
peptidoglycan layer in the bacterial cell wall. The interaction of
Ag-AQCs with DOX shown here (Fig. 18It) is an example of a
more general interaction of Ag-AQCs with aromatic and cyclic
compounds (unpublished results). Therefore, one can speculate
that the increased resistance of Gram-positive bacteria could be
explained by the action of the peptidoglycan of the wall cell that
prevents Ag-AQCs from entering the bacteria. The only Gram-
negative isolate displaying above 50% survival was Pseudomonas
aeruginosa. This observation led us to consider whether P. aer-
uginosa gyrase could be less sensitive than E. coli gyrase to the
action of Ag-AQCs, which could explain the increased resistance
of P. aeruginosa. We assessed the activity of P. aeruginosa DNA
gyrase in the presence of Ag-AQCs and found it as sensitive to
the Ag-AQCs action as E. coli DNA gyrase (Fig. 4D and 3C,
respectively). Therefore, we are inclined to believe that the
resistance should be due to insufficient Ag-AQCs concentration
inside the bacteria to kill them. Supporting this view, it has
been described that most strains of P. aeruginosa produce
diffusible cyclic pigments* that may interact with Ag-AQCs,
restraining its entry into the bacteria.

Human resistance to antibiotics is a worldwide problem.>
Use of antibiotics is the most important single event leading to
resistance.” Ag-AQCs is a new material whose beneficial and
useful bactericidal action could provide an alternative to anti-
biotics that manifest resistance. Our preliminary results point
in that direction and deserve further study. Finally, the interest
of Ag-AQCs, which are able to interact with living organisms,
should be highlighted, as this is an area that should be explored
due to the potential consequences it may have, both beneficial
and harmful. In a previous work' we calculated theoretically
that Ag; intercalates, whereas Ag, binds covalently to the DNA.
However, so far obtaining sufficiently pure samples of Ag, for
biological assays has not been feasible. In view of the interesting
biological activities showed by Ags; it should be of interest to
undertake a systematic study of the chemical and biological
effects of silver clusters of different sizes. Such study will
depend on future developments of synthetic strategies for the
preparation of monodisperse cluster samples without strong
binding ligands, which may affect their biological activities.
This is currently a main challenge.

In summary, we have described for the first time that
Ag-AQCs display bactericidal activity. These findings give way to
new promising avenues to extend the understanding of the
silver microbicidal properties, an important topic that has been
discussed for centuries without having vet been resolved.

Experimental

Unless otherwise stated, all chemicals were obtained from
Sigma-Aldrich. Stock solutions of DOX were prepared by dis-
solving weighed amounts at pH = 7.0 in a buffer containing
2.5 % 10 ®* M sodium cacodylate (NaCaC), [{CH;),AsO,Na.
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ct-DNA was dissolved in water and sonicated employing a MSE-
Sonyprep sonicator {20 cycles of 10 s each, with 20 s pause
between cycles, 96 um amplitude). The sonicator tip was
introduced directly into the solution, which was kept in an ice
bath to minimize thermal effects. Agarose gel electrophoresis
tests showed that the polymer length was reduced to approxi-
mately 1000 base pair fragments. Aqueous solutions were
prepared with doubly deionized water from a Puranity TU
System with UV lamp and ultrafilter (VWR). Stock solutions
were standardized spectrophotometrically using ¢ = 13 200
M 'em 'ati=260nm,ionicstrength = 0.1 M {0.975 M NaCl +
0.025 M NaCaC) and pH = 7.0.

Agz clusters were obtained by an electrochemical procedure,
as previously described.™ In a typical synthesis, a three-electrode
chemical cell was used with two foil electrodes, Ag (working) and
Pt {counter) electrodes, and a hydrogen reference electrode. 2 V
constant voltage was applied for 1200 s in nitrogen deaerated
MiliQ water at 25 °C. Prior to synthesis, the silver electrode was
polished with sand paper {600 grid, Wolfcraft) followed hy
alumina (=50 nm, Buehler), washed thoroughly with MiliQ
water and sonicated. The platinum electrode was cleaned elec-
trochemically by cyclic voltammetry in 1 M MeOH/1 M NaOH
solution followed by cyclic voltammetry in 1 M H,S0,. After the
synthesis, the remaining Ag” ions were removed by addition of
NaCl and subsequent precipitation and filtration. Purified
samples {Ag-AQCs) were then concentrated at 35 °C using a
rotary evaporator. Sample characterization was carried out by
Uv-vis and fluorescence spectrometry, cyclic voltammetry, ESI-
TOF mass spectrometry, X-ray absorption near edge structure
{XANES) and atomic force microscopy, as previously described.*

Isothermal titration calorimetry

The ITC experiments were performed at 25 °C using a Nano ITC
Instrument {TA, Waters LLC, New Castle, USA). To prevent
formation of air bubbles, all of the solutions were degassed in a
degassing station {TA, Waters LLC, New Castle, USA). DOX
solutions were placed in a 50 pL syringe continuously stirred
and 50 additions of 1 pL in 400 s intervals were injected into the
sample cell containing the buffer or the ct-DNA solution previ-
ously incubated with Ag* or Ag-AQCs. Control experiments were
carried out to determine the contribution of the heat of dilution
of both ct-DNA and DOX. The integration of the peaks, corrected
by the dilution effect, yielded the binding isotherms {heat
change versus C/Cp mole ratio). All of the data were analyzed
using the NanoAnalyze software.

Circular dichroism titration

The CD titrations were recorded on a MOS-450 Bio-Logic
dichrograph {Claix, France) using 1.0 em path-length cells. The
titrations were carried out by injecting increasing DOX micro
amounts into a known volume of the ct-DNA solution previously
incubated with Ag™ or Ag-AQCs.

Fluorescence titration

Fluorescence titrations were performed on a Shimadzu Corpo-
ration RF-3301PC spectrofluorometer {Duisburg, Germany) at
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Aexe = 490 nm and Aep, = 555 nm by adding increasing amounts
of Ag-AQC directly into the cell with the DOX solution.

Topoisomerase IV decatenation assay

E. coli topoisomerase IV activity was assessed using a
commercial kit {Inspiralis, UK). Briefly, 200 ng of KDNA were
preincubated for 5 min at room temperature with Ag-AQCs at
various concentrations in 40 mM HEPES-KOH (pH 7.6),
100 mM potassium glutamate, 10 mM magnesium acetate,
10 mM DTT, 1 mM ATP and 50 pg ml ! albumin, in 30 ul total
reaction volume. After that, 1U of Topo IV was added and
incubation was continued for 30 min at 37 °C. The reaction was
stopped by addition of 30 pl chloroformyiso-amyl alcohol and
6 uL of loading buffer 6x, vortexed and centrifuged briefly
{5-10 seconds each) hefore being loaded on an agarose gel {1%:
w/v) in TAE {40 mM Tris-acetate, 2 mM EDTA]} buffer with
ethidium bromide {0.5 pg ml ). The ICg, for inhibition of
decatenation was assessed using gel documentation software
and statistical analysis of 3 independent experiments.

Gyrase supercoiling assay

The activity of gyrase from E. coli and P. Aeruginosa were
assessed using the gyrase supercoiling kit according to the
manufacturer (Inspiralis, UK). Briefly, 0.5 ug of relaxed pBR322
DNA were preincubated for 30 min at room temperature with
Ag-AQCs in 30 pl reaction under the following conditions:
35 mM Tris-HCI {pH 7.5), 24 mM KCl, 4 mM MgCl,, 2 mM DTT,
1.8 mM spermidine, 1 mM ATP, 6.5% {w/v) glycerol and
0.1 mg ml ' BSA. After that, 1U of gyrase was added and incu-
bation was continued for 30 min at 37 °C. The reaction was
stopped by addition of 30 pl chloroformyiso-amyl alcohol and
6 pL of loading buffer 6 x before being loaded on an agarose gel
{1%: w/v) in TAE {40 mM Tris-acetate, 2 mM EDTA) buffer
without ethidium bromide. At least three independent experi-
ments were conducted for each gyrase.

Assay of HindIII activity

PTG7, a 4892 base pairs plasmid, is cut by HindIll in two sites
releasing a 1135 bp fragment. 300 ng of pTG7 was cut with 1
enzyme Hind III unit {New England Biolahs), 10 mM Tris-HC],
50 mM NaCl, 10 mM MgCl,, 1 mM DTT at pH 7.9 in 25 pl final
volume for 30 min at 37 °C. When required, Ag-AQCs were
added at the beginning of the incubation at different concen-
trations. The reaction products were run in 1% agarose gel. At
the end of the running the gel was stained in TAE buffer with
0.5 ug ml * ethidium bromide.

Bactericidal assay

Briefly, E. coli (ATCC 25922) were picked from an agar plate and
grown in Luria Bertani medium {LB) at 37 °C with 225 rpm
constant agitation. Growth was monitored turbidimetrically
and adjusted to achieve the standard McFarland 0.5 {(OD
620 nm between 0.08 and 0.13), about 1 x 10% cfuml " Bacteria
{5 x 10° cfuml ') were incubated for 1/2 h at 37 °C in 60 pl final
volume of PBS in the presence of different doses of Ag-AQCs,
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after which they were centrifuged and resuspended in LB
medium and grown for 3 h. At the end of the incubation 50 pl of
bacteria were mixed with 25 ul Syto 9 (Life Technologies) and
green fluorescence was assessed by flow cytometry (Guava,
EasyCyte, Merk-Millipore). Bacteria isolated from clinical
samples were kindly provided by the Department of Microbi-
ology, Faculty of Medicine, University of Santiago de Compos-
tela, Spain. Briefly, bacteria were selected from an agar culture
and grown in Mueller-Hinton broth {MHB) at 37 °C with
225 rpm constant shaking. Growth was monitored by turbi-
dimetry and adjusted to the McFarland Standard no. 0.5
{OD 620 nm between 0.08 and 0.13), approximately 1 x 108
cfu ml . A bacterial inoculum of approximately 5 x 105 cfu
ml ! was incubated with different Ag-AQCs doses for 1 h at
37 °C in 60 uL final volume PBS. At the end of the incubation,
bacteria were centrifuged and resuspended in MHB and grown
for 20 h. Turbidity was observed by reading the absorbance at
600 nm on a plate reader. Additionally, we determined whether
the treatment with the maximum concentration of Ag-AQCs
could inhibit colony formation on agar plates.

Detection of reactive oxygen species (ROS)

Dihydroethidium {DHE) {Life Technologies), by virtue of its
ability to freely permeate cell membranes, is extensively used to
monitor superoxide production. DHE essentially detects
superoxide radicals. E. coli were grown in LB to a density
equivalent to McFarland standard 0.5 {OD 620 nm between 0.08
and 0.13) and then diluted 10-fold to obtain an inoculum of
approximately 1 x 10”7 cfu ml *. Ag-AQCs, diluted in medium,
were added and incubated for 3 h at 37 °C under 225 rpm
constant stirring. To equalize the number of bacteria in all of
the samples, at the end of the incubation the absorbance was
read at 620 nm and adjusted to be the same in all samples
before addition of DHE {5 pm/100 pl). After 20 min, samples
were extensively washed with PBS and the fluorescence present
in the bacteria was assessed by flow cytometry {Guava, EasyCyte,
Merk-Millipore). A minimum of 20 000 events were captured on
the region of interest.
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Fig. 1SI A) Fluorescence binding isotherm for DOX/Ag-AQCs system; the continuous line is obtained
by fitting of eq (1) to the data pairs. B) Variation of the absorbance spectra during the titration of DOX
with Ag-AQC. 0 < Cpapagc/Cp < 0.01 in the arrows sense, Co%p =5 x 10 M, I[=25mM, pH=7and T =
25°C.

The fitting of eq (1) to the AF/Cp, data pairs versus the equilibrium concentration
[Ag-AQCs] has enabled us to obtain by iteration the value K = (2.9 = 0.1) x 108 M-1 A¢

being the change in the fluorescence optical variable; only few iterations sufficed to

attain the convergence.
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Summary

N N Protein. ™ Seroalbumin
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Figure 1. The role of seroalbumin in the cytotoxicity of four new cis-dichloro Pt(l1l) complexes
with (N~N)-donor ligands bearing functionalized tails has been explored. These four Pt
complexes can bind to DNA. However, the nature of their functionalized tails is a key factor that
determines their ability to interact with seroalbumin proteins present in the extracellular medium,
which prevents them from reaching their target.

Given the potent anticancer properties of the metal complex cisplatin and knowing its
mode of action [58], we have explored the cytotoxicity and the binding to DNA and
proteins of four new cis-[PtCl2(N~N)] complexes bearing different functionalized tails.
Two of them (1 and 2) present N-substituted pbi ligands (pbiR = 1-R-2-(2-
pyridyl)benzimidazole) and the other two complexes (3 and 4) present 4,4’-disubstituted
bpy ligands (bpy =2,2’-bipyridine). These complexes were synthesized and
characterized by the group of Prof. Blanca R. Manzano and Prof. Félix A. Jalén
(Universidad de Ciudad Real, Spain).

First, the substitution of the chlorido ligands of the complexes for other solvent
molecules (DMSO and H20) was studied by means of UV-Visible spectroscopy, as the
biological activity of cisplatin derivatives is often related to the substitution of their
chlorido ligands for other solvent molecules such as H,O, and the following covalent
binding to DNA [57]. The next step was to study their interaction with dsSDNA by means
of DSC, CD, viscosity measurements and agarose gel electrophoresis, in order to
determine whether these complexes were capable of interacting with DNA. The set of
results pointed to the formation of covalent bonds between DNA and complexes 1, 2 and
3; and of a non-covalent interaction in the case of complex 4. These conclusions also
concurred well with *TH NMR measurements carried out with the platinum complexes in
the presence of deoxyguanosine monophosphate (dGMP) by Dr. Ménica Vaquero (data
not shown in this thesis). However, despite their ability to interact with DNA, they all
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Parte 1

were found to be non-toxic against human lung adenocarcinoma A549 cell line using the
standard cell culture conditions.

It was therefore reasonable to think that these complexes were incapable of reaching
their target in the cell, which would prevent them from displaying a cytotoxic effect. In
order to study if some component present in the cell culture medium was responsible for
this setback, additional experiments were carried out varying certain characteristics of the
medium. In particular, it was found that the decrease in the fetal bovine serum (FBS)
concentration in the culture medium from 10 % to 1 % (v/v) induced a marked increase
in the cytotoxic activity of the platinum complexes. Cisplatin was included as a control,
and its cytotoxicity was nearly the same in the presence of 10 % or 1 % FBS.

FBS contains a large amount of proteins. In particular, bovine serum albumin (BSA)
iIs one of its major components. Considering this, CD measurements and native
acrylamide electrophoresis were performed to evaluate whether the interaction of the
platinum complexes with BSA could be the reason for their low cytotoxicity. Indeed, the
results point to the sequestration of the complexes in the extracellular medium by proteins
such as BSA as the key factor responsible for the lack of cytotoxic activity (Figure 1). In
fact, uptake experiments demonstrated that complexes 2 and 3, the ones that caused the
strongest effect on the BSA conformation, were incapable of entering the cell. This
sequestration seems to be related to the nature of the functionalized tails of these
complexes, which could be useful in the future rational design of new platinum complexes
with improved biological properties.
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1. Introduction.

Despite the notable advances in the discovery of new anticancer drugs that could
become an alternative to cisplatin, some of the disadvantages of this compound remain
unsolved satisfactorily in our days [57,184]. It is therefore necessary to continue
designing new active structural fragments and to modify those that have proved to be
ineffective, probably because they present limitations in reaching their target. For
example, certain factors such as protein binding or lipophilicity have a determinant impact
on the absorption, distribution, metabolism and excretion processes of many anticancer
drugs [185].

There is a wide variety of Pt complexes analogous to cisplatin that can be found in
the literature. Among them, [PtClz(bpy)] (bpy = 2,2’-bipyridine) and other complexes
with bpy bisubstituted in the 4,4’ positions and rollover cyclometalated Pt compounds
based in the same backbone exhibit much lower cytotoxic activity than cisplatin
[186,187]. Comparable lack of activity has been found for the [PtCl.(Hpbi)]
(Hpbi = 2-(2'-pyridyl) benzimidazole) counterparts [188,189]. These results are
surprising taking into account the high cytotoxicity of many compounds with the cis-
PtCl, unit and may indicate the existence of limitations in the arrival of these molecules
to their targets. In contrast, the also neutral organometallic derivative
[PtMe(DMSO)(pbi)] (pbi = deprotonated form of Hpbi) shows a notable cytotoxic
activity against A2780 and A2780R cancer cell lines [190], which indicates that minor
changes in their structure can induce pronounced differences in the biological activity.

In this work the effect of different side lateral functionalized chains in both pbi and
bpy ligands of cis-PtCl. derivatives (Chart 1) on their cytotoxicity and their ability to
bind to DNA and protein models are explored. According to the literature, the side-chains
and functional groups present in these Pt complexes exert a favorable action in the effect
of different drugs. The cyano-ethyl fragment, present in complex 1, improved the cell
permeability of drugs such as various JAK (Janus protein tyrosine kinases) inhibitors
[191]. The biological activity of gold and silver N-heterocyclic carbenes bearing alkyl-
sulfonate groups, as that included in complex 2, has been studied both in bacteria [192]
and in cancer cells [193]. Moreover, the propylsulfonate chain present in complex 2 forms
part of merocyanine 540, a popular probe used as a model to study the permeation of cell
membranes [194], and an important active molecule capable of distinguishing between
the subtle differences in the plasma membranes of very similar cells such as leukemic and
non-leukemic lymphocytes [195]. The 5-diethylamino-2-pentylamino group, present in
ligand bpyam (see Chart 1) and in complex 3, is a fragment widely used in drugs.
Particularly relevant is its role in the formulation of the antimalarial drugs, chloroquine
(CQ) and quinacrine (QC), in which the stated aminated tail of the drug is responsible for
the accumulation of the drug in the digestive vacuole of the pathogen, the site of the drug
action [196]. In addition, both of them are strong DNA intercalating agents with cytotoxic
activity [197] that display a synergic effect in tumour cells treated with cisplatin [198].
Finally, the plane architecture of complex 4 makes it an interesting compound to be
analyzed as a drug that could target DNA.
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In summary, the biological properties of these four Pt complexes as well as their
binding to relevant biomolecules such as DNA and serum proteins have been studied in
order to identify the determinant factors of their cytotoxicity. For convenience, the Pt
complexes are referred to as D and their concentrations to as Cp, and the biomolecules
(DNA or proteins) to as P and their concentration to as Cp.
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Chart 1. Structures and synthesis of ligands and complexes 1-4 kindly provided by the group of
Prof. Blanca R. Manzano and Prof. Félix A. Jalon (Universidad de Ciudad Real, Spain).
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2. Results and discussion.
2.1. Stability in DMSO and aqueous solution.

The biological activity of cisplatin and its derivatives is known to be related to the
substitution of the chlorido ligands for other molecules such as H2O, which then leads to
the covalent binding with DNA [199]. As complexes 1-4 are soluble in DMSO, the
concentrated stock solutions (20 mM) were prepared in this solvent and then diluted
solutions in aqueous buffer medium were prepared prior to carrying out the experiments.
Because of this, the stability of the complexes, both in DMSO and in aqueous buffer
solution (2.5 mM NaCaC, pH =7.4), was studied by means of spectrophotometric
measurements. As to the chlorido substitution, monoexponential or biexponential kinetic
processes were observed for complexes 1, 3 and 4, indicating that the substitution for
DMSO takes place for one or both chlorido ligands. This substitution was not observed

for complex 2. As an example, Figure 2 shows the biexponential behavior of complex 1
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Capitulo vV

after being dissolved in DMSO. Once the DMSO substitution had finished, the complexes
in DMSO were dissolved in water, and no spectral changes with time were observed for
complexes 1, 2 and 4, which could indicate that once the DMSO-complexes are formed,
the aquation does not take place. However, UV-Vis measurements provide Kinetic
evidence of the processes taking place in solution, but not structural information about
the products that are being formed. For this reason, *H NMR measurements in DMSO
and D,O were carried out by Dr. Monica Vaquero (Universidad de Burgos, Spain) to
confirm all the spectroscopic observations, and the results about the DMSO and H20
substitution for the four Pt complexes are summarized in Table 1.
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Figure 2. A) Representative absorbance spectra of complex 1 dissolved in DMSO at t = 0 min,
27 min and 134 min. B) Absorbance of complex 1 at A = 292 nm vs time after being dissolved in
DMSO and fitting of a biexponential equation (ki =0.0017 s* and k,=0.0002 s?) to the
experimental data (red line). Cp = 10 uM, DMSO, T =25 °C.

2.2. DNA binding.

As mentioned before, the biological activity of cisplatin analogous is usually related
to the establishment of covalent bonds with DNA. In particular, cisplatin is itself an inert
compound that is activated by a series of aquation reactions in which one or both chlorido
ligands are substituted by H.O molecules [199]. These mono- and bi-aquated cisplatin
forms are highly reactive and are prone to interact with different substrates, including
DNA [200].

CD measurements of ctDNA with the four Pt complexes were carried out at different
times, as certain modes of interaction such as covalent binding usually need hours or even
days to be completed. Indeed, only complex 4 induced instant modifications in the CD
spectra, which points towards the establishment of a rapid non-covalent interaction
between 4 and DNA. Figure 3 shows the CD and the viscosity titrations of ctDNA with
increasing amounts of 4 carried out without a previous incubation period. In addition,
agarose gel electrophoresis of pUC18 plasmid using cisplatin as a positive control was
performed in order to completely rule out the presence of covalent binding with DNA. As
can be seen in Figure 4, complex 4 did not cause changes in the migration of the
characteristic plasmid DNA bands, whereas cisplatin induced remarkable differences.
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Figure 3. A) CD spectra of ctDNA in the presence of different concentrations of complex 4
(Co/Cp =0 - 1.2) without previous incubation period, Cp = 8 x 10° M. B) Relative elongation
(L/Lo) of ctDNA treated with different concentrations of complex 4 (Cpo/Cp=0-0.3),
Cpr=2x10*M.1=25mM (NaCaC, pH=7.4), T =25°C.
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Figure 4. Agarose gel electrophoresis of plasmid pUC18 incubated overnight with different
concentrations of complex 4 and with cisplatin as a positive control for covalent binding. Lanes
1 and 16: DNA ladder; lane 2 and 13: pUC18 alone; lane 3: pUC18 + DMSO; lanes 4-12: pUC18
+ complex 4 at Cp/Cp concentration ratios = 0.1, 0.2, 0.5, 1, 2, 5, 10, 20 and 50; lanes 14 and 15:
pUC18 + cisplatin at Cp/Cr concentration ratios = 1 and 10, respectively. Labelling: OC (nicked,
open circular), L (linear), SC (supercoiled) and C, SS (circular, single-stranded).

On the contrary, there were remarkable changes in the DNA CD spectra with the time
for complexes 1-3. For example, in the case of complex 3, the binding process took 72 h
to be completed. Figure 5.A shows the final CD spectra of ctDNA incubated with
complexes 1-4 for 72 h at a Cp/Cp ratio of 1, in order to compare their ability to modify
the DNA structure under the same experimental conditions. Intense changes were induced
upon binding of complexes 1-3, whereas 4 exhibited the same slight modifications than
those shown in Figure 3.A, that is, no changes were observed with the time with 4.

DSC experiments were also carried out to provide additional information about the
characteristics of the binding. Figure 5.B shows the thermograms obtained for ctDNA
incubated alone or in the presence of complexes 1-4 at a Cp/Cp ratio of 0.5 for 72 h at
25 °C (higher concentration ratios could not be studied due to precipitation phenomena).
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Complex 4 induces a slight increase in T of 4.7 °C, which confirms once more the
presence of interaction between complex 4 and DNA. In the cases of complexes 1, 2 and
3, the increase in the Tm values were 32.5 °C, 9.7 °C and 25.3 °C, respectively. The largest
ATm values were induced by 1 and 3, and could be related to the formation of interstrand
cross-linkings, which stabilize the double stranded DNA structure [201].
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Figure 5. A) CD spectra of ctDNA incubated for 72 h with complexes 1-4 at a concentration ratio
Co/Cp=1 (Cp= 8x10° M) at T=25°C, Cpmso = 0.4 %. B) DSC thermograms of ctDNA
incubated for 72 h with complexes 1-4 at a concentration ratio Co/Cp = 0.5 (Cp =4 x 10* M) at a
scan rate = 1 °C/min, Cpmso =1 %. 1 = 2.5 mM (NaCaC, pH =7.4).

'H NMR experiments with deoxyguanosine monophosphate (dGMP) were also
performed by Dr Monica Vaquero with complexes 2 and 3 and confirmed the slow
formation of covalent bonds (data not shown in this work). Complexes 1 and 4 could not
be tested by means of this technique as they precipitated out at the concentrations required
for the NMR experiments.

The summary of the results obtained for the substitution of the chlorido groups as well
as for the covalent binding to dGMP and DNA is shown in Table 1. It is worth noting
that, unlike cisplatin, it seems not to exist a clear correlation between the chlorido
substitution by DMSO and H20 and the covalent binding with DNA for complexes 1-3.

Table 1. Summary of the results collected for the substitution of the chlorido ligands by DMSO
and H;O, the covalent binding with dGMP and ctDNA and the binding to BSA for 1-4.

Complex DMSQ H.zO . Covalent binding  Covalent binding _BS_A
substitution substitution to dGMP? to DNA binding®
1 v X n.o. v X
2 x x V4 v v
3 v v v v v
4 v X n.o. X X

3 1 and 4 could not be studied due to precipitation phenomena under the *H NMR experimental
conditions. n.o.: not observed. ® For complex 4, the interaction is only observed at high
concentrations of complex (Cp/Cp = 20).
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2.3. Cytotoxicity studies.

Once the characteristics of the binding with DNA had been studied, their cytotoxic
activity against human lung carcinoma A549 cell line was evaluated by the MTT assay
after an incubation period of 72 h. For comparison purposes, the cytotoxicity of cisplatin
was also tested. The half-maximal inhibitory concentration (ICso) values are summarized
in Table 2. Although the four Pt complexes were capable of interacting with DNA either
by covalent or non-covalent modes of binding, none of them displayed remarkable
cytotoxicity compared to that of cisplatin. This set of results raises the question of which
the determinant factors for their lack of cytotoxic activity are.

Many new metal complexes with novel modes of action, such as selective protein
interaction that may lead to improved accumulation in the tumor and enhanced
antiproliferative efficacy, have been reported [202]. However, it has also been reported
that the binding of metal complexes to certain proteins present in the cell culture medium
can affect negatively their uptake due to protein sequestration of the drug, which in turn
affects their biological activity [185,203].

In order to shed light onto this issue, the cytotoxic activity of the complexes was tested
against A549 cells in a comparative manner, using not only the standard serum
supplemented (10 % FBS, Fetal Bovine Serum) but also a serum-deprived (1 % FBS) cell
culture medium, including cisplatin in the study as a control. FBS contains a large amount
of proteins that can interact irreversibly with certain drugs and drastically decrease their
bioavailability. Indeed, the cytotoxicity of complexes 1, 2 and 4 notably increased in
serum-deprived medium following the trend 1 > 4 > 2 (see Table 2), in which the protein
concentration was much lower. On the other hand, cisplatin is known to interact rather
weakly with serum albumins such as HSA (K = 8.52 x 102 M%) [204], which explains
why its cytotoxicity was nearly the same in the presence of 10 % or 1 % FBS. As to
complex 3, its cytotoxicity was very low even at 1 % FBS.

Table 2. Cytotoxic activity of complexes 1-4 and cisplatin after 72 h of treatment expressed as
ICso values (UM).

I1Cs0, uM
A5492 AB49°
1 > 100 39.7+0.7
2 > 100 65+3
3 > 100 > 100
4 > 100 41.9+0.9
cisplatin 17+1 14+1

aSerum supplemented medium (10% FBS)
bSerum-deprived medium (1% FBS)
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2.4, Protein binding.

Serum albumin plays a key role in the drug delivery process due to its binding
properties and its abundance in blood plasma. Bovine serum albumin (BSA) is a suitable
model for protein binding studies because of its resemblance with human serum albumin
(HSA) [115]. Thus, considering the effect of the FBS concentration in the cytotoxicity of
the Pt complexes, native acrylamide electrophoresis of BSA was performed to further
examine whether protein binding could be a determinant factor in their cytotoxic activity.
BSA was incubated with complexes 1-4 for 72 h in the dark at 25°C at Cp/Cp
concentration ratios of 10 and 20 (Figure 6). Lanes 1 and 2 correspond to BSA alone and
in the presence of the maximum concentration of DMSO used in the experiment (0.3 %).
Complexes 2 and 3 affected in a deep manner the protein conformation (lanes 5-6 and
9-10). Complex 4 also interacted in some extent with BSA, but higher concentrations
were needed to affect the BSA conformation, as at Cp/Cp =10 there was still no
noticeable effect on the migration of the protein band (lane 3). Complex 1 did not affect
the migration of the BSA band even at high Cp/Cp ratios (lanes 7-8). Noteworthy,
complexes 1 and 4 displayed the lower 1Cso values against A549 cells when low FBS
concentrations (1 %) were used (Table 2).

Lane 1 2 3 4 5 6 7 8 9 10

BSA (P) + + + + + + + + + +

Complex (D) - DMSO 14 4 2 2 1 1 3 3

Co/Cp - - 10 20 10 20 10 20 10 20
| -

Figure 6. Native acrylamide electrophoresis of BSA incubated with complexes 1-4 for 72 h at
Co/Cpr concentration ratios of 10 and 20. Cp = 1.5 uM, Cpmso = 0.3 %.

CD experiments (Figure 7) confirmed the native protein electrophoresis results.
Complexes 2 and 3 induced a marked change in the characteristic negative band of BSA
at A =220 nm. On the other hand, complex 4 modified only slightly this band, whereas
complex 1 had almost no effect on the shape and intensity of the protein CD band,
confirming that no interaction was established between 1 and BSA. Cellular uptake
experiments were performed to check is these behaviors had an impact on the cell
internalization of the metal complexes.
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Figure 7. CD spectra of BSA incubated for 72 h in the absence and in the presence of complexes
1-4 at a Cp/Cp concentration ratio of 5. Cgsa = 0.5 UM, Cpmso = 0.002 %, | = 2.5 mM (NaCaC,
pH=7.4), T=25°C.

2.5. Cellular uptake.

The platinum accumulation in A549 cells after 4 h of treatment with complexes 1-4
at Cp =10 uM was evaluated by ICP-MS measurements in order to verify if the
interaction with the BSA present in the medium influenced their cell internalization. The
results are summarized in Figure 8. Cisplatin was included as a positive control and its
uptake concurred well with previously reported studies [205].

1.57
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0.51

nmoles Pt (in 10° cells)

0.0-
cisplatin 1 2 3 4

Figure 8. Platinum accumulation in A549 cells treated with complexes 1-4 and cisplatin at
Co =10 uM for 4 h. Data were obtained from duplicates of two independent experiments and
expressed as mean values (bars) £ SD.

Complex 1, which did not interact with BSA, presents the highest metal accumulation
in A549 cells. Complex 4 induced changes in the BSA conformation only at high Cp/Cp
ratios (Figure 6), and also presents a higher uptake rate than cisplatin, although not as
high as complex 1. On the contrary, complexes 2 and 3, the ones that induced drastic
changes in the BSA conformation even at low Cp/Cp ratios, are incapable of entering the
cell and reaching their target.
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3. Conclusions.

On one hand, although there has been an active interest in finding new antitumor Pt
complexes with behaviours similar to that of cisplatin, we have shown here that aquation
IS not a necessary step to bind to DNA covalently (see Table 1).

On the other hand, the distinct characteristics of the interaction of complexes 1-4 with
BSA can be explained taking into account bibliographic available data. The binding of
Merocyanine 540 to erytroid cells is hindered by the presence of serum proteins in the
media, probably due to the presence of a propylsulfonate chain in its structure [195]. Thus,
this moiety could be the determining factor for the interaction of complex 2 with BSA.
As to complex 3, it was published only very recently that chloroquine (that contains the
lateral chain located on the backbone of complex 3) can bind to HSA [206]. These type
of complexes are prone to be sequestered by extracellular proteins, which can prevent
them from entering the cell and reaching their target, as verified here by cellular uptake
measurements. Indeed, complexes 2 and 3 displayed the highest ICso values against A549
cell line (see Table 2). The set of results gathered in this work let us suggest that it is
possible to perform a rational design of new functionalized Pt complexes avoiding
structures that have been shown to bind to protein models such as BSA or HSA in order
to improve their availability and, consequently, their cytotoxic activity.
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Interaccion de TMPyP4 y de Complejos Metéalicos
de Ni, Cuy V con G-cuadruplex.

CAPITULOS VI, VIl y VI

“If G-quadruplexes form so readily in vitro,
Nature will have found a way of using them in vivo’”

Statement by Aaron Klug (Nobel Prize in Chemistry) over
30 years ago.






Aim of Part 2

Part 2 of this thesis is also divided into three Chapters, namely Chapters V1, V11 and
VI11. All of them deal with the study of G-quadruplexes.

Chapters VI and VII are focused on the study of human telomeric DNA, which
consists of TTAGGG repeats, capable of forming G-quadruplex structures in solution
[207]. Telomeres are located at the end of eukaryotic chromosomes and have vital roles
in chromosome stability and the regulation of cell senescence [94]. One of the
characteristics of telomeric G-quadruplex DNA is its high degree of polymorphism, as
different G-quadruplex conformations have been determined for a given sequence [208].
In fact, its structure depends on factors such as the nature of the ions present in the
medium (Na*, K*...), the flanking nucleotides of the oligonucleotide sequence or the
presence of cosolvents [47,113,209,210]. For this reason, the first step was to characterize
the behaviour of the specific sequence used in this work, which can be referred to as
“Tel22” or “hTelo” (d[AGGG(TTAGGG)z]), under our experimental conditions.
Chapter VI corresponds to an already published short communication and presents the
intramolecular processes of Tel22 that were observed in the microsecond timescale by
T-Jump measurements [211]. After having characterized the kinetic behaviour of the
Tel22 G-quadruplex both in Na* and K*-containing solutions, we decided to use a
well-known ligand to explore the kinetic behaviour of G-quadruplex binders also in the
microsecond time-scale. Unlike with dsDNA, for which the kinetics and mechanisms of
the different modes of interaction have been widely reported in the literature, this field
was virtually unexplored for G-quadruplex structures. The organic molecule TMPyP4
was chosen to carry out this study that is also already published (Chapter VI1) [212].

Chapter VIII of this thesis presents the results gathered during the predoctoral stay
at Imperial College London (London, UK) under the supervision of Prof. Ramén Vilar
(Faculty of Natural Sciences). This project aimed at studying and comparing a family of
metal complexes bearing Ni, Cu and V metal centres that provided their structure with
different degrees of planarity, in order to determine the consequences on their binding to
various types of G-quadruplexes. The synthesis of the new complexes present in this work
had been carried out by Dr Anna Leczkowska and the project was being developed by Dr
Jorge Gonzélez.
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Capitulo VI

Summary

Figure 1. Schematic intramolecular reaction mechanism proposed to explain the kinetic
behaviour of Tel22 G-quadruplex in the presence of K* or Na*.

Human telomeric DNA consists of thousands of tandem repeats of the sequence
(TTAGGG)n ending with a single-stranded DNA of 100-200 nucleotides. The shortening
of telomeres to a critical length is a signal for cellular senescence [213], but this
shortening is prevented by the activity of enzyme telomerase, which is upregulated in
> 85 % of human tumours [214]. This provides cancer cells with a telomere maintenance
mechanism that contributes to cellular immortalization and tumour progression [215].
G-quadruplex formation in telomeric DNA has been shown to inhibit the activity of the
enzyme telomerase, which is the reason for the high interest on the study of the
G-quadruplex structures in this region.

In this communication, the results obtained from T-Jump relaxation Kkinetic
experiments in the microsecond time-scale for the human telomeric G-quadruplex
sequence Tel22 in solution are reported. First, we determined that all the Kinetic curves
belonged to intramolecular processes, as the kinetic constants did not depend on the
G-quadruplex concentration. On the other hand, these curves had a biexponential
character, giving way to two kinetic constants, k1 and ko, that had very close values but
opposite amplitude sign. Interestingly, this behaviour was observed in the presence of
both K™ and Na* ions. The explanation can be found in the previously reported structural
characteristics of telomeric G-quadruplex DNA, as two different G-quadruplex
conformations are known to coexist in K" or Na" solutions. The two distinct
intramolecular effects, corresponding to ki and ki, should therefore belong to
intramolecular processes of these two different conformations present in solution.

The next step was to elucidate the nature of these processes. Taking into account the
Kinetic constants reported for the different types of possible interactions, and the
previously reported timescale estimated for the G-triplex — G-quadruplex conversion by
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computational calculations [216], we put forward the reaction mechanism shown in
Figure 1, that concurred well both with our experimental data and with the results
reported in the literature. It has been proposed very recently that G-triplex structures as
those represented in Figure 1 could represent a new approach to target G-rich sequences
despite their transient state, and new ligands are being design with this aim [217].
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Careful T-jump relaxation kinetic experiments in the microsecond
timescale conducted in dilute solutions of human telomeric DNA at
pH = 7.5 and 25 °C, have evinced for the first time two different
equilibria. The sets of data recorded concur with two G-quadruplex <
G-triplex equilibria coexisting in the presence of both Na* and K*-
buffer ions.

Nucleic acids with four-stranded architectures, also known as
G-quadruplexes, are endowed with technological applications
and potentially impact biological regulation mechanisms and
define a new area of research.”” The possibility of building
different conformations from the same sequence is a complex
issue that confers G-quadruplexes with very interesting physical
chemistry features. On the other hand, the obtaining of reliable
kinetic data constitutes quite an adequate tool to determine
reaction mechanisms between conformations in equilibrium.
However, despite the number of articles published on G-
quadruplex structures and related properties, equilibrium
studies on fast intramolecular rearrangement remain virtually
unexplored, whereas kinetic studies on irreversible folding-
unfolding in solution abound in the literature.”™® The steps
involved in such processes display a variety of rates. The fastest
folding of G-quadruplexes involving four-stranded structures
evolve between 40 and 80 ms in K~ buffer,® and between 20 and
60 ms in Na™ buffer, depending on the particular sequence.’ In
this work, we report on faster reactions between different
structures in equilibrium in these buffers, once the
G-quadruplexes are formed at 25 °C and pH = 7.5.

Telomeres, the ends of eukaryotic chromosomes, play an
important role in cellular senescence and are central to the
chromosome stability.” The human telomere presents single
stranded overhanging at the 3’ end, which consist of repeats of
the TTAGGG sequence that can fold into intramolecular
G-quadruplexes. Thus, the representative d(AGGG(TTAGGG);)

Departamento de Quimica, Universidad de Burgos, E-9001, Burgos, Spain. E-mail:
begar@ubu.es

39204 | RSC Adv, 2016, 6, 39204-39208

sequence of the human telomeric DNA, also known as ‘Tel22’,
has been used to conduct this study. The T-jump relaxation
technique is ideally suited to observe reactions in equilibrium
capable of evolving in milliseconds to microseconds, provided
that the reaction enthalpy differs from zero. To the best of our
knowledge, this type of study has not been reported hitherto.

The type of G-quadruplex folding is determined by the type
of ions in the medium, K  or Na’,>>' whereas the DNA
concentration,™ the cosolvent used," or even the sequence
inversion in G-rich DNA from 5 — 3’ to 3’ — 5, exert
a substantial effect on the number of structures formed.

The circular dichroism (CD) spectra of Tel22 recorded in
aqueous solution containing either 0.15 M NaCl or 0.15 M KCI
(Fig. 1A) support G-quadruplex structures. In 0.15 M NaCl
medium, the observed CD bands, positive at ~295 nm and
negative at ~260 nm, reveal the presence of the basket-type
G-quadruplex structure. Likewise, in 0.15 M KCI medium, the
strong positive peak at ~290 nm, with a weak shoulder at
~250 nm, and the weak negative band at ~235 nm, primarily
denote mixed parallel/antiparallel hybrid-type G-quadruplex
structure.' Nevertheless, also is true that, despite these find-
ings, different G-quadruplex polymorphic forms in solution
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Fig.1 CD spectra of Tel22 G-quadruplexes formed in the presence of
0.15M NaCl (=) and 015 M KCL (- -). Co =5 pM, pH = 7.5 (10 mM Tris—
HCl, 1 mM EDTA) and T = 25 °C (A). G-Quartet structure stabilized by
Hoogsteen H-bonding and a monovalent ion resided in the central
channel (B).
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Fig. 2 T-Jump millivolts (mV)—time (t) relaxation curves recorded for
Tel22 G-quadruplex (P) at Cp concentration, (a) Cp = 5 uM and (b) Cp =
15 pM in the presence of (A) 0.15 M NaCl and (B) 0.15 M KCI. 4 =
260 nm, pH = 7.5 (10 mM Tris—HCI, 1 mM EDTA), T = 25 °C, AT =
2.5 °C, rise time = 5 ps. Continuous red lines were obtained from
biexponential fitting of eqn (1) to the data pairs.

should not be excluded, because the CD technique is useful to
differentiate single conformations but not to distinguish
between different polymorphisms of same conformation.”

Fig. 2 shows two examples of T-jump kinetic curves recorded
at 25 °Cand pH = 7.5 in 0.15 M NaCl and 0.15 M KCI solutions
for two different Tel22 concentrations. The kinetic traces ob-
tained in the presence of Na' (Fig. 2A) and K' (Fig. 2B) are very
similar. The data treatment of equilibrium reactions monitored
by T-jump relaxation measurements is compatible with expo-
nential functions only, regardless of the number and concen-
tration of reactants and products involved. Thus, the kinetic
constants were obtained by fitting the biexponential kinetic eqn
(1) to the relaxation curves:

A=A 4 Aye (1)

where k, and k, are the kinetic constants (s ') that govern the
two fast reactions.

The values obtained for &k, and %, are independent of the
Tel22 concentration (Fig. 3), revealing unimolecular mecha-
nism in both Na' and K" buffering ions. Moreover, the average
values for k, and k, were close to each other (Table 1), sug-
gesting the occurrence of two concurrent reactions.

At the same time, the difference in intensity and sign of the
reaction amplitudes A, and A4, (Fig. 2), reveal different spectro-
scopic or thermodynamic features and confirm that the two
reactions involve different Tel22 structural forms in Na” and K
buffers. On the basis of these observations, the scheme
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Fig.3 ki (s7') (@) and k- (s') (m) versus Tel22 concentration (Cp) plots
in the presence of (A) 0.15 M NaCland (B) 0.15 M KCL. pH = 7.5 (10 mM
Tris=HCl, 1 mM EDTA) and T = 25 °C.
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Table 1 Average rate constants, k; (s™) and k» (s~') and thermody-
namic constant, Kr = [FIM)/[F2M] (M = Na* or K"), obtained for the
Tel22 G-quadruplex in 0.15 M NaCl and 0.15 M KCl, pH = 7.5 (10 mM
Tris—HCL, 1L mM EDTA) and T = 25 °C

107k (s7Y) 107"k, (s Ky
Tel22 (NaCl) 5.2 + 0.1 4.92 + 0.04 0.39 + 0.02
Tel22 (KCI) 5.8 + 0.2 5.4 + 0.4 0.23 + 0.02

proposed includes two folded G-quadruplex forms in both Na*
and K' ions, hereinafter referred to as FiM in equilibrium with
triplex forms (see below), denoted as Fi'M (i =1, 2 and M = Na"
or K') (Fig. 4).

In K' solutions, the main conformation of human telomeric
DNA is a G-quadruplex hybrid-type fold with (3 + 1) G-tetrad core
containing three tetrads, one double-chain-reversal loop and
two edgewise loops. Two structures containing this core with
the same type and number of loops but differing by their loop
arrangement have been identified. This feature reveals the
existence of different hybrid G-quadruplex forms for Tel22
under physiological conditions (F1K and F2K, Fig. 4, left)."® In
Na' diluted solutions, the antiparallel basket-type structure was
found for the Tel22 sequence (F1Na, Fig. 4, right).” Although
the basket form has been acknowledged openly as the only
folded conformation, recent studies have provided convincing
evidence for the polymorphism of telomeric sequences in Na’,
with possible interconversion between various structural
forms.?® Noer et al., using single molecule FRET microscopy,
have identified at least four different G-quadruplex states in
Na', an unfolded state and three G-quadruplex related states
that can convert into each other.?" These states are dynamically
populated with times around 10 s. It seems clear that these
states do not correspond with those we have observed, because
the difference in reaction rates is too large.

In this work, we provide kinetic evidence for at least four
species (F1Na, F2Na, F1'Na and F2'Na) in equilibrium in solu-
tion of Na’, in a similar way as in the presence of K' ions.
Considering that the FIM < F2M interconversion is rather
slow,”* we propose that k, and k, correspond to t{)e much faster
reacti?cns F1K <> F1'K, F2K <> F2'’K, F1Na <> F1'Na and
F2Na <> F2'Na (microsecond time scale). Being monomolecular
reactions in nature, k, and k, are the overall {forward (kg) +
backward (kg;)} kinetic constants and therefore the equilibrium
constants, K = kg/kg, of the FIM < Fi'M reactions cannot be
determined.

Thus, the point is how to explain the similar rates of the FiM
< Fi'M equilibrium for different G-quadruplex structures in
different buffer ions.

Hydrophobic interactions determine
the fast reaction rates FiM < Fi'M

To determine the type of interaction that governs the FiM «
Fi'M conversion, we can compare the main features of our

reactions (microsecond time scale and buffer ion) with the
processes involved in the formation of G-quartets (H-bonding
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Fig. 4 Representation of Tel22 G-quadruplex with two major folded conformations FIM and F2M (M representing K™ and Na* ions), in equi-
librium with the G-triplex structures F1'M and F2'M, respectively. Loops are coloured red; anti and syn guanines are coloured green and pink,
respectively, The FIM < F2M equilibria between G-quadruplexes occur through the random coil. Other long-live intermediates should not be

ruled out.

and specific ionic interactions M'---O, see Fig. 1B) and of
G-quadruplex structures (stacking of successive planes of four
guanine residues arranged as a square planar G-quartet).

Regarding G-quartets, the rates of H-bonding formation and
dissociation fall into picoseconds.*® An important issue is that
hydrogen bonds are weak enough so as to continuously disso-
ciate and reform at room temperature. Some of the most
significant biological processes, such as DNA replication and
protein folding, are feasible due to the reversible nature of
hydrogen-bond formation.”* According to Eigen, coordination
of Na" and K” ions to the O atoms, similar to G-quartets inter-
actions, occurs in nanoseconds.??* This outcome has enabled
us to exclude H-bonding and M":-O interactions as the effects
observed by T-jump.

As for G-quadruplexes, channel, loop and phosphates are
main regions where the ion binding may occur, Ida and Wu
have reported that the residence time of Na' ions inside the
channel of the antiparallel bimolecular G-quadruplex (G,T,G,)
is 20 ms, whereas the residence time of Na' ions in the loop is
220 ps, the latter value being comparable with our results.””
However, the slower mobility of K ions relative to Na* ions®
together with the difference in the loops of the Na" and K'
conformations and the topologically more complex Na'-stabi-
lized fold® should yield different , and k, constants in Na' and
K' media, contrary to our observations. Actually, the kinetics
and thermodynamics of formation of quadruplexes have been
found cation-dependent.®'* Lastly, the electrostatic binding
cation/DNA phosphate, which leads to a mobile cloud, yields
rate constants close to diffusion-controlled.? In conclusion,
according to literature data, none of the interactions that govern
the formation of G-quartets or the release of ions from
G-quadruplex described so far, evolve in the microsecond
timescale and are independent of the type of ion, as occurs in
our case.

Although the type of ion, Na" or K, affects the conforma-
tional equilibria of G-quadruplex (FIM « F2M) and facilitates
the FiM < Fi'M equilibria due to the decrease in electrostatic

39206 | RSC Adv., 2016, 6, 39204-39208

repulsion, the monocation species is not involved in the rate-
determining step and has no influence on the reaction rates.
According to Record® and Kool,* the observation that the &,
and k, constants are the same order in Na' and K' solutions
confirms that the hydrophobic effects are larger than other
stabilizing stacking effects, such as electrostatic and dispersion
effects. Therefore, we can conclude that hydrophobic stacking
interactions are key to these reactions.

G-Triplex structures in equilibrium with
G-quadruplexes

A particular type of reaction governed by hydrophobic interac-
tions occurs in the microsecond time scale and can be studied
by T-jump, namely, on-slot < off-slot equilibrium reactions of
intercalation (on) and dissociation (off) of an aromatic ligand
between the DNA base-pairs.**** These features have enabled us
to establish parallelism between the observed mechanism of
Tel22 in solution and the intercalation reaction. According to
Fig. 4, three guanines linked to the terminal strand in the
G-quadruplexes are prone to dissociate (off) and link (on) to the
G-quartet by fast on-G < off-G equilibria determined by
stacking interactions between each guanine and the adjacent
G-leaflets. These interactions are responsible for the k, and k,
constants in the presence of K" and Na" ions. This type of
reaction is common to all conformations and could justify the
non-dependence of the reaction rate on both the conformation,
structural form and type of buffer cation.

Hydrophobic stacking interactions can also be present in
another type of intermediates, such as quadruplex dimers or
hairpins. For dimerization, such reaction would be bimolecular,
2Fi < (Fi),, and the rate constants k, and k, would depend on
the oligonucleotide concentration, in contrast to our results.

Hairpin-like structures have been suggested as intermedi-
ates in folding processes from single-stranded guanine (G)-rich
DNA."2 Chang et al. have identified two Watson-Crick base-
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pairing topologies of hairpin structure as well as the Hoogsteen
H-bonding patterns of the WT22 G4 structure induced by
addition of K ions.?? The kinetics associated with the potas-
sium ion-induced hairpin-to-G4 transition are very slow, and
fall into the 4800 s time scale, the unfolding of the hairpin
structure being the rate-determining step for formation of
WT22 G4, Therefore, folding and unfolding of single-stranded
guanine {G)-rich DNA to form hairpin structures in microsec-
onds should be discarded.

On the other side, also Sponer et al have simulated the
theoretical interconversion between hairpins involved in
folding of human telomeric sequence quadruplexes with sub-ps
scale rearrangement between them.*® We have excluded the
reactions observed in this work to occur between hairpins in
equilibrium, mainly because interconversion between hairpins
implies rearrangement of H-bonding, whose lifetime is of some
picoseconds.” Moreover, to be able to record appreciable
T-jump kinetic traces, the absorbances of the reactant and the
reaction product must differ appreciably at the particular
wavelength used; we believe that the absorbance of the simu-
lated hairpins will be very similar and therefore the amplitude
of the kinetic traces would be negligible or even vanish.

Therefore, equilibria of G-quadruplex < G-triplex type, such
as those proposed in Fig. 4, could be consistent with the type of
interaction and the experimental observations.

As reported in the Introduction section, the FiM
G-quadruplex structures in K" and Na™ buffers are supported by
literature data.'™® Additionally, recent computational studies
support the triplex structures proposed for Fi'M. Molecular
dynamics calculations by Sugiyama et al. have suggested that, in
potassium media, folded human telomeric F1K and F2K
structures are formed through intermediate species.*® Random
coils may form to a first stage hairpins and triplexes, and
afterwards the latter can form type-1 and type-2 G-quadruplex
structures {similar to F1K and F2K). All of the intermediates
would be in equilibrium in a way such that F1K and F2K can
interconvert to each other only through the random coil form,
which entails slow interconversion. The G-triplex structures
suggested by these authors are similar to F1'K and F2'K {Fig. 4,
left). That is, F1'K and F2'K could be intermediate species in the
F1K + F2K equilibria.

Moreover, Sponer et al, based on molecular dynamics
simulations, have reported that several triplexes (such as F1'K)
remain stable in the microsecond time scale” Our experi-
mental observations concur with this time scale and with the
existence of short-lived intermediate G-triplex species, not only
in the presence of K’ ions, but also in the presence of Na” ions.
This way, F1'Na and F2'Na would be intermediate G-triplexes
also in the equilibrium F1Na < F2Na (Fig. 4, right). Fig. 4
outlines schematically a parallel behaviour as a function of the
type of salt emploved with the different structural forms.

In addition to &, and k,, the equilibrium constant between
the folded conformations, Ky = [F2M][F1M], can also be
assessed. Fig. 2 shows that, even though the amplitudes A; and
A, vary with the Tel22 concentration, the A,/4, ratio remains
constant and is reproducible for each buffer and Tel22
concentration. Since the &, and %, constants are close to each
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other, the 4,/A, ratio provides at 25 °C the Ky values 0.23 and
0.39, respectively, for the equilibrium constants, F1K < F2Kin
0.15 M KCl and F1Na « F2Na in 0.15 M NaCl {Table 1). Very
close Kg values have been reported for interconversion between
two stable folding conformations with similar sequence and
under close conditions.* Burrows et al. have demonstrated that
in KCl solution the hybrid-1 dominates over hybrid-2 for the
human telomeric sequence 5-TAGGG{TTAGGG),TT-3/, being
Ky = 0.45 at 37 °C, pH 7.9 in 50 mM KCl.*® Likewise, these
authors have suggested the formation of triplex structures.

Conclusions

The T-jump technique has allowed us to characterise kinetically
and thermodynamically the processes that occur in dilute
agueous solutions of human telomeric DNA containing both
Na' and K ions in near physiological conditions. We have
shown that this is a very complex system, in which at least four
different forms, two G-quadruplexes and two G-triplexes, coexist
in equilibrium in hoth Na™ and K buffers. The reaction is
governed by hydrophobic guanine-guanine interactions,
regardless of the type of buffering ion and Tel22 conformation.

Experimental

Sample preparation. Dried d[AGGG(TTAGGG);] DNA oligonu-
cleotide, labeled “Tel22"*, was purchased from Thermo Fisher
Scientific Inc. Stock solutions were prepared with nuclease-free
water in buffers containing 10 mM Tris-HCl, 1 mM EDTA at
pH = 7.5 and 0.15 M of either NaCl or KCl. The formation of the
G-quadruplex was carried out by heating oligonucleotide solu-
tions up to 90 °C for 6 min and slowly cooling down to room
temperature. The solutions were then incubated overnight at
4 °C. The concentration of the single stranded oligonucleotide
was determined by measuring at 90 °C the absorbance at
260 nm using the absorptivity value 228 500 M ' em . To
ensure the formation of the G-quadruplex from the
d{AGGG{TTAGGG);) sequence and that the equilibrium
between all of the possible species in solution was reached, the
study of these processes was conducted after overnight incu-
bation of the Tel22 sequence.

CD spectra were recorded on a MOS-450 spectrophotometer
(Bio-Logic SAS, Claix, France) over the 220-340 nm range at
25 °C, using 1 em path-length cells with black quartz sides to
mask the light beam. The buffer baseline was collected and
subtracted from the sample spectra.

Fast kinetic measurements were performed with a Dialog
T-jump instrument built according to the Rigler et al. prototype,
in 1.0 em path-length cells, working in the ahsorbance mode.*®
The system is perturbed in microseconds with a sudden 20 kv
discharge. The cell was thermostatted at 22.5 °C and, following
the discharge, a sudden 2.5 °C increase in temperature occurs
in 2.5 us for [NaCl] = 0.15 M in a standard cell, R = 100 chm.
The relaxation occurs at the final temperature 25 °C, for which
the kinetic parameters are calculated. The changes were
monitored in the microsecond timescale at 260 nm, where
Tel22 displays maximum absorption.
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The kinetic curves, collected with an Agilent 54622A oscil-
loscope {Santa Clara, CA, USA), were transferred to a PC and
were evaluated with the Table Curve program of the Jandel
Scientific package {AISN software, Richmond, CA, USA). To
corroborate the k; and k&, values obtained, the mV versus time
data pairs were also analysed using two fitting programs: Origin
and Bio-Kinet 32 software {Bio-Logic Science Instruments). In
all three cases, the k, and %, values were obtained by iteration
until convergence was attained. The %, and k&, values obtained
were reproducible regardless of the program used. In view of the
high reproducibility for all of the concentrations and programs,
we came to the conclusion that the difference obtained between
the &, and &, values, though not very large, suffices to be fitted
by a biexponential function and the values obtained are reliable.
Moreover, the time constants were averaged out from 6-10
repeated kinetic experiments.
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Capitulo VII

Summary

kep = 1.9 x 108 M1s?
+ TMPyP4 — = F1K/TMPyP4

kgp=1.2x 102s*

Ki1=1.6 x10° M

3i
Hybrid-1 (F1K)

Krz = 5.6 x 10° M-ls’t
+ TMPyP4 — = F2K/TMPyP4

ki, =3.0x103s*

K,=1.8x10°M"

Hybrid-2 (F2K)

Figure 1. Schematic representation of the kinetic behaviour of the TMPyP4/Tel22 system in the
presence of K*,

The development of small ligands capable of stabilizing G-quadruplex structures
attracts a great deal of attention, as this may have remarkable biological consequences on
different processes such as the inhibition of telomerase, among others. Thermodynamic
studies on ligand/G-quadruplex interactions abound in the literature, but the kinetics of
these interactions remain less explored. In this work, TMPyP4 was used as a model
G-quadruplex binder to study the kinetic mechanisms of its interaction, as this study could
provide information about the processes taking place in solution between ligands and
G-quadruplexes.

The human telomeric sequence Tel22, studied in Chapter VI, was chosen because of
its biological relevance and its characteristic polymorphism, forming two different
conformations in solution. In K* solutions, these two conformations are known as
“hybrid-1" and “hybrid-2”, and they present the same core and number and type of loops,
but different loop arrangement (see Figure 1). It had been suggested before that these
very similar characteristics could make them thermodynamically indistinguishable [218].

Indeed, the thermodynamic techniques used in this work, including ITC, fluorescence
lifetime measurements and FRET melting experiments, only allowed to observe one
global interaction process between TMPyP4 and Tel22 at low Cp/Cp ratios. On the
contrary, the kinetic measurements performed by the T-Jump technique under the same
experimental conditions, provided evidence of two reactions taking place in solution with
the same thermodynamic constant, K, but with different formation and dissociation
constants, kfand kg, as represented in Figure 1. This let us hypothesize that TMPyP4
could interact with the two distinct Tel22 hybrid forms present in solution at a different
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Parte 2

rate but equal thermodynamic constant, which would make these distinct interactions
indistinguishable by thermodynamic techniques.

In order to confirm this hypothesis, the group of Prof. Giampaolo Barone carried out
the molecular dynamic simulations that are present in this article. They analysed the
theoretical time it would take to the TMPyP4 molecule to reach the equilibrium with
hybrid-1 and hybrid-2 forms of Tel22. The final complexes reached in the simulation
were thermodynamically similar, but the time needed to get formed were different, in
highly good agreement with our experimental data.
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ARTICLE INFO ABSTRACT

Keywords: Background: Stabilization of G-quadruplex helices by small ligands has attracted growing attention because they
Tel22 conformations inhibit the activity of the enzyme telomerase, which is overexpressed in > 80% cancer cells. TMPyP4, one of the
TMPyP4 most studied G-quadruplex ligands, is used as a model to show that the ligands can exhibit different binding

Fast reactions features with different conformations of a human telomeric specific sequence.

Methods: UV-Vis, FRET melting Assay, Isothermal Titration Calorimetry, Time-resolved Fluorescence lifetime,
T-Jump and Molecular Dynamics.

Results: TMPyP4 yields two different complexes with two Tel22 telomeric conformations in the presence of Na™
or K*. T-Jump kinetic experiments show that the rates of formation and dissociation of these complexes in the
ms time scale differ by one order of magnitude. MD simulations reveal that, in K™ buffer, “hybrid 1” con-
formation yields kinetic constants on interaction with TMPyP4 one order lower than “hybrid 2”. The binding
involves - stacking with external loop bases.

Conclusions: For the first time we show that for a particular buffer TMPyP4 interacts in a kinetically different
way with the two Tel22 conformations even if the complexes formed are thermodynamically indistinguishable.
General significance: G-quadruplexes, endowed with technological applications and potential impact on reg-
ulation mechanisms, define a new research field. The possibility of building different conformations from same
sequence is a complex issue that confers G-quadruplexes very interesting features, The obtaining of reliable
kinetic data constitutes an efficient tool to determine reaction mechanisms between conformations and small
molecules.

Molecular dynamics

1. Introduction

The study and advancement of small molecules capable of binding
and stabilizing higher-order DNA structures, such as G-quadruplexes,
has attracted growing interest [1]. G-quadruplexes can be formed in
guanine-rich DNA stretches in the presence of stabilizing ions such as
Na™ or K™. Although the in vivo existence of such structures is still a
matter of debate [2], under physiological conditions the human genome
contains a large number of potential quadruplex-forming sequences
[3.4]. Human telomeric DNA consisting of TTAGGG repeats is an in-
teresting instance of such sequences. Stabilization of telomeric G-
quadruplex helices by small ligands is known to inhibit the activity of
the enzyme telomerase, which is overexpressed in > 80% of cancer
cells and acts as tumour promoter [5].

In intracellular media, potassium ions abound more than sodium

* Corresponding authors.
E-mail addresses: giampaolo.barone@unipa.it (G. Barone), begar@ubu.es (B. Garcia).

https://doi.org/10.1016/j.bbagen.2017.10.020

ions, giving way to extensive research of G-quadruplex conformations
stabilized by K" [6]. The main conformation reported for the human
telomeric sequence in K" solutions “Tel22” (d[AGGG(TTAGGG)s])
consists of a G-quadruplex fold with (3 + 1) G-tetrad core containing
three tetrads, one side-chain reversal loop and two lateral loops [7].
Two distinguishable conformations (known as hybrid-1 and hybrid-2)
have been identified containing this core with the same number and
type of loops but different loop arrangement [8]. On the other hand, in
Na~ solutions the antiparallel basket-type structure was found for
human telomeric DNA. Although this basket form is the only folded
conformation fully characterized under these conditions [9], sub-
sequent studies provide evidence for the polymorphism of telomeric
sequences in Na' solutions, with possible interconversion between
various structural forms [10].

In line with these observations, we have reported recently the fast
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processes that govern different Tel22 structures in equilibrium at 25 °C.
Kinetic T-jump measurements provide evidence for the presence of two
G-quadruplex conformations, FIM and F2M, in equilibrium with G-
triplex structures, F1'M and F2'M, with M = Na* or K* [11]. These
results, along with other studies, evince the complexity of this system
[12-15], thus posing the question of whether small molecules can dif-
ferentiate between different specific sequence conformations coexisting
in solution, a striking feature not reported hitherto. To this aim, we
have studied the interaction of Tel22 with the cationic meso-tetrakis(iV-
methyl-4-pyridyl)porphyrin {TMPyP4), capable of stabilizing quad-
ruplex structures and inhibiting the telomerase activity [16]. In spite of
being nonselective for quadruplex helices over duplex DNA [17],
TMPyP4 is one of the most studied G-quadruplex ligands ever and its
structure has inspired the development of other porphyrin derivatives
[18,19]. Nevertheless, certain controversy over the nature of the G-
quadruplex/TMPyP4 interactions still remains, and intercalation be-
tween adjacent G-tetrads or end-stacking onto the external faces of the
G-quadruplex have been proposed [20-22].

Due to its demonstrated affinity with G-quadruplex structures,
TMPyP4 has been used in this work as a model molecule to show that
certain ligands can exhibit different binding features towards different
conformations of a specific sequence. Even though these features can be
thermodynamically indistinguishable, they take place at different rates,
as suggested recently by J. Lah et al. [23] and shown here by T-jump
measurements and MD calculations. The FIM/TMPyP4 and F2M/
TMPyP4 complexes get formed at low TMPyP4/Tel22 concentration
ratio and have very close binding constants (K, = ky/ky), whereas the
formation, k¢, and dissociation, kg, kinetic constants differ considerably.
At higher TMPyP4,/Tel22 concentration ratio, another type of complex
with binding constant K, gets formed. This complex has been reported
before and is assumed to involve an external mode of binding [24]. This
wotk is a starting point; actually, the interactions of other types of li-
gands biologically more relevant than TMPyP4 with different oligonu-
cleotides are to be explored in future studies.

2. Materials and methods
2.1, Sample preparation

The DNA oligonucleotide d[AGGG(TTAGGG)], known as “Tel22”,
was purchased from Thermo Fisher Scientific Inc. as dried samples.
Stock solutions were prepared with nuclease free water in buffers
containing 10 mM Tris-HCl, 1 mM EDTA and 0.15 M of either NaCl or
KCl at pH = 7.5 unless otherwise specified. The formation of the G-
quadruplex was carried out by incubating for 6 min the oligonucleotide
solution at 90 °C and slowly cooling down { ~ 5 h) to room temperature
in order to obtain the thermodynamically equilibrated G-quadruplex
structures [13]. Solutions were then stored at 4 °C overnight to avoid
degradation processes and afterwards allow reaching room temperature
prior to carry out the measurements. The concentration of the single
stranded oligonucleotide was determined by measuring at 90 °C the
absorbance at 260nm using the absorptivity value of
228,500 M~ * em ™ ! provided by the supplier. The double-labeled oli-
gonucleotide FAM-Tel22-TAMRA (F-Tel22-T) was purchased from
Thermo Fisher Scientific Inc. TMPyP4 was supplied by Sigma Aldrich.
Stock aliquots of TMPyP4 were prepared in water and stored in the dark
at —20 °C.

2.2, UV spectroscopy

Spectrophotometric measurements were performed with a HP
8453A photodiode array spectrophotometer {Agilent Technologies,
Palo Alto, CA) endowed with a temperature control Peltier system.
Titrations were carried out by adding increasing amounts of Tel22 so-
lutions to the TMPyP4 solution in 1 cm path-length cells with black
quartz sides at 25 °C. The data were corrected by the dilution factor €3/
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Cp.
2.3. ITC titrations

Isothermal titration calorimetry (ITC) experiments were performed
at 25°C using a Nano ITC {TA Instruments, Newcastle, USA). The
stirring speed was maintained constant at 250 rpm. The TMPyP4 so-
lution was injected into the calorimetric cell containing the Tel22 so-
lution. Prior to use, all solutions were degassed to reduce to a minimum
the formation of bubbles during the experiments. Control experiments
were carried out to determine the contribution of the heat of dilution of
TMPvP4 and rule out the presence of aggregation processes of the drug
that would interfere with the analysis of the ITC data to obtain the
TMPvP4/Tel22 thermodynamic parameters. The thermograms ({in-
tegrated area of the peak/mole of injectant versus Cn/Cp ratio) obtained
in the titrations were fitted by a “rwo-site model”, as simpler models
including the “one-site model” were insufficient to fit the data suitably.

2.4. FRET melting assay

F-Tel22-T was dissolved in water as 100 pM stock solutions and then
annealed for 5 min at 0.4 pM concentration at T = 90 °C in a buffer
containing 0.15M KCl or NaCl, 10 mM Tris-HCl and 1 mM EDTA at
pH = 7.5. Each well of a 96-well plate contained 0.2 pM of F-Tel22-T
and different concentrations of TMPyP4. Measurements were pet-
formed in a 7500 Real-Time PCR (Applied Biosystems). Readings were
performed with excitation at 450-495 nm and detection at 515-545 nm
from 25 to 95 °C at a scan rate of 0.5 *C/min.

2.5, Time-resolved fluorescence lifetime

Fluorescence lifetime measurements of TMPyP4 were performed
both in the absence and in the presence of different amounts of Tel22 in
Na* or K* buffer using FLS980 equipment (Edinburg Instruments). The
excitation was accomplished at 405 nm using an EPL 405 pulsed diode
laser and the emission was collected at 705 nm. Data were analyzed by
FAST 3.4.0 software.

2.6. T-Jump measurements

The fast kinetic measurements were performed with a Dialog T-
jump instrument built up according to the Riegler et al. prototype [25]
in 1.0 cm path-length cells, working in the absorbance mode. The ki-
netic curves, collected with an Agilent 54622A oscilloscope {Santa
Clara, CA, USA), were transferred to a PC and evaluated with the Table
Curve program of the Jandel Scientific package {AISN software, Rich-
mond, CA, USA). The time constants were averaged out from 6-fold
repeated kinetic experiments.

2.7. Molecular dynamics

The structures of the Tel22 G-quadruplex in K™ solution were taken
from the Protein Data Bank, with PDB id “2HY9” for hybrid-1, F1K, and
PDB id “2JPZ” for hybrid-2, F2K [26]. In detail, the first and last two
nucleotides of the G-quadruplex chain of the two PDB id files, both 26-
mer hybrids, have been removed to generate the same Tel22 sequence
of the experimental studies. The starting molecular structure of
TMPyP4 was obtained by full geometry optimization, firstly through
semiempirical PM6 calculations [27] and, subsequently, through DFT
calculations, using the M06-2X functional [28] in the presence of water
as implicit solvent, mimicked by the “conductor-like polarized con-
tinuum model” implicit method [29,30]. Atomic partial charges of
TMPvP4 were obtained by DFT calculations and force field parameters
of TMPyP4 and DNA models were generated with the ACPYPE software
{AnteChamber Python Parser interfacE) [31,32]. The Amber99SB force
field ParmBSCO nucleic acid torsion parameters were used for the DNA
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models [33]. A triclinic box of TIP3P water was generated around the
G-quadruplex/TMPyP4 system, to a 0.8 nm depth on each side of the
solutes, for a total of about 5500 solvent molecules; 39 K ions and 17
Cl™ ions were added to neutralize the DNA negative charge of the
sugar- phosphate backbone and to set the solution ionic strength to
about 0.15 M.

Explicit solvent molecular dynamics {MD) simulations for F1K/
TMPyP4 and F2K/TMPvP4 systems were performed using the Gromacs
5.0.4 software package, [34,35] in the canonical NPT ensemble {for
which number of particles, N, pressure, P, and temperature, T, are
constant), at 300 K, under control of a velocity-rescaling thermostat
[36]. The mesh particle Ewald method was used to describe long-range
interactions [37]. Preliminary energy minimizations were run for 5000
steps with the steepest descent algorithm, during which the equilibra-
tion of the G-quadruplex/TMPvP4 systems were harmonically re-
strained with a force constant of 1000 kJ mol™ ' nm™~ 2, gradually re-
laxed in five consecutive steps of 100 ps each, to 500, 200, 100 and
50kJmol ™' nm ™ % Four MD simulations with different initial poses of
TMPyP4 (see Figure 4SI) were initially conducted for 100 ns for the
binding of TMPyP4 with each DNA hybrid. The starting structures were
obtained by the Maestro software [Maestro, version 10.2, Schrédinger,
LLC, New York, NY, 2015]. Two final MD simulations were conducted
for 300 ns and 200 ns, for the TMPyP4/F1K and TMPyP4,/F2K systems,
respectively.

3. Results and discussion

UV—vis and ITC measurements were carried out to set the most
adequate concentration range to conduct the kinetic study. Same ex-
periments were performed in Na* and K* media to gather information
about the similarities and differences of the studied system in the pre-
sence of these representative ions.

3.1. Isothermal titration calorimetry

ITC titrations of Tel22 (P) with increasing amounts of TMPyP4 (D)
in 0.15 M NaCl and 0.15 M KCl were carried out. The profile of the
titration isotherms (Fig. 1) shows two well differentiated steps. A gen-
eral mechanism for this behaviour is represented in Eqs. (1) and {Z2). For
low Cp/Cp concentration ratios, the complex PD, gets formed (Eq. {1)).
As to the second process, PDs gets formed from PIY when the Cp/Cp
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ratio increases {Eq. (2)), and is probably related to formation of ex-
ternal aggregates when the TMPyP4 concentration is raised.

¥
P+D=PD n
Kz
PD1 +D= PD2 (2)

The “two-site model” best fitted the experimental data, and the
thermodynamic parameters obtained are listed in Table 1. The ther-
modynamic constant, K;, for formation of PD, in the presence of K™
was one order higher compared to Na*, whereas with K, the opposite
effect occurs. The reaction enthalpies were always negative. AH; varied
with the type of buffer used, AH, (Na™) < AH; (K*), whereas AS,
{Na*) < Qand AS, {K*) > 0, indicating different hydration extent of
the Tel22 conformations in Na* and K™ buffers [38]. The AH, values
remained nearly constant, whereas for the reaction entropy AS,
(Na™) > AS; (K™} > 0, an effect attributed to dehydration of PD; to
yield PD,, in good agreement with formation of an external complex.
The K; and Ky values concur with those reported before in KCl buffer
for the interaction of TMPyP4 and different types of human telomeric
G-quadruplexes [24,39].

3.2, Spectrophotometric titration

The two differentiated processes observed with ITC measurements
were also observed by spectrophotometric titrations of the Tel22/
TMPvP4 system in 0.15 M NacCl (Fig. 2A) and 0.15 M KCl (Fig. 1SIA).
The spectral curves recorded upon addition of increasing amounts of
Tel22 to a TMPyP4 solution displayed a biphasic isotherm at
A = 433 nm with minimum at Cp/Cp = 0.5 {Fig. 2A, inset). An iso-
sbestic point at A = 429 nm with pronounced bathochromic shift of the
maximum is observed for low TMPyP4 concentration {Cn/Ce < 2)
(Fig. 2B), whereas for Cp/Cp > 2 a new isosbestic point at A = 437 nm
appears and the location of the maximum remains unaltered (Fig. 2C).
This behaviour points to the existence of different types of Tel22/
TMPvP4 complexes depending on the Cn/Cp concentration ratio, con-
current with the ITC results and with the scheme shown in Eqs. (1) and

{2

Fig. 1. ITC titrations of Tel22 with TMPyP4 in 0.15 M NaCl
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Table 1
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Thermodynamic parameters determined for the binding of TMPyP4 to Tel22 using a “two-site model”. K; and K; are the thermodynamic constants and AH; and AH, the enthalpy change

for the processes in Eqs. (1} and (2).

1075K, M~ ! AHy, kI mol ™1 107 5Ky, M~ AH,, kJmol ™1
Tel22, TMPyP4* 1.6 + 0.6 -45 £ 2 70 + 30 -21 + 2
Tel22, TMPyP4" 25+ 7 -15 £ 1 3.5 + 0.9 -27 1
20,15 M NaCl
P 0.15 M KCl.

3.3. FRET melting measurements

A number of secondary structures, such as different G-quadruplex
conformations, i-motifs and triplexes, can be present in solution for
Tel22 and other important G-quadruplex sequences [11,40]. TMPyP4
promotes a notable increase in the melting temperature of G-quad-
ruplex DNA structures [41]. Férster resonance energy transfer (FRET)
melting experiments were carried out to obtain information about the
main features of the Tel22/TWMPyP4 interaction. Tel22 become stabi-
lized upon binding with TMPyP4 both in Na® and K* buffers. Fig. 3A
and B show the normalized FRET melting curves, whereas Fig. 3C and D
show the Ty, values determined in the mid-transition {T,5) for each Cp/
Cp ratio. In the presence of TMPyP4, the ATy, value obtained for the
dual flucrescently labeled (FAM and TAMRA) Tel22 oligonucleotide in
the presence of Na™ is equal to or greater than in the presence of K for
the same A{Cp/Cp), which reveals the influence of the ligand on the
stabilization of different G-quadruplex Tel22 structures.

3.4. Time-resolved fluorescence lifetime measurements

Fluorescence lifetime measurements have been widely used to study
the existence and main features of ligand/G-quadruplex complexes

A
0.8

[42]. The emission properties of the Tel22/TMPyvP4 system were de-
termined at different Cp,/Cy ratios {Fig. 25I). A monoexponential decay
fitting was applied for free TMPyP4, whereas a biexponential fitting
was needed to obtain acceptable ¥ values when Tel22 is present. The
1, values were quite close to those of TMPyP4 alone, whereas the <,
values correspond to PD; {Table SI1). By means of this technique it was
unfeasible to differentiate between different hybrid/TMPyP4 com-
plexes, probably due to the close fluorescence lifetime values ascribable
to their similar structure.

3.5. Kinetic T-Jump medasurements

Thermodynamic data is valuable material to assess the final state of
interacting systems, even though they cannot provide detailed me-
chanistic information. We studied the kinetic features of the Tel22/
TMPyP4 interaction with the T-Jump technique in the microsecond
time scale to verify if the presence of the two different G-quadruplex
conformations, F1M and F2M, entail any significance on the way the
ligands do interact with Tel22 in the presence of Na* and K*. To this
aim, T-Jump measurements were performed for Cp/Cp ratio < 2,
where PD, {Eq. (1)) prevails. Kinetic measurements monitoring the
absorbance were carried out at two different wavelengths, one at each

Fig. 2. Absorption spectra obtained from the ti-
tration of the TMPyP4,/Tel22 system in 0.15 M

o

0.6

10%x AA/ G, M

'
no

NaCl. Inset: Binding {sotherm at 433 nm (A). The
spectral curves of Fig. 2A show two differ-
entiated behaviours with two different isosbestic
points at Cp/Ce < 2 (B} and at Cp/Ce > 2 (C)
C) = 3.5uM, pH = 7.5 (10 mM Tris-HCL, 1 mM
EDTA}, T = 25°C.
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Fig. 3. FRET melting curves obtalned for the

| ——Tel22 alone

TMPyP4,Tel22 system in 0.15 M NaCl (A} and in

104 :Ejéz acne 015M KCl (B) at different Cp/Cp ratios.
—c [/CP: 2 Representation of the melting temperature (Ty,}
08+ 084 _ . [/c:: 5 versus the Cp/Cp ratio in NaCl (€) and in KCI (D).
L L ——CyC.= 10 Cp = 0.2yM, pH = 7.5 (10mM Tris-HCI, 1 mM
o 06 B we{—cp=2 EDTA).
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side of the 429 nm isosbestic point. Fig. 4 collects examples of kinetic
curves for the Tel22/TMPyP4 system in Na™ and in K¥, recorded at
422 nm and 437 nm {see Figs. 2B and 18IB). Single exponential func-
tions were fitted to the experimental data (red line), from which the
reciprocal relaxation time 1/t was obtained. Interestingly, the kinetics
observed with equal concentration of Tel22 and TMPyP4 and same type
of ion, showed that two reactions with quite different kinetic behaviour
are at work. The faster reaction, which lasts < 1 ms, could be observed

526

ar A = 437 nm for both Na* and K™ buffers (Fig. 4A and C, respec-
tively), whereas the slower reaction can be followed at A = 422 nm
(Fig. 4B and D).

To obtain the forward and reverse kinetic constants of the four
processes, plots of the reciprocal relaxation time (1/t) versus the equi-
librium concentration function {[P] + [D]) (Fig. 5) were fitted ac-
cording to Eq. (3):
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Fig. 5. (1/%) versus ([P] + [DB]} plot and fitting of Eq.

]

(3} to the data obtained for the Tel22/TMFyP4 system

m 015M NaCl at (A} A =437nm, and (B}
/ 4 A =422 nm and in 0.15M KCl at (C} & = 437 nm and
< 3 - (D) & = 422 nm.
w // w
5 - B :
— 2/ -— //
X X 2
£ £
b b
1
3 [ 96 12 6 9 6 12 15
([PI+D]) x 10°, M (PI+D]) x 10°, M
D 16
‘Tw 124 .//
o "
o
X 8’ . L]
£
b (]
. 4
1 ; 6 2

(PI+D) * 16°, M

1
== ke ([P] + [D]) + kq (3)

where ky and kq represent the formation and dissociation rate constants
between Tel22 and TMPyP4 obtained at a specific wavelength.

Table 2 lists the rate constants together with the kinetic equilibrium
constant, K;, obtained from the ratio of the forward over the reverse
kinetic constant (kg;/Kq ;). The kinetic constants k¢ » and kg » obtained at
437 nm were one order higher than k¢, and kg, obtained at 422 nm
both in NaCl and KCI, whereas the thermodynamic value K, obtained at
the two wavelengths are quite close for a particular buffer, being
K, ~4%x10°M™ " and 2 ¥ 10° M~ in the presence of Na* and K*
ions, respectively. This means that, although the two processes ob-
served in the presence of each of the ions display well-differentiated
kinetic behaviour, the overall thermodynamic equilibrium constant
remains virtually unaffected. The binding constants concur fairly well
with the K; value obtained from the ITC measurements in Table 1 for
formation of PD, {Eq. (1)).

In conclusion, P in Eq. (1) is the sum (FIM + F2M) and PD; is the
sum {F1M/TMPyP4 + F2M/TMPyP4) in the presence of each M = Na*
or K™ ions. Therefore, the equilibrium in Eq. (1) can be split into Eq. (4)
and Eq. (5), k¢; and kg; being the kinetic constants (Table 1)

Table 2

Kinetie (ke; and kap) and thermodynamic (K = kyy/kas) constants of the equilibrium
represented in Eqs. (4} and (5) for the Tel22/TMPyP4 systemn at low TMPyP4 con-
centration (Cp/Cp < 2L

1078 Ky, 107 % kg, 87 107K, M™?
M~ is7?
F1Na/TMPyP4 (0.15M 25 + 0.2 55 + 0.2 45 + 0.2
NaCly*
F2Na/TMPyP4 (0.15M 24.2 £ 0.6 52 & 4 47 £ 2
NaCl3"
F1K/TMPyP4 (0.15 M 1.9 + 0.1 12 + 0.7 16 + 1
KCh®
F2K/TMPyP4 (0.15 M 56 + 4 30 + 10 19 + 7
KCly®
25 = 422 nm.
P = 437 nm.
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corresponding to two different conformations. However, so far the ex-
perimental results are insufficient to unambiguously assign the Tel22
conformation and the kinetic constants. This difficulty will be overcome
below by means of the MD simulations.

hi<
FIM + TMPyP4 — F1M/TMPyP4
ka, (4)

F2M + TMPyP4 2 F2M/TMPyP4
ka2 (5)

Several other possible mechanisms could describe the kinetic data in
terms of induced-fit and/or conformational selection pathways.
However, on one side the existence of two hybrid forms in K* buffer
{F1K and F2K) has been described amply (See, for instance, refs [10]
and [11] and references therein), providing useful hints about the types
of processes observed. On the other hand, if, together with the forma-
tion of the TMPyP4,/Tel22 complexes, there would exist other T-jump
processes, then some other complex reactions should be observed,
prone to fitting with multiexponential fimetions. However, as a matter
of fact single exponential functions sufficed to fit absolutely all the T-
jump kinetic curves, which indicate that, under the different conditions
studied, only a single kinetic process in the T-Jump time scale is at
work. Likewise, the good linearity fulfilled by the different instances
shown in Fig. 5 reveals independent reactions from one another in
every case.

To analyze the formation of PD; (Eq. {2)), a number of T-Jump
experiments were conducted in the concentrated region, Cp/Cp = 2, at
different wavelengths around 422 nm, but no signals could be recorded,
probably because the reaction is too fast to be observed by T-jump,
which is compatible with the binding of additional TMPyP4 molecules
to PD; to build the external complex PD,.

As to the type of interaction of TMPyP4 with G quadruplex, different
modes of binding have been proposed, including intercalation of the
ligand between adjacent G-quartets, end-stacking on the external G-
tetrads and groove-binding with external loops [20,22,43]. On one
hand, the rather high ky values obtained by T-jump measurements
{Table 2) appear to be incompatible with intercalation of TMPyP4 into
the G-tetrads, as the residence time is too short compared to other
processes involving this mode of binding [44]. On the other hand, the



C. Pérez-Arnaiz et al.

pronounced red shift observed {Figs. 2B and 18IB) indicates that PD,
involves stacking between TMPyP4 and Tel22. This shift has been at-
tributed to end-stacking of TMPyP4 on the external G-tetrads of the G-
quadruplex [22,39]. However, the X-ray structure reported by Neidle
et al. for human telomeric G-quadruplex/TMPyP4 complex has shown
that TMPyP4 failed to directly interact with the external G-tetrad due to
steric clashes between the G-tetrad edges and the N-methylpyridyl
groups of TMPyP4 [21]. Instead, TMPyP4 established n-xt interactions
with external bases and electrostatic interactions between the cationic
N-methylpyridyl groups and the phosphate ions of the telomeric DNA.
Hence, MD simulations were carried out to shed light both on i) the
distinct experimental kinetic behaviour observed as a consequence of
the interaction of TMPvP4 with the two G-quadruplex conformations of
Tel22, and ii) on the nature of its mode of binding.

3.6. MD simulations

The T-jump technique demonstrated quantitatively that the rates of
formation of F1M/TMPyP4 and F2M/TMPyP4 were different, but it is
unable to differentiate which of the two complexes gets formed faster.
Moreover, the structural difference between F1M and F2M provides a
convincing explanation for the different reaction rates which, not-
withstanding, does not alter the affinity for TMPyP4, thus presenting
very similar values of the affinity constants K;. To discern this issue,
explain the reasons for such a difference and shed some light into the
binding features of the Tel22/TMPyP4 system, MD simulations were
carried out using the well-characterized hybrid Tel22 conformations in
K*. These two conformations display quite similar structure containing
the same type and number of loops (one reversal and two lateral loops),
but their arrangement is actually different. In the hybrid-1 {F1K), the 5
loop is in the reversed configuration, whereas in the hybrid-2 (F2K) the
3’ loop is the one in the reversed configuration, as represented in
Scheme 1 [40]. Fig. 35 shows the optimized structure of TMPyP4,
where the central aromatic moiety remains planar, while the methyl-
pyridine groups can rotate nearly perpendicular to the molecular plane.
The Root-Mean-Square Deviation {RMSD) plot, red line in Fig. 6, and
the atom-atom distance between TMPyP4 and a selected nucleotide,
blue line in Fig. 6, both enable one to follow the host-guest binding
process occurring along the MD trajectory, where important con-
formational changes occur before and at the equilibrium phase. Dif-
ferent intermediate structures of the F1K/TMPyP4 and F2K/TMPyP4
complexes, occurring along the MD simulation are also shown (Fig. 6A
and B), and describe the molecular recognition process until the

5

kii=1.9x10°M's!

+ TMPyP4 — —
ka1 =12x 10%s!
11
Hybrid-1 (F1K)
ki2=35.6 x 10° M 15!
+  TMPYP4

kiz=3.0x10"s"!

Hybrid-2 (F2K)
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equilibrium (plateau) is reached. In particular, the distance between
one of the four pyrrole nitrogen atoms of TMPyP4 and one atom of the
external bases, thymine O1 for F1K and adenine N1 for F2K, reveals
that the final stacking distance between TMPyP4 and both DNA hybrids
oscillates around 4 A when the equilibrium phase has been reached.
The initial and final position of TMPyP4 {gray) is shown in Fig. 7 {see
also Fig. 4SI for all considered starting positions). It can be observed
that TMPyP4 binds to the nucleic acid through m-o stacking interactions
with a nitrogen base in the groove (thymine in F1K and adenine in
F2K). In addition, the methylpyridyl groups, positively charged, remain
oriented towards the negatively charged phosphate groups of the G-
quadruplex chain.

The analysis of the experimental data demonstrates that the ther-
modynamics of the binding of TMPyP4 to F1K and F2K are similar, as
indicated by the very close values of the thermodynamic constant,
K; = ke/kg, of the equilibria represented in Eqs. {4) and (5). The results
of the MD simulations provide a plausible explanation for such phe-
nomena, as the binding mode and the final structure of the F1K/
TMPyP4 complex and those of the F2K/TMPyP4 complex are closely
akin {Fig. 7), which render them thermodynamically indistinguishable.

On the other hand, the values of the kinetic constants k; and kg
indicate that one of the two binding processes is faster by one order of
magnitude than the other {Table 2). Interestingly, remarkable differ-
ences were found in the molecular recognition process along the MD
trajectory. In fact, Fig. 8 reveals that TMPyP4 binds rapidly to an
adenine residue (highlighted green) in both hybrids, F1K and F2K, at
roughly 2.5 ns. However, in the F2K/TMPyP4 system the binding to the
adenine base persists up to the end of the simulation (Fig. 8A), so the
equilibrium is attained faster. By contrast, an important change in the
position of the ligand is observed at 101 ns for the F1K/TMPyP4 system
(Fig. 8B). In particular, it is released from the binding site at the ade-
nine base and binds to a thymine residue (highlighted yellow), finally
reaching an equilibrium state. In our opinion, this difference can be
related to the slower kinetics of binding experimentally observed by T-
jump for one of the two hybrids.

In summary, the pathway observed during the molecular recogni-
tion process points to a difference in the time needed to reach the
equilibrium structure for the F1K/TMPyP4 and F2K/TMPyP4 com-
plexes. As k; and ky are directly related to the reciprocal time of for-
mation and dissociation of the FIK/TMPyP4 and F2K/TMPyP4 com-
plexes, the MD simulation results are in fairly good agreement with the
two different experimental values observed for ks; and kg ;.

It also allows one to assess that, in the case of Tel22 in K™, the faster

Seheme 1. Schematie representation of the kinetie beha-
viour of the Tel22,/TMPyP4 system in K*.

FIK/TMPyP4

.. [F2K/TMPyP4
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Distance (A)
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Time (ns) Time (ns)

Fig. 6. RMSD plot (red) and specific distance between one of the four pyrrole nitrogen atoms of TMPyP4 and one atom of the binding base (blue} for the F1K/TMPyP4 (A) and the F2K/
TMPyP4 system (B).

Fig. 7. Initial and final (top and side views) relative positions in the MD simulation of TMPyP4 (gray)} and Tel22. Oxygen atoms in phosphate groups are represented as red balls; water
and counterions have been removed. (A) Hybrid-1 F1K; the thymine base interacting with TMPyP4 is highlighted in green. (B} Hybrid-2 F2K; the adenine base interacting with TMPyP4 is
highlighted in green.

kinetics involves the binding of TMPyP4 to the hybrid-2 form, F2K, sequence is a complex issue that confers G-quadruplexes very inter-
whereas the slower kinetics is related to the binding of TMPyP4 to the esting physical chemistry features. When the biological relevance of
hybrid-1 form, F1K. The k¢; and kq; values of reactions 4 and 5 are these conformations becomes well-known, we shall be aware of the
defined and assigned in Scheme 1 for K* buffer. importance conveyed by the fact that a ligand may stay more or less

The possibility of building different conformations from the same time bound to a particular G4 conformation. For example, in ligand/

Fig. 8. Molecular recognition scheme during the
MD simulation of the F2K/TMPyP4 system (A} and
the FIK/TMPyP4 system (B).
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DNA intercalation reactions, slow dissociation rates are viewed as an
important criterion regarding their efficiency as cancer therapeutics,
because such drugs remain longer in the intercalation position and are
assumed to alter the DNA transcription [45].

4. Conclusions

We have shown for the first time by experimental measurements
and molecular modeling that a small ligand such as the cationic por-
phyrin TMPyP4 interacts in a distinct way with the two forms of G-
quadruplex present in solution for the human telomeric sequence Tel22,
both in Na* and K™ buffers. In fact, for a particular buffer, under the
same experimental conditions, two different sets of rate constants {ky
and ky) differing by one order of magnitude but yielding the same af-
finity constant Ky = ky'ky were observed. MD simulations performed
with the Tel22 structures in the presence of K ions suggest that the
hybrid-2 reaches the equilibrium with TMPyP4 faster than with hybrid-
1. However, the structural difference between the two final equilibrium
complexes is small, rendering the two types of Tel22/TMPyP4 complex
thermodynamically indistinguishable and accounting for the only
thermodynamic constant value obtained for K;. Moreover, it provides
convineing explanation for the observation that, although the coex-
istence of different conformations in solution has been probed for
several G-quadruplex sequences, only kinetic techniques can fully
characterize the binding mechanism of small ligands to the different
structures when the final equilibrium states are nearly equivalent.
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Kinetic evidence for interaction of TMPyP4 with two different

G-quadruplex conformations of human telomeric DNA
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Fig. 1SI. Absorption spectra obtained from the titration of the TMPyP4/Tel22 system in 0.15 M KCL
Inset: Binding isotherm at 422 nm (A). The spectral curves of Fig. 1SL.A show two different behaviours
in diluted solution, Cp/Cp < 2 (B) and in concentrated solution Cp/Cp = 2 (C). C’, =3.5 uM, pH=7.5 (10
mM Tris-HCL, 1 mM EDTA), T = 25°C.
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Fig. 2SI. Fluorescence lifetime decay for TMPyP4 (Cp = 3 pM) in the presence of different
concentrations of Tel22 in 0.15 M KCl using excitation at A, = 405 nm and emission at k., = 712 nm.

pH =75 (10 mM Tris-HCI, 1 mM EDTA) and T = 25 °C.

At

his N X
TN - -~ - Wy
R%\ﬁr\%y %3"3&&

Fig. 381. Optimized structure of TMPyP4.
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Figure 4SI. Initial relative positions for TMPyP4 and 2HY9 (F1K A) and 2JPZ (F2K B), opened
F1K (C) and opened F2K (D)

Table 1SI. Fluorescence lifetime obtained for the Tel22/TMPyP4 system at different Cp/Cp ratios using
hexe = 405 nm and Ao, = 712 nm. 1y and 1, stand for the lifetime of TMPyP4 and the Tel22/TMPyP4
complex (PDy), respectively. f; and f, stand for the fractional amplitudes.

Na' K’
CD/CP
ratio 171 (ns) T2(ns) 1 (%) f3 (%) x2 sy wing) HiPe) 100 x2
0 4.79 - 100 - 1L.06 4.77 - 100 - 1.08
0.2 511 10.06 152 848 1.06 502 11.01 128 882 1.04
1 513 10.57 40.6 594 1.02 475 10.73 342 658 0.99
7 471 1055 858 142 0.93 472 10.73 81.6 184 1.01
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Figure 1. Schematic representation of the DNA G-quadruplex structures used in this work.

c-Myc

The interaction of four metal complexes, based on salphen or bipyridine scaffolds,
with different G-quadruplexes (Figure 1) has been explored to gain insight into their
structural selectivity. Most of the results presented in this Chapter were obtained during
the predoctoral stay at Imperial College (London, UK) under the supervision of Prof.
Ramon Vilar, except for the UV-Vis and ITC titrations that were carried out after
returning to University of Burgos. The three salphen complexes bearing nickel(ll),
copper(1l) and oxovanadium(1V) centres, named here as 1, 2 and 3, respectively, had been
previously reported by Ramon Vilar et al [219,220]. They present different degrees of
planarity, which determines their ability to stabilize the folded G-quadruplex structures
through stacking interactions with the external G-quartets. The new nickel(l1)-bipyridine
complex, named as 4, which presents a larger aromatic core compared to the salphen
complexes, was synthesized and characterized by Dr Anna Leczkowska

In this project, which was being developed by Prof. Ramoén Vilar and Dr Jorge
Gonzaélez, we aimed at determining if there were significant differences in the stabilizing
ability of the metal complexes towards different quadruple-stranded structures. This
would imply that besides presenting selectivity towards G-quadruplex over duplex DNA,
there could exist selectivity towards specific G-quadruplex sequences of interest thanks
to their particular structural features.

First, the stabilizing effect of the four metal complexes was tested against the different
G-quadruplexes and also against a double-stranded oligonucleotide by FRET melting
measurements. Then, ITC was used to obtain the thermodynamic binding parameters with
human telomeric G-quadruplex DNA (Tel22). The polymerase stop assay (PSA) was also
performed to evaluate if the stabilization of the G-quadruplex structure induced by these
complexes had an impact on a biologically relevant event such as the inhibition of DNA
replication by a DNA polymerase enzyme. As the PSA could not be performed with Tel22
due to experimental problems, the well-known c-Myc sequence was chosen for this assay.
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Altogether, we can conclude that the new bipyridine complex represents a remarkable
improvement over the previous salphen scaffold, probably due to the larger planar
aromatic surface that enhances the stacking interactions with the external G-quartets. On
the other hand, these metal complexes were capable of inhibiting the activity of a DNA
polymerase enzyme, as demonstrated here by the PSA results, which implies that this
stabilization could have important biological consequences.
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1. Introduction.

The majority of anticancer chemotherapeutic drugs target DNA, which is a relatively
indiscriminate manner to treat cancer that brings about issues such as high toxicity and
generation of resistance mechanisms. Because of this, there has been a high interest in the
development of new approaches to make DNA a more selective target. One interesting
approach is to design DNA sequence-specific drugs that could inhibit the transcription of
particular genes. However, this type of compounds need to recognize sequences of 16 to
20 nucleotides to be selective, making it difficult to obtain effective therapeutic agents
[80]. Another approach involves the structural selectivity, in which smaller molecules can
target specific sequences taking advantage of their potential to form four-stranded DNA
structures with very particular features: the G-quadruplexes [95].

G-quadruplex structures are formed in guanine-rich sequences. Their basic structural
unit is the G-quartet, a planar motif generated from four guanine residues that are held
together by Hoogsteen hydrogen bonds [43]. The core of a G-quadruplex is formed by
two or more stacked G-quartets, stabilized by cations such as Na* or K* coordinated to
the guanine oxygen atoms pointing towards the inner channel, and connected by the
intervening sequences termed “loops”. G-quadruplexes are highly polymorphic, as their
structure depends on factors such as their nucleotide sequence and the composition of the
medium (see section 2.2.2, Chapter I).

Recently, more than 700.000 sequences with the potential to form G-quadruplexes
have been identified in the human genome, and it was found that they are significantly
associated with sequences present in oncogenes and tumor suppressor genes [29].
Although their biological role is not completely understood, they are thought to be related
with processes such as telomere maintenance, gene regulation or replication [92], and
recent studies also provide evidence for their formation in live cells [221]. Thus, these
regions may represent promising targets for cancer intervention [26]. Moreover, their
polymorphism could be useful for the selective targeting of specific G-quadruplex
sequences of interest by small molecules. For this reason, the selectivity of a family of
metal complexes (Figure 2.A) towards a set of DNA G-quadruplex sequences, including
the human telomeric region (Tel22) and the promoter regions of several oncogenes such
as c-Myc or Bcl-2, and one RNA G-quadruplex sequence, TERRA, has been explored in
this work. The sequences of all the G-quadruplexes used in this study and the literature
describing their structural characteristics can be found in section 1.1.4.2, Chapter II. In
order to better visualize these structures, a schematic representation of the main
conformations of the DNA G-quadruplexes derived from the data available in the
literature is shown in Figure 2.B.

The G-quadruplex stabilization occurs, in most cases, via n-stacking and electrostatic
interactions between the ligand, usually a flat molecule, and the external G-quartet of the
G-quadruplex. Because of this, the rational design of new selective G-quadruplex binders
is based on molecules that feature a large planar aromatic surface to enhance the stacking
interactions with the external G-quartets [78].
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The ligands studied in this work are four metal complexes with either a salphen or a
bipyridine scaffold (Figure 2.A). The synthesis and characterization of the nickel(ll),
copper(Il) and vanadyl-salphen complexes (1-3) and their binding characteristics towards
telomeric DNA G-quadruplex had been previously reported [219,220]. The geometry
around the Ni(ll) and Cu(ll) centres is square-planar, whereas the vanadyl complex
presents a square-based pyramidal geometry. The new Ni(ll)-bipyiridine complex (4)
presents a larger planar aromatic surface in its core. For convenience, the metal complexes

can be referred to as “D” and the polinucleotide species to as “P” in the text.

N\ e
M
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M = Ni (1), Cu (2), V=0 (3) M =Ni (4)
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Figure 2. A) Chemical structures of the salphen and bipyridine complexes. B) Representation of
the main conformations of the DNA G-quadruplex structures derived from the literature shown

in section 1.1.4.2, Chapter 1.
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This study intended to reach the following objectives: (a) to check whether the rational
modification introduced in the new complex, 4, results in a higher affinity towards
G-quadruplex structures; (b) to explore the stabilization effect of the four metal
complexes towards different G-quadruplexes, including parallel and antiparallel
conformations, and different size and arrangement of loops, as shown in Figure 2.B; and
(c) to determine if the stabilization induced by the complexes had an impact on the activity
of a DNA polymerase enzyme.

2. Results and discussion.
2.1. pKa studies.

The acid dissociation constants, Ka, of the four metal complexes were obtained to
determine the nature of the species present in solution in the experimental conditions used
in this work. In all cases, the existance of two isosbestic points unveils the existence of
three different species depending on the pH, which is in good agreement with the
deprotonation of the two amine groups in the ethyl piperidine units of the four metal
complexes. Figures 3-6 show the spectra recorded for complexes 1-4 in the pH
range = 4.5 - 9.5. The pKaz and pKa2 values can be obtained by plotting the absorbance
at the wavelengths corresponding to each of the two isosbestic points against the pH, as
shown in Figures 3-6, according to eq 1:

_AAy
1+ 10(PKa - pH) HB*

1)

where Ang+ and Ag stand for the absorbance of the protonated and the deprotonated
forms, respectively, and A stands for the total absorbance at each point.

Table 1 lists the two pKa values obtained for each complex. All of them present
pKa values above the working pH, so they are protonated and positively charged in
aqueous solution under physiological conditions. Cationic G-quadruplex binders present
several advantages, as they can establish electrostatic interactions with the negatively
charged inner channel of the G-quadruplex and/or with the phosphate groups of the loops.

8 9

300 400 500 600 5 6 7
X, NM pH

Figure 3. A) Absorbance spectra of 1 recorded with increasing pH (arrow sense) from pH = 4.5
to pH =9.5. B) Absorbance vs pH plot of 1 at A = 314 nm and C) at A = 392 nm and fitting of
eg 1 to the absorbance data (red line).
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Figure 4. A) Absorbance spectra of 2 recorded with increasing pH (arrow sense) from pH = 4.5
to pH = 11. B) Absorbance vs pH plot of 2 at A =392 nm and C) at A = 412 nm and fitting of eq 1
to the absorbance data (red line).

7 8 9 10 1 6 7 8 .9 10 11
pH pH

Figure 5. A) Absorbance spectra of 3 recorded with increasing pH (arrow sense) from pH = 4.5
to pH = 11. B) Absorbance vs pH plot of 3 at A =427 nm and C) at A = 446 nm and fitting of eq 1
to the absorbance data (red line).

300 400 500 600 65 70 75 80 85 90 65 70 75 80 85 90
A, NM pH pH

Figure 6. A) Absorbance spectra of 4 recorded with increasing pH (arrow sense) from pH = 4.5
to pH = 11. B) Absorbance vs pH plot of 4 at A = 350 nm and C) at A = 395 nm and fitting of eq 1
to the absorbance data (red line).

Table 1. pKa and pKa, values obtained for complexes 1-4.

Complex pKa1 PKa2
1 7.69+£0.02 8.02+0.01
2 8.04 £0.02 8.47 £0.02
3 8.17 £ 0.03 8.30 £ 0.01
4 7.62 +£0.02 7.85+0.01
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2.2. Aggregation studies.

The formation of aggregates in solution can be studied by following the absorbance
of the metal complexes at different concentrations. If only the monomer species is present
in solution, the absorbance - concentration data pairs will obey the Lambert-Beer law
[222]. Figure 7 gathers the spectra of the complexes at pH = 7.0 and Figure 8 the fitting
of the Lambert-Beer equation to the experimental data for complexes 1-4 at the different
absorbance maxima, so we can conclude that only the monomer species is present in
solution in the studied concentration range.

Absorbance

250 300 350 400 450 500
A, NM
Figure 7. Absorbance spectra of complexes 1-4 at Cp = 20 pM. 50 mM Tris-HCI (pH = 7.0),
10 mM KCI, T =25 °C.
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Figure 8. Fitting of the Lambert-Beer equation for complexes 1 (A), 2 (B), 3 (C) and 4 (D)
complexes at A = 370 nm (A), A = 380 nm (B), A = 322 nm (C) and A = 290 nm (D).
50 mM Tris-HCI (pH = 7.0), 10 mM KCI, T = 25 °C.
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2.3. FRET melting assay.

The ability of complexes 1-4 to stabilize G-quadruplexes with antiparallel (22CTA),
mixed parallel/antiparallel or hybrid (Tel22 and Bcl-2) and parallel (26CEB, c-kit2,
c-Myc and TERRA) conformations was tested by FRET melting measurements [223]. A
duplex DNA (ds26) was also included to investigate their selectivity for G-quadruplex
over duplex DNA (see section 1.1.4.2, Chapter 11 for details of all sequences). As an
example, the melting curves obtained for the antiparallel G-quadruplex 22CTA with
varying concentrations of the two Ni(Il) complexes (1 and 4) are shown in Figure 9.

A Complex 1 B Complex 4
Q 10/ 8 L0 —q.m
c c
o o ——0.2uM
3 A —04uM
o o 1M
S E o.M
T 05 T 05
o ©
IS S
= =
£ £
o
2 00— Z 0T T
30 40 50 60 70 80 90 30 40 50 60 70 80 90
T,°C T,°C

Figure 9. FRET melting curves obtained for the 22CTA G-quadruplex with increasing
concentrations (Cp = 0 — 2 uM) of complex 1 (A) and 4 (B). Cr = 0.2 uM (expressed as a function
of G-quadruplex molecules). 10 mM LiCaC (pH =7.4), 90 mM LiCl, 10 mM KCI, scan
rate = 1 °C/min.

Figure 10 summarizes the results of the ATm (Tm in the presence of ligand - Tm in the
absence of ligand) values obtained for the G-quadruplexes and the dsDNA (ds26) at a
complex/polynucleotide molar ratio of Co/Cp = 5. The new Ni(ll)-bipyridine complex, 4,
exhibited the greatest thermal stabilization of all, which implies that the rational
development of a larger aromatic surface compared to the salphen complexes results in a
significant improvement in its G-quadruplex stabilization properties. However, it should
also be noticed that this modification brings about an undesirable effect: the partial
stabilization of the dsDNA (ds26). This could be related to a partial intercalation of
complex 4 into the double stranded DNA. Another interesting point is that complexes 1,
2 and 4 seem to exhibit a greater stabilization effect on antiparallel and hybrid
conformations over parallel ones. Actually, no stabilization effect was observed for the
parallel ARN G-quadruplex TERRA.
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Figure 10. Spider plot of the ATm (°C) values ranging from 0 to 40 °C obtained in the FRET
melting assay at a molar ratio Cp/Ce = 5, Cp = 0.2 UM (expressed as a function of oligonucleotide
molecules). Results were obtained from triplicates of three independent experiments.

2.4. Spectrophotometric titrations.

The most stabilized G-quadruplex by complexes 1-4 was Tel22, as shown before in
Figure 10. It is worth noting that a high thermal stabilization does not necessarily imply
a high thermodynamic constant for the ligand/G-quadruplex interaction, as the former
strongly depends on the mode of binding [72,224]. Because of this, the binding of Tel22
to complexes 1-4 was first studied by spectrophotometric titrations.

Figure 11 shows the example of the titration of complex 4 with increasing amounts
of Tel22 G-quadruplex. Three different trends can be clearly distinguished depending on
the Cp/Cp molar ratio, which evinces the presence of three different modes of binding in
the case of complex 4. The isotherms obtained for the titrations of the four metal
complexes can be seen in Figure 12 in order to compare their binding characteristics.
Interestingly, the isotherms of the titration of the salphen complexes 1 and 2 corresponds
to the presence of two different modes of binding, whereas for the vanadyl-salphen
complex 3 only one mode of binding is observed. The equations described in section
1.2.2.3, Chapter Il cannot be used to obtain the thermodynamic constant of a process in
which more than one polynucleotide/drug complex is formed, as there are more than two
species that absorb at the studied wavelength. ITC titrations were carried out to overcome
this problem and obtain the thermodynamic parameters of the bindings of the four metal
complexes with Tel22.
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Figure 11. Absorbance spectra recorded during the titration of complex 4 with Tel22 at
0<CplCp<0.1 (A), 0.1<Cp/Cp<0.33 (B) and 0.33 < Cp/Cp < 1.8 (C). C°% =20 uM,
50 mM Tris-HCI (pH = 7.0), 10 mM KCI, T = 25 °C.
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Figure 12. Absorbance binding isotherms of 1 (A), 2 (B), 3 (C) and 4 (D) with increasing
concentrations of Tel22 at A = 370 nm (A), A = 380 nm (B), A = 322 nm (C) and A = 380 nm (D).
C% =20 uM, 50 mM Tris-HCI (pH = 7.0), 10 mM KCI, T = 25°C.

2.5. ITC measurements.

ITC was performed to obtain the thermodynamic parameters of the binding of
complexes 1-4 with Tel22. The ITC experiments and their binding isotherms are shown
in Figure 13 and, in highly good agreement with the spectrophotometric titrations, they
correspond to one single binding process in the case of complex 3, two binding processes
for 1 and 2 and three distinct binding processes for complex 4.
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Figure 13. ITC titrations of Tel22 with complexes 1 (A), 2 (B), 3 (C) and 4 (D). Fittings
corresponding to one, two or three binding modes are represented as a red line. C% = 40 pM,
50 mM Tris-HCI (pH = 7.0), 10 mM KCI, T = 25 °C.

The thermodynamic parameters obtained by fitting one-, two- or three-binding site
models to the experimental data are gathered in Table 2. The thermodynamic constant
for the first mode of binding, K1, follows the trend 4 > 1 > 2 > 3, which concurs well with
the trend observed for the thermal stabilization of Tel22 in Figure 10. This trend suggests
that the mode of binding of K1 corresponds to the external stacking of the complexes with
the G-quartet of the G-quadruplexes, as this binding mode is responsible for the thermal
stabilization of the G-quadruplex structures. For complexes 1-3, AH; corresponds to
exothermic processes. In the case of complex 4, two processes with high thermodynamic
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constants (Ki and Kz > 1 x 108 M) but with very different thermodynamic nature are
observed; the first one is entropically driven, whereas the second one is enthalpically
driven. Entropically favoured processes are often related to modes of binding that imply
the displacement of water molecules from the binding site by the ligand [225,226]. This
difference with complexes 1-3 could be one of the reasons for its much higher thermal
stabilization.

Table 2. Thermodynamic parameters obtained for the interaction between complexes 1-4 and
Tel22. K; is the thermodynamic constant, and AH; and AS; the variation in the enthalpy and the
entropy, respectively.

1 2 3 4
Kix 10°, M1 270+ 60 49+ 5 09+0.1 3600 + 900
AHz1, kJ mol? -135+3 -99+1 -7.1+0.2 1.2+0.3
TAS1, kJ mol? -93.8 -60.4 21.1 50
K2 x 10>, M1 5.7+£0.9 1.8+09 1100 + 700
AH2, kJ mol? -89+3 -161 +2 -70 £ 10
TAS2, kJ mol? -56.3 -131.2 -23.5
Ksx 10>, M1 50+ 10
AH3, kJ mol? 11+1
TAS3, kJ mol? 27

2.6. Polymerase Stop Assay.

The Polymerase Stop Asay was carried out to test the ability of the complexes to
inhibit the activity of a DNA polymerase (Taq polymerase) through the stabilization of a
G-quadruplex. The method used in this work is an adaptation from one described before
in the literature[158]. As the human telomeric G-quadruplex DNA could not be used for
this assay, the c-Myc sequence was chosen instead. This method has been described in
detail in section 2.2, Chapter Il and Figure 14 summarizes the process. Briefly, a
template oligonucleotide of 65 deoxinucleotides containing a G-quadruplex sequence
derived from the c-Myc promoter region is mixed with a short labelled oligonucleotide
that matches with the 3’ overhang of the template. Different concentrations of the ligand
and a positive control (10 mM KCI) are added to this mix, heated to 95 °C for 5 min and
then allow to reach ambient temperature overnight. Then, the DNA polymerase is added
and incubated for a short period of 30 min, after which the sample is denaturated and the
products visualized in the FAM fluorescence channel after running polyacrylamide gel
electrophoresis. In addition, the same procedure is performed using a template with a
mutated c-Myc sequence, unable to form the G-quadruplex structure. Table 3
summarizes all the oligonucleotide sequences used in this assay.
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Figure 14. Schematic representation of the PSA.

Table 3. Sequences used for the Polymerase Stop Assay.

Template Sequence (5' — 3')
Labeled
R AGCATAATTCATGAGATCGGAA-FAM
primer
C—MyC GCGGC CCTGT G AGG GTG GGG AGG GTG GGG AAG ATTCCCGACTTCGTATTAAGTACTCTAGCCTT

Mutant C-MyC GCGGCTCCTGT G AGG GTG AAG AGG GTG GGG AAG ATTCCCGACTTCGTATTAAGTACTCTAGCCTT

Figure 15 presents the example of the PSA carried out with complex 4. The bands
visualized in the gels correspond to the labeled primer that can present different lengths:
the primer that has not been elongated by the Taq polymerase, the pausing product and
the full-length product. The intensity of these bands is proportional to the oligonucleotide
concentration and can be quantified using the GelAnalyzer software. The intensity of the
positive control band (10 mM KCI) corresponds to a 100 % of G-quadruplex
stabilization. The relative intensity of the pausing product band can be represented against
the metal complex concentration as shown in Figure 16, and fitted to obtain the ECso
values (concentration of metal complex needed to reach a 50 % of relative intensity).
These ECso values are summarized in Table 4 in order to compare the behaviour of the
four metal complexes and they follow the trend 4 < 1 < 2 < 3. These results demonstrate
the correlation between the previous thermodynamic studies and this modificated
polymerase stop assay, which has been described in this work for the first time.

Primer (1 pM) + + + + + + + +
Template c-MYC (1 pM) - + + + + + + +
Complex (uM) - - 0.3 1 5 10 20 -
KCI (10 mM) - - - - - - - +
Full-length product s R
Pausing product - — — —
Primer elie o o - - - &

Figure 15. PSA of the c-Myc sequence with complex 4. The band corresponding to the pausing
product appears highlighted in red.
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Figure 16. Examples of analysis of the PSA for complexes 3 (A) and 4 (B) and the non-linear
curve fit (red).

Table 4. ECso values obtained in the PSA for complexes 1-4 expressed as mean values + standard
deviation (SD). Data were obtained from two independent experiments.

Complex 1 2 3 4
ECso(uM) 13+01 15+02 38%x04 092+0.03

The same protocol was carried out using a template containing a mutant sequence of
c-Myc (Table 3) in which two guanine residues were replaced by two adenine residues,
which prevents the formation of the G-quadruplex. The most stabilizing complex, 4, was
used under the same experimental conditions than those described in Figure 10. In this
case, the pausing product was not observed, so we can confirm that its presence is only
due to the stabilization of a G-quadruplex structure in the c-Myc sequence by the metal
complexes.

Primer (1 pM) + + + + + + + +
Mutant c-MYC (1 pM) - - + + + + + +
Template c-MYC (1 pM) - + - - - - -
Complex (uM) - - - 0.3 1 5 10 20
KCI (10 mM) - + + - - - - -
- T ——— ——
-_" -
- - - &
~

Figure 17. PSA of the mutant c-Myc sequence with complex 4. The band corresponding to the
pausing product in the normal c-Myc sequence appears highlighted in red.
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3. Conclusions.

On one hand, the FRET melting measurements demonstrate that the new
bipyridine-complex, 4, presents a greater stabilizing effect compared to the salphen
complexes. However, this modification also implies a slight stabilization of the duplex
DNA, probably due to a partial intercalation of the extended aromatic core of the
complex. ITC measurements demonstrates that 4 is also the complex that displays the
highest thermodynamic constants for the binding to Tel22 G-quadruplex. In summary,
we can conclude that the new bipyridine ligand represents a remarkable improvement
over the previous salphen scaffold, thanks to the larger planar aromatic surface.

In addition, the PSA could not be performed with Tel22, so the sequence derived from
the oncogene promoter c-Myc was chosen instead for this assay. In highly good
agreement with the thermodynamic observations, the complexes were shown to inhibit
the activity of the Taq DNA polymerase through the stabilization of a G-quadruplex in
the c-Myc sequence following the same trend than that observed with the thermodynamic
techniques: 4>1>2 > 3. These results put forward that these G-quadruplex binders
could interfere with important biological processes such as replication.

183






PARTE 3

Otras Dianas Terapéuticas: Actividad Biologica de
Complejos de Ir(111) y Rh(I1l) Selectivos de

Mitocondria.

CAPITULO IX







Aim of Part 3

As explained in Chapter I, traditional anticancer drugs targeting DNA make use of
the fact that malignant cells divide rapidly. The evident drawback of this strategy is that
dividing healthy cells are affected as well, causing severe toxic side-effects [227].
Because of this, there are several trends in chemotherapy research that deal with the
development of new drugs with different mechanisms of action.

In this Part of the thesis, we aimed at exploring new species with alternative cellular
targets. Mitochondria, besides being the centres of energy production in the cell, are key
regulators of cell death, as they regulate the translocation of pro-apoptotic agents from
the mitochondrial intermembrane space to the cytosol, which initiates the intrinsic
pathway of apoptosis. Cancer cell mitochondria are structurally and functionally different
from those in normal cells, and so targeting mitochondria has emerged as a promising
alternative to be explored [96], as shown here in Chapter IX.
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Actividad Anticancerigena de Complejos
Ciclometalados de Ir(111) y Rh(lll). {Qué
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Figure 1. The biological activity of thiabendazole-based Ir and Rh complexes has been studied
in the dark and upon visible irradiation.

In this work, the biological activity of two pairs of cyclometalated
thiabendazole-based Ir(111) and Rh(Ill) complexes as well as their potential as
photodynamic therapy agents were explored. The synthesis and characterization of these
four metal complexes was carried out by the group of Prof. Gustavo Espino (Universidad
de Burgos, Spain). Most of the biological results present in this work were obtained
during the predoctoral stay at CiMUS (Center for Research in Molecular Medicine and
Chronic Diseases, Santiago de Compostela, Spain) under the supervision of Prof.
Fernando Dominguez.

Biscyclometalated Ir complexes with the general formula [Ir(C*N)2(N”*N)]" present a
wide variety of cellular targets depending on the ancillary ligands, but the biological
properties of Rh biscyclometallated complexes are much less studied. For this reason, the
most cytotoxic pair of Rh and Ir complexes presented in this work were studied in detail
to determine their biological mechanism of action (Figure 1). In spite of their different
metal centre, they present a very similar biological behaviour, inducing the loss of
mitochondrial functionality and the induction of apoptosis. On the other hand, the
photodynamic activity of the four complexes was tested in tumour cells using visible blue
light (460 nm). In this case, only the Ir complexes exhibit photodynamic therapy potential,
which can be explained taking into account the very different photophysical properties or
these Rh and Ir derivatives.
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1. Introduction.

A great deal of effort has been invested over the past few decades to develop metal
complexes with anticancer activity by mechanisms different from those of cisplatin to
overcome the problems related to its severe side effects and cisplatin resistance. In line
with this, cyclometalated complexes of various metal centres such as palladium(ll),
gold(I1l), ruthenium(ll), platinum(ll), rhodium(lll) and iridium(lll) constitute an
interesting field of research due to their variety of cellular targets and mechanisms of
action [228]. Among the former, mitochondria stands out, as it plays a key role in the cell
metabolism and in the control of cell death. It is well-known that central metabolic
pathways operating in malignant cells are different from those in normal cells [229,230].
Cancer cells exhibit various degrees of alterations in the mitochondria function, such as
higher mitochondrial membrane potential (MMP) and increased oxidative stress [96].
Because of this, recent studies point to the potential benefits of targeting mitochondria
metabolism for anticancer therapy [16] and several mitochondria-targeted drugs are
currently in clinical trials. These drugs often act by directly disturbing mitochondrial
function, which triggers the activation of mitochondrial cell death pathways.

Biscyclometalated complexes of the type [Ir(C*"N)2(N~N)]" present a wide variety of
cellular targets depending on the ancillary ligands: mitochondria [231-236], lysosomes
[237-239], endoplasmic reticulum [240,241], endosomes [242] or nucleus [243,244]
have all been recognized as targeted organelles for different biscyclometalated Ir(I11)
derivatives. Nonetheless, cyclometalated Rh(l11) complexes have not received as much
attention so far, probably due to the lack of the exceptional photophysical properties
typical of their analogous Ir(111) complexes. However, Rh complexes could also be a
potential alternative to platinum metallodrugs [245], and their biological properties
deserve further study.

In addition, Photodynamic Therapy (PDT) has also emerged as a prominent
chemotherapeutic anticancer treatment, as it renders feasible local and transitory
activation of drugs to achieve spatio-temporal control over its biological action and
therapeutic effects [246]. The resulting selective activity over target (tumor) tissues
eventually contributes to reducing systemic toxicity. PDT requires the combined action
of three elements: light, oxygen and a photosensitizer (PS), in such a way that the excited
PS agent (PS*) can generate singlet oxygen ('O2) from triplet oxygen (*0>) through
energy transfer (ET) upon excitation with UV or visible light of specific wavelengths. !0,
is a very reactive species that can trigger cell death by different mechanims.
Cyclometalated Ir(IIT) complexes are currently being studied as potential PDT agents due
to their outstanding photophysical properties [247,248]. The crucial advantage of Ir
complexes is the high spin-orbit coupling constant of the iridium metal core that favors
the singlet-to-triplet intersystem crossing (see section 1.4.2, Chapter I) [249]. This
peculiarity is responsible for features such as their long triplet excited state lifetimes and
their appropriate energy gap that exceeds the excitation energy of O, which allow them
to act as oxygen photosensitizers [250].
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In this context, arylazoles are attractive ancillary N*N ligands, as they can be prepared
and modified readily and can offer a remarkable structural and chemical diversity.
Therefore, they can be used to tune the photophysical and chemical properties of
organometallic compounds [251]. Specifically, the imidazole ring (Figure 2) can be
functionalized through the reactive N—H bond [252]. In this work, the N-H function of
thiabendazole (L") has been replaced with a benzyl group N-CH,Ph (L?) in an attempt to
increase lipophilicity which, in turn, could improve their cytotoxic properties [253], and
also their chemo-stability, since the N-H group can exhibit acid-base reactivity.

In summary, the potential use as anticancer and PDT agents of the two pairs of Rh(III)
([Rh-a]Cl and [Rh-b]Cl) and Ir(II) ([Ir-a]Cl and [Ir-b]Cl) complexes bearing NN
ligands based on the thiabendazole scaffold (L' and L?) that are shown in Figure 2 has
beenexplored. First, we demonstrate that the benzyl modification in L? yields appreciable
improvement of the cellular uptake and the cytotoxic activity in the dark. A deeper
biological study demonstrates that both complexes bearing the L? ligand induce apoptosis
via mitochondrial perturbation. Secondly, the PDT behavior of the four complexes was
tested under soft irradiation conditions, using blue visible light with Amax =460 nm for
short irradiation periods.

/H ) )

N N N
DMF, r.t., 4 h.
1/, IMCl(ppy).], 1/, [IMCl(ppy).],
CH,Cl,/MeOH M=Rh,Ir CH,Cl,/MeOH
60 °C, 24 h. ppy = phenylpyridinate 60 °C, 24 h.

‘Im

[Rh-a]Cl, M = Rh
[Ir-a]CI, M = Ir

[Rh-b]CI, M = Rh
[Ir-b]CI, M = Ir

Figure 2. The synthesis and characterization of ligand L? as well as the Rh(II) and Ir(IIT)
complexes studied in this work were carried out by the group of Prof. Gustavo Espino
(Universidad de Burgos, Spain).
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2. Results and discussion.
2.1. pKastudy.

The pH effect on the four metal complexes was studied by means of UV-Vis
spectroscopy. [Rh-a]Cl and [Ir-a]Cl undergo deprotonation of the N-H group when the
pH is increased (Figure 3). Eq. 1 [254] was fitted to the experimental data as shown in
Figure 3.B and 3.D and pKa values of 7.30 £ 0.01 for [Rh-a]Cl and 6.76 £ 0.03 for
[Ir-a]Cl were obtained, which implies that at physiological pH these species will be
partially deprotonated. On the other hand, [Rh-b]CI and [Ir-b]CI do not undergo acid-
base processes over the whole pH range tested (pH = 3 - 12).
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Figure 3. Representative absorbance spectra of [Rh-a]Cl (A) and [Ir-a]Cl (C) at different pH
values in aqueous media and the corresponding fittings of eq. 1 to the experimental data to obtain
the pK, value for [Rh-a]Cl (B) and [Ir-a]Cl (D). Cp = 15 puM, H,O, T = 25 °C.

2.2. Photophysical properties.

The UV-Vis absorption spectra of the four metal complexes were recorded in air-
saturated aqueous buffer solution (Figure 4.A). All the complexes exhibit intense
(e > 30000 M cm™), broad absorption bands in the UV region below 340 nm. The
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absorption of the Ir(111) complexes spreads into the visible region up to ~ 460 nm, where
the Rh(111) derivatives barely absorb.

The emission spectra of the four complexes were also recorded in air-saturated
aqueous solution (Figure 4.B). The Ir complexes present excitation bands at
Aexc = 305 nm and Aexc = 385 nm and exhibit broad emission bands with one maximum
for [Ir-a]Cl at 500 nm and two maxima for [Ir-b]Cl at 480 nm and 506 nm. On the
contrary, the Rh complexes displayed no emission bands at any of the tested excitation
wavelengths (Aexc = 290 - 500 nm). This set of emission spectra in Figure 4.B evinces the
noticeable dependence of the photophysical properties on the nature of the metal center.

The emission lifetimes (t1/2), measured using a pulsed diode laser of Aexc = 375 nm
(Figure 4.C), and the quantum yields (¢) of the Ir(lll) derivatives, were tested in
air-saturated aqueous solution and the results are gathered in Table 1. Both Ir complexes
display large Stokes shifts, moderate quantum yields (¢) and rather long emission
lifetimes.

0.6 — [Ir-a]Cl 3 — [Ir-alCl
— [Ir-b]ClI = —[Ir-b]Cl
3 — [Rh-a]ClI = 501 — [Rh-a]Cl
§ 0.4 — [Rh-b]CI & — [Rh-b]ClI
— [
§ s 25
21 S 259
<’
e
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14
o , , :
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Figure 4. Absorption (A) and emission (B) spectra of the four metal complexes at a concentration
Ceomplex = 15 pM in aqueous buffered solution (2.5 mM NaCaC, pH =7.0). C) Example of
emission decay curve for [Ir-b]JCl at Aexe =375nm and Aem =506 nm and fitting to a
monoexponential decayment (red line) in aqueous buffer solution (2.5 mM NaCaC, pH =7.0),
T =25°C.
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Table 1. Photophysical parameters for complexes [Ir-a,b]Cl in agueous buffer solution
(2.5 mM NaCaC, pH =7.0), T = 25°C. ¥ In DMSO 100 %.

Compound  Aexc (NM)  Xem (NM) $* (%) 1172 (NS)
[Ir-a]Cl 375 500 2.3 187
[Ir-b]CI 375 480, 506 6.1 228

2.3. Invitro cytotoxicity.

The antiproliferative activity of [Ir-a,b]Cl and [Rh-a,b]Cl was evaluated against
human lung carcinoma (A549) and human colon adenocarcinoma (SW480) cell lines to
compare the cytotoxic activity of the four metal complexes. The ICso (half maximal
inhibitory concentration) values are summarized in Table 2. The four metal complexes
exhibit lower 1Csg values than cisplatin against both cell lines. Moreover, the Ir and Rh
complexes bearing the ligand L2, [Ir-b]Cl and [Rh-b]CI, exhibit greater cytotoxic
activity than their analogous bearing the ligand L.

Table 2. ICso (uM) of [Ir-a,b]Cl, [Rh-a,b]Cl and cisplatin against A549 and SW480 cancer cell
lines after 24 h of treatment. Data were obtained from quadruplicates of three independent
experiments and expressed as mean values + standard deviation (SD).

1Cs0 (uM)
Compound A549 SwW480
[Ir-a]Cl 189+0.2 10.0+0.1
[Rh-a]Cl 10.3+0.1 7.7+04
[Ir-b]CI 4004 29+0.1
[Rh-b]CI 41+0.2 3.3+0.1
Cisplatin 50+3 37+6

2.4. Cellular uptake.

The cellular uptake of the two pairs of complexes was evaluated to assess if the benzyl
modification in L2, which provides the complexes with stability against the deprotonation
of the N-H group in L at physiological pH, increased the cellular internalization of the
complexes, which could explain their different cytotoxicity. A549 cells were treated with
each complex at a concentration of 5 uM for 4 h and then harvested and analyzed by
ICP-MS. Figure 5 shows the relative uptake of the Ir and the Rh complexes bearing the
ligand L' compared to those bearing L2. Indeed, the uptake of [Ir-b]Cl and [Rh-b]CI was
greater than that of [Ir-a]Cl and [Rh-a]Cl, respectively, which is in good agreement with
the cytotoxicity results and indicates that the benzyl modification improves the
internalization of the complexes. The most cytotoxic pair, [Ir-b]Cl and [Rh-b]CI, was
selected to carry out a deeper biological study and determine the mechanism of action.
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Figure 5. Relative metal accumulation in A549 cells exposed to 5 uM of complexes [Ir-a,b]ClI
and [Rh-a,b]ClI for 4 h. Data were obtained from duplicates of two independent experiments.
Difference between the relative uptake (%) of [Ir-a]Cl and [Ir-b]Cl is significant at **p = 0.02
and between [Rh-a]Cl and [Rh-b]ClI at *p = 0.05.

2.5. Cell cycle arrest.

The cytotoxicity of many anticancer drugs is often associated with DNA damage and
cell cycle perturbation [87]. For instance, although cisplatin interacts with several cell
components, its primary biological target is DNA [255]. As a result, this antitumor agent
causes arrest at the G2-phase [58]. The effect of [Ir-b]Cl and [Rh-b]CI on cell cycle
distribution was investigated by flow cytometry and propidium iodide (PI) staining
(Figure 6). Treatment of A549 cells with the complexes at a concentration close to their
ICso values (5 uM) caused a marked accumulation of cells in the GO/G1 phase. Compared
with the vehicle-treated control, the percentage of cells in the GO/G1 phase increased by
32.8% and 33.3% at 24 h and 35.9% and 36.9% at 48 h for [Ir-b]CI and [Rh-b]CI,
respectively (Table 3). Accordingly, the number of cells in the S-phase strongly
decreased. These results point out that both complexes can act through mechanisms of
action different from those of cisplatin [58]. Although some previously reported
mitochondria-targeted compounds display no effects on the cell cycle distribution
[103,256], our results concur well with recent studies on other Ir(111) complexes that also
induce dose-dependent GO/G1 cell cycle arrest [231].
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[Ir-b]CI [Rh-b]CI
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Fluorescence Intensity
Figure 6. Effect of [Ir-b]Cl and [Rh-b]Cl on A549 cell cycle distribution analysed by P1 staining
with flow cytometry after treatment at Ccompex =5 UM for 24 h. Vehicle-treated cells are
represented by the grey area and [Ir-b]Cl and [Rh-b]Cl-treated cells by the black line.
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Table 3. Percentage (%) of cells in the GO/G1, S and G2-M phases of the cell cycle upon treatment
with [Ir-b]Cl and [Rh-b]Cl at 5 uM for 24 h and 48 h. Differences between % of cells in GO/G1
phase for vehicle-treated cells and cells treated with [Ir-b]CI or [Rh-b]CI are significant at p =
0.0009 after 24 h and at p = 0.002 at 48 h. Data were obtained from duplicates of two independent
experiments and expressed as mean values + standard deviation (SD).

24 h 48 h
G0/G1 S G2/M G0/G1 S G2/M
Vehicle 497+09 276+01 227+0.1 528+0.8 255%0.7 21.7+05
[Ir-b]ClI 82+1 74+06 106+0.5 89+1 47+03 6301
[Rh-b]CI 83.0+03 7.9%+0.6 9.1+0.9 89.7+0.7 18+02 85+05

2.6. Induction of apoptosis.

To determine if the cell death occurred via apoptosis, time-lapse fluorescence
microscopy was used to detect activation of caspase-3/7. A549 cells were treated with
[Ir-b]ClI or [Rh-b]Cl (5 uM) and co-treated with the CellEvent Caspase-3/7 Green
Detection Reagent and images were recorded every 45 min for 24 h to monitor the
process. During this procedure, the cells remained continuously under culture conditions
at 37 °C and 5% CO:z. In the case of [Ir-b]Cl, its intrinsic green emission interfered with
the fluorogenic probe used to detect the activation of caspase-3/7. However, this
activation was clearly observed for [Rh-b]ClI, with the bulk amount of activation events
starting 12 h after the treatment (videos in Figure 7).

A)

Figure 7. QR codes that give access to the time-lapse videos of vehicle-treated A549 cells (A)
and cells incubated with 5 uM of [Rh-b]CI (B) for 24 h. Cells were co-treated with the CellEvent
Caspase-3/7 Green Detection Reagent.

Additionally, A549 cells were treated with [Ir-b]Cl or [Rh-b]CI for 24 h in the
presence or absence of 20 uM of the Z-VAD-FMK caspase inhibitor. Indeed, Figure 8
shows that caspase inhibition increases the survival rate after treatment with both [Ir-b]CI
and [Rh-b]ClI in a significant manner (p <0.03) by 17.4 % and 18.1 %, respectively.
These results confirm the role of apoptosis in the cell death induced by these complexes
[257].
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Figure 8. A549 cells were treated with 5uM of [Ir-b]JCl or [Rh-b]CI and co-treated
(+ Z-VAD-FMK) or not (- Z-VAD-FMK) with caspase inhibitor Z-VAD-FMK for 24 h. Cell
survival was assessed by flow cytometry through the Guava ViaCount Assay (Millipore).
Difference significant at *p < 0.03 compared to cells not treated with the caspase inhibitor.

2.7. Cellular localization.

The cellular localization of [Ir-b]Cl could be determined by confocal microscopy
thanks to its intrinsic green emission properties. The colocalization experiments were
performed after treatment with a low dose of [Ir-b]Cl (1.5 uM for 1 h), for which cell
survival was nearly 100 %. Then, cells were stained with the commercial probe
LysoTracker™ Red, a deep red-fluorescent dye for labeling and tracking lysosomes,
which are acidic organelles, in live cells. After the staining, cells were washed twice with
PBS and visualized by confocal microscopy. The same field of view was imaged
sequentially with bright field, fluorescence emission at Aem = 460 — 515 nm (green) for
localization of [Ir-b]Cl and at Aem = 600 — 700 nm (red) for localization of lysosomes.
Representative images of these colocalization experiments are shown in Figure 9.A, in
which we can clearly observe that the punctuate green emission pattern of [Ir-b]Cl is not
correlated with the red emission pattern from the lysosomes.

On the other hand, the same procedure was carried out using the commercial probe
tetramethylrhodamine methyl ester (TMRM), which is a cationic, red fluorescent dye
that is readily sequestered by active mitochondria. Figure 9.B shows representative
images of these mitochondrial colocalization experiments. The same experimental
conditions as those described above were used to obtain the images in Figure 9.B, which
demonstrate that [Ir-b]ClI selectively accumulates in mitochondria. In fact, Pearson’s
colocalization coefficient (PCC) with TMRM is 0.80, whereas with LysoTracker the PCC
value is 0.09 (see section 2.6.1, Chapter II).
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A A | LysoTracker

[Ir-b]Cl

25

Figure 9. A) Representative confocal images of A549 cells exposed to [Ir-b]Cl (1.5 uM, 1h) and
to LysoTracker (75 nM, 30 min). B) Representative confocal images of A549 cells exposed to
[Ir-b]Cl (1.5 uM, 1h) and to TMRM (100 nM, 30 min).
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2.8. Effect on the mitochondrial membrane potential.

To assess if the accumulation of complex [Ir-b]Cl in mitochondria leads to an actual
mitochondrial disfunction, mitochondrial membrane potential (MMP, AWm) was analysed
after staining living cells with the fluorescent cationic red dye TMRM, which
accumulates only in active, polarized mitochondria due to their relatively negative charge.
Depolarized or inactive mitochondria displays decreased membrane potential and fail to
sequester TMRM. Treatment with 5 uM of [Ir-b]Cl or [Rh-b]CI led to a quick loss of
TMRM fluorescence in less than 2 h (Figure 10). These results indicate that both [Ir-b]Cl
and [Rh-b]ClI cause mitochondrial depolarization.

Vehicle [Ir-b]CI [Rh-b]CI

) ‘_’ _'\_. f

Figure 10. Effect of [Ir-b]Cl and [Rh-b]CI treatment on the mitochondrial membrane potential
observed by TMRM fluorescence (red). Representative images of A549 cells treated with DMSO
(vehicle), [Ir-b]CI (5 pM) and [Rh-b]CI (5 pM) for 2 h under the same experimental conditions.
A) Phase contrast image. B) Red fluorescence emission.

2.9. Intracellular ROS detection.

It is well known that mitochondrial depolarization is followed by other mitochondrial
and non-mitochondrial perturbations. Mitochondria are the major source of intracellular
reactive oxygen species (ROS), and mitochondrial dysfunction is closely related to ROS
accumulation in the process of apoptosis [258]. To elucidate whether the depolarization
of mitochondria observed in Figure 10 led to ROS accumulation in the cell, the
intracellular ROS levels were examined by using DHE (dihydroethidium) and H2DCFDA
(2',7-dichlorodihydrofluorescein diacetate). DHE allows one to measure cytosolic
superoxide (O2™) and H2DCFDA other radical species including hydrogen peroxide
(H202), in intact adherent cells [259]. These probes are oxidized by the reactive oxygen
species to generate the corresponding fluorescent products in the cells, which can be
measured by flow cytometry. [Ir-b]Cl could not be included in this assay due to its green
emission that partially overlapped with the fluorescent probes. A549 cells were treated
with [Rh-b]CI (5 uM) for 2 or 4 h. Treatment with H202 (0.25 mM) was used as a positive
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control, as it causes oxidative stress that generates ROS overproduction in the cell.
Figure 11.A shows that the population of cells with enhanced levels of superoxide after
treatment with [Rh-b]ClI is even higher than after treatment with H.O>. The generation
of other radical species was also detected (Figure 11.B), but this time the treatment with
H20- induced a greater effect than the [Rh-b]CI treatment. These results entail that
superoxide is the main radical species generated in the cell by treatment with [Rh-b]CI.
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Figure 11. The level of intracellular ROS was detected by DHE (A, yellow) and H2DCFDA (B,
green) assays using flow cytometric analysis in A549 cells treated with [Rh-b]CI (5 uM) or H20>
(0.25 mM) for 2 or 4 h. Grey: control cells; coloured: treated cells.
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2.10. Oxidized cardiolipin study.

Because of depolarization, mitochondria overproduce ROS which, in turn, oxidize
mitochondrial cardiolipins. The damage in mitochondria produced by ROS can be
determined indirectly by assessing the oxidation state of cardiolipin, a molecule restricted
to the inner mitochondrial membrane that plays a key role in the apoptotic cell death
pathway [173]. The fluorescent dye 10-N-nonyl acridine orange (NAO) is extensively
used for location and quantitative determination of cardiolipin in living cells. NAO
interacts with intact, nonoxidized cardiolipin forming NAO dimers, which can be
detected based on their red emission [175]. Therefore, a reduction in NAO fluorescence
indicates a decrease in cardiolipin content [260]. A549 cells were preincubated with NAO
and then treated for 4 h in the presence of different concentrations of [Rh-b]CI. The
fluorescence of NAO in the cells was then measured by flow cytometry (Figure 12).
[Rh-b]CI featured a great dose-dependent impact on NAO fluorescence intensity in
agreement with cardiolipin oxidation. Again, [Ir-b]CI could not be included in this study
due to its emission features.
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Figure 12. The decrease of NAO fluorescence upon treatment for 4 h with [Rh-b]CI at different
concentrations (2.5, 5 and 7.5 uM) was analysed by flow cytometry. Grey: control cells; coloured:
treated cells.

2.11. Photodynamic activity.

The PDT effect of the [Ir-b]Cl and [Rh-b]CI was first examined on A549 cells
irradiated in the UV region at 365 nm (where the complexes present strong absorption)
for a short period of 5 min at 20 mW cm™. Interestingly, the cytotoxicity of [Ir-b]ClI
increased significantly, displaying a phototoxicity index (ICso non-irradiated/
ICso irradiated) of 18 + 2, whereas no significant changes were observed for the [Rh-b]CI
complex that displayed a photoindex of 1.1 + 0.1. Although the phototoxicity index
quoted for [Ir-b]Cl is a promising result, the use of visible light and nontoxic compounds
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Capitulo IX

is preferable in photodynamic therapy. Hence, irradiation of cells treated with the four
metal complexes initially included in this work with blue light (Amax = 460 nm) was tested.
Figure 13 summarizes the cytotoxic activity of complexes [Ir-a,b]Cl and [Rh-a,b]ClI
with and without irradiation for 20 min with blue LED light at 5.5 mW cm™. Control
experiments were carried out to assess that irradiation alone under these experimental
conditions did not affect the cell survival rate. The phototoxicity index values obtained
for complexes [Ir-a]Cl and [Ir-b]CI were 15.8 + 0.7 and 3.6 + 0.3, respectively, whereas
[Rh-a]Cl and [Rh-b]CI did not display significant differences in their ICso values with
and without irradiation. It is worth noting that the 1Cso for [Ir-a]Cl and [Ir-b]Cl after blue
light irradiation is nearly the same (1.2+0.1uM and 1.1 £0.1 uM, respectively).
However, the phototoxicity index of [Ir-a]Cl is much higher due to its lower cytotoxicity
in the dark.

Thus, despite the similar biological properties of the Ir and the Rh complexes in the
dark, the different photophysical features give rise to a very distinct photodynamic
activity. The explanation lies on the heavy atom effect that provides the Ir(I11) complexes
with long-lived triplet excited states, which favours the excitation of the triplet molecular
oxygen molecule to generate singlet oxygen. This circumstance does not take place in the
Rh complexes.

20 B control (non-irradiated)

Blue light irradiation

IC;, (microM)

Figure 13. ICso (uM) values obtained for A549 cells treated with [Ir-a,b]Cl and [Rh-a,b]CI for
24 h with (grey columns) and without (black columns) irradiation for 20 min with blue LED light
at 5.5 mW cm, Data were obtained from quadruplicates of three independent experiments.

3. Conclusions.

The potential as anticancer and PDT agents of two pairs of Rh(IIl) and Ir(IIT)
biscyclometalated complexes of general formula [M(ppy)2(N*N)]Cl (M = Rh, Ir) bearing
NN ligands based on the thiabendazole scaffold (L' and L?) has been studied. In the dark,
the Rh and Ir benzyl-derivatives are one order more cytotoxic against human lung
carcinoma (A549) and human colon carcinoma (SW480) cell lines than cisplatin.
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Parte 3

Additional biological studies with these Rh and Ir benzyl-derivatives show that both
complexes interfere with mitochondria functionality causing the activation of apoptosis,
which constitutes an alternative mechanism of action to that of classical antitumor agents.
Moreover, the [Ir-a]Cl and [Ir-b]Cl complexes exhibit enhanced cytotoxic activity after
irradiation with visible blue light, which could be useful in the rational design of new
complexes with improved potential for PDT based in this scaffold.
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GENERAL OVERVIEW

Although the conclusions of the different studies have already been described in each
Chapter, some general conclusions can be drawn from the different parts of this thesis.

In Part I, the interaction of compounds of very different nature, including metal
complexes, organic and metallic species, with biomolecules such as DNA and proteins,
was explored. As stated before, DNA is one of the major targets in anticancer drug design.
Hundreds of new organic and inorganic compounds have been developed in the past few
decades and their interaction with DNA evaluated, trying to understand their
structure — activity relationship in order to perform a rational design of new drugs. For
example, the interaction of the silver atomic clusters Ags with DNA and the distortion
they introduce in its structure have a great biological impact, as shown in Chapter IV.
However, it should also be taken into account that living organisms are complex systems,
and oversimplification of this complexity may lead to misinterpretation of the
experimental results. The behaviour of the Pt complexes in Chapter V is a good example
of how different variables can influence the biological activity of a drug. These cisplatin
analogues are capable of forming covalent bonds with DNA, but the interaction with
proteins present in the extracellular medium can prevent them from reaching their target,
thereby negatively affecting their cytotoxicity.

On the other hand, although DNA is one of the most interesting targets in anticancer
drug design, several issues still need to be resolved, such as the high general toxicity
related to the non-selectivity and the acquired resistance to these drugs. A popular
approach to gain specificity has focused on the development of sequence-specific
DNA-binding drugs [261]. Nonetheless, the recognition of a 16 base-pair (BP) sequence
is needed to select a unique sequence in the human genome of 2.3 x 10° BP [21], and
these drugs are often constituted by rather long polyamide chains that have not emerged
as potential therapeutic agents yet [262,263]. G-quadruplex binders are a promising
alternative that could also target specific sequences of interest based on their structural
selectivity. G-quadruplexes, which can get formed in important regions of the human
genome such as oncogene promoters, present a high degree of polymorphism and
complex behaviours in solution, as evinced in Chapters VI and V11 of Part 2. This high
degree of polymorphism provides G-quadruplex sequences with very particular structural
features that could be selectively targeted by small binders, such as those investigated in
Chapter VII1. An important point to highlight is that the biological consequences of this
type of interactions still need to be further explored.

Finally, despite the importance of DNA binding agents in anticancer research, other
paths should not be discarded. As an example, the compounds studied in Part 3,
Chapter IX, exert their cytotoxic activity through mitochondrial perturbation, which
leads to cell-cycle arrest and apoptotic cell death. This approach represents a promising
alternative for the future as it could help overcome resistance against classical anticancer
agents. In addition, the potential use of these cyclometalated Ir(111) complexes as PDT
agents constitutes another promising way to be investigated to achieve a higher degree of
selectivity towards tumor cells.
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