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Proélogo

La Quimica-Fisica comprende el estudio de los procesos quimicos que
gobiernan las propiedades y comportamiento de los sistemas quimicos tanto a nivel
microscopico como macroscopico. Para ello, se sirve de distintas areas de estudio
como termodindmica, cinética y quimica cuantica que nos han permitido calcular
los parametros termodinamicos y caracterizar los mecanismos de la reaccién entre
distintos ligandos organicos e inorganicos con macromoléculas orgénicas, ADN y
ARN. Las técnicas experimentales empleadas han sido espectrométricas
(absorbancia, fluorescencia y dicroismo circular), calorimétricas (calorimetria
diferencial de barrido) y viscosimetria. Cabe resaltar la técnica de T-Jump que
permite seguir reacciones con tiempos de relajacion del orden de microsegundos.
Asimismo, se han empleado técnicas de RMN vy analisis elemental, para la
caracterizacion de los complejos de sintesis. La sintesis de los complejos metalicos
se ha llevado a cabo en colaboracién con el Prof. Gustavo Espino, del area de
Quimica Inorgénica de la Universidad de Burgos.

Mediante la Quimica Computacional, pueden estimarse propiedades fisicas
y espectroscopicas, asi como energias y estudios de reactividad. Una de las ventajas
mas importantes de esta rama de la quimica es que con los conocimientos
adecuados, es accesible a toda la comunidad cientifica. Existen varias formas de
aplicar la Quimica computacional. La primera, consiste en realizar los calculos
antes de la sintesis o estudio de las propiedades de un sistema quimico para ayudar
a prever y orientar al investigador antes de realizar el trabajo experimental. La
segunda forma, y la empleada en esta tesis, como complemento a resultados
experimentales ya obtenidos, aportando un enfoque distinto, e incluso en algunos
casos, permitiendo analisis que experimentalmente no serian posibles. Los estudios
computacionales se iniciaron a raiz de la estancia del doctorando en la Universidad
de Cardiff bajo la tutela del Prof. James A. Platts, de la Escuela de Quimica de la
Universidad de Cardiff.

Los estudios bioldgicos han sido realizados por encargo en la Universidad

de Santiago de Compostela.
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Desde el descubrimiento de la importancia bioldgica de los acidos nucleicos
se han llevado a cabo numerosas investigaciones centradas en nuevas sustancias
que puedan actuar como agentes anticancerigenos que afecten a los procesos de
replicacion, transcripcion y traduccion. En este sentido, la investigacion acerca del
mecanismo por el que una sustancia interacciona con ADN o ARN es esencial, y
constituye el primer paso en la lucha contra el cancer. Existen tres mecanismos a
través de los cuales una molécula puede interaccionar con ADN: mediante control
de los factores de transcripcion, por union de la molécula a la proteina que luego se
unird al ADN, por unién a una molécula de ARN vy posterior formacion de un
hibrido ARN-ADN que esta involucrado en los procesos de transcripcion, y por
ultimo las estudiadas en esta tesis, por interaccion directa con el ADN o el ARN.

El objetivo de esta tesis doctoral es el estudio del modo de interaccion de
ligandos de interés bioldgico, organicos e inorgénicos conteniendo metales de
transicion, con ADN y ARN. Algunos de los ligandos son comerciales y otros han

sido sintetizados en el grupo.

En el caso de los ligandos orgénicos, en el capitulo IV se ha estudiado la
interaccidn de Tionina con ARN en doble y triple hélice, asi como en hélice sencilla.
Ademas, en el capitulo VII se estudia la interaccién de Naphthazarin y Quinizarin
con ADN. Estos tres compuestos organicos interaccionan con los polinucleétidos
dando un enlace de tipo intercalativo, en el cual se insertan parcialmente entre dos
pares de bases consecutivos. La afinidad de Tionina por la doble hélice de ARN es
tal, que provoca una desnaturalizacion de la triple hélice de ARN para permanecer
intercalada en la doble hélice de ARN resultante. En el caso de Naphthazarin y
Quinizarin, el grado de intercalacion es mayor para el primero, pero el segundo
muestra mayor afinidad por el ADN. La intercalacidn es un proceso reversible que
induce cambios conformacionales en la estructura de ARN y ADN, llegandose a

inhibir los procesos en los que estos forman parte.

El tipo de enlace al ADN de Naphthazarin y Quinizarin difiere notablemente
del tipo de enlace que dan sus correspondientes derivados dinucleares de Ru(ll) que
usan a estos ligandos como puente entre los centros metalicos y que se encuentran
descritos en el capitulo VII. Los derivados de Ru(ll) enlazan irreversiblemente con

el ADN por unién de cada atomo de Rutenio al N7 de dos moléculas de Guanina
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consecutivas mediante crosslinking intercatenario. Este tipo de enlace también
inhibe los procesos bioldgicos en los que el ADN tiene presencia, habiéndose
obtenido que ambos derivados mejoran la selectividad frente a células tumorales

comparado con los ligandos organicos libres.

En colaboracion con el grupo del Prof. Fernando Secco, de la Universidad
de Pisa, con el que llevamos trabajando desde el afio 1996, hemos estudiado en el
capitulo V, la complejacion de AlI(CIOa4)3 con acido cacodilico (Cac), siendo capaz
de solubilizar el Aluminio a valores de pH superiores a 4, donde este metal
precipita. La cantidad y tipos de complejos formados entre Aluminio y acido
cacodilico depende del pH, siendo los complejos mas representativos los formados
apH =7 (AlsCacx) y 5 (AloCacy). El capitulo VI detalla la interaccién de estos dos
complejos con ADN y ARN. Se ha obtenido una interaccion mediante enlace
covalente entre AlCac, con ADN y ARN. Sin embargo, a pH =7 el complejo
AlzCacyx interacciona con los polinucledtidos mediante unidn externa, la cual
supone una interaccion electrostatica entre el complejo y los grupos fosfato de los

polinucledtidos.

Ademas de los trabajos descritos, el doctorando también ha contribuido
tanto experimentalmente como con simulaciones tedricas en los siguientes

articulos:

“Anticancer Activity and DNA Binding of a Bifunctional Ru(II) Arene
Agqua-Complex with the 2,4-Diamino-6-(2-pyridyl)-1,3,5-triazine Ligand”
(Inorg. Chem. 52, 9962-74 (2013)). En esta publicacion se describe la sintesis y
caracterizacion del complejo de Ru vy el estudio frente al ADN. Los resultados
indican que se forma un complejo bifuncional intercalado-covalente; en primer
lugar, se produce intercalacion del complejo para, a continuacion, formar un enlace
covalente entre el centro metalico y el N7 de la Guanina. En cuanto a la actividad
antiproliferativa el complejo es mas activo que el cisplatino en la linea celular

A2780cis, es dependiente del pH y presenta selectividad en la linea A2780.

“Recognition of duplex RNA by a thiosemicarbazonatocopper(ll)
complex. Relevant noncovalent interactions both in solid state and in solution”
(Dalton. Trans, en revision). En este trabajo se recoge el estudio de la interaccion

del complejo [CuL]®, donde L es el ligando Piridina-2-carbaldehido-
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tiosemicarbazona, con ARN. El estudio ha sido realizado experimentalmente y con
simulaciones tedricas (DFT), obteniéndose un enlace de tipo intercalativo a bajas
concentraciones de ligando, en el cual ademas de las interacciones de stacking entre
el ligando y los pares de bases, se establecen interacciones de Hidrogeno que
contribuyen al fortalecimiento de la interaccion. Hemos comprobado que este tipo
de interaccion no se da en el caso de ADN por lo que la especificidad hacia ARN

es de gran interés desde el punto de vista bioldgico.
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|. Informe Bibliografico

1.1. De la nucleina al ADN

Los é&cidos nucleicos son los responsables de la transmision de la
informacidn genética y por tanto de la herencia genética. El estudio de la
transmision genética se remonta a 1865 cuando Gregor Mendel® descubrié que era
posible predecir la transmision de rasgos genéticos a partir de sus estudios con
guisantes, dando lugar a las tres leyes de Mendel. En 1866 Ernst Haeckel? propuso
que la responsabilidad de la transmision de la herencia genética residia en moléculas
en el interior del nacleo celular. Sin embargo, no fue hasta tres afios mas tarde, en
1869, cuando Fiedrich Miescher, consiguié aislar el ADN, al cual denomind
nucleina. Su hallazgo surgio a raiz de sus estudios con el objetivo de clarificar la
base de la vida celular. Inicialmente, centrd sus estudios en linfocitos, pero debido
a la dificultad de purificar los productos aislados y el bajo rendimiento obtenido,
oriento sus estudios hacia el analisis del pus.® Durante sus estudios comprobd la
aparicion de un precipitado en medio &cido, pero capaz de ser solubilizado al
basificar el medio. Tras desarrollar varios protocolos para la separacion de esta
sustancia del medio, los ensayos de solubilidad, digestibilidad y analisis
elementales realizados, concluyeron que esta nueva sustancia, con alto contenido
en Nitrdgeno y Fosforo, era diferente a cualquier proteina antes descrita. Los
resultados obtenidos fueron dados a conocer en 1871, lo que provocd que la
comunidad cientifica buscara la nucleina en otros tipos de células, incluido el propio
Miescher, que suponiendo que podria ser una fuente potente de nucleina, dedico su
investigacion al analisis del esperma del salmén. Entre los afios 1884-1885, Oscar
Hertwig, Albrecht von Kflliker, Eduard Strasburger, y August Weismann
demostraron que el ndcleo celular contiene la base para la transmisién de la herencia
genética. La popularidad de la nucleina disminuyd en décadas posteriores, debido
al enfoque de su descubridor en otros proyectos, asi como la creencia de la
comunidad cientifica de que si las proteinas constaban de 20 aminoacidos, mientras
que la nucleina constaba de solo cuatro nucledtidos,* la transmision de la
informacidn genética tenia que ser debida a las proteinas. Sin embargo, en 1944,
Avery, McLeod y McCarty demostraron, mediante inyeccion de distintos

neumococos sobre ratones, que el “factor de transformacion” en los procesos
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bioldgicos era el acido desoxirribonucleico y no las proteinas.® Casi de forma
paralela, en 1952, Hershey y Chase, en sus trabajos con virus demostraron,
mediante marcaje isotopico, que era el ADN el que infectaba a las bacterias.® En
1953 Rosalind Franklin obtuvo las primeras imagenes de difraccion de rayos X del
ADN’ y ese mismo afio, Watson y Crick® descifraron la estructura del ADN
permitiendo asi el conocimiento de su funcionamiento, propuesto por Francis Crick,
y que constituye el dogma central de la biologia molecular (Figura 1.1), en el que,
el ADN es leido y duplicado, para posteriormente transcribirse al ARN, y por ultimo
ser traducido en las proteinas. Este hecho abri6 una nueva disciplina de estudio en
la que se han realizado numerosos avances, culminando en 2001, como ultimo

avance mas importante, con la resolucion completa del genoma humano.
Replicacion Replicacion

Transcripcion Traduccion

ADN ———| ARN—> Proteina

Transcripcion
inversa

Figura I.1. Dogma central de la biologia molecular propuesto por Crick.

1.2. El descubrimiento del ARN

Cuando Meischner descubrio la nucleina, no solo habia encontrado el ADN,
sino también el ARN. La primera distincion entre estas dos moléculas surgio al
analizar los acidos nucleicos en diferentes tejidos, observandose que uno de ellos
tenia preferencia por los medios alcalinos debido a un grupo hidroxilo presente en
las ribosas. Inicialmente se creia que sélo uno de estos acidos estaba presente,
dependiendo del tipo de célula analizada. Investigaciones posteriores demostraron
que ambos &cidos nucleicos estaban presentes en las celulas, distinguiendose
porque uno contenia D-ribosa y el otro D-desoxirribosa, adoptando desde ese
momento los nombres de ARN y ADN respectivamente. Posteriormente se
demostré que el ARN comparte 3 bases nitrogenadas con el ADN: Guanina,
Citosina y Timina, mientras que poseia una propia (Uracilo) y se identificaron los
tipos de ARN empleados en la sintesis de proteinas. Se catalogaron los ARN
mensajero (ARNm) como portador de informacion genética, ARN de transferencia

(ARNt), actuando como un vinculo fisico entre ARNm y proteinas, y ARN

12
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ribosomico (ARNr) presente en los ribosomas para la sintesis de proteinas. El
mecanismo de sintesis del ARN fue descubierto por Severo Ochoa, lo que le vali6
el premio Nobel de medicina en 1959. En 1967, Carl Woese probo el poder
catalitico del ADN Yy sugirio su hipotesis del mundo ARN en la que las primeras
formas de vida podrian haber utilizado ARN como portador de la informacion
genética.’ Desde esa fecha, hasta la actualidad, se ha conseguido determinar la
primera secuencia de nucleétidos completa de un genoma de ARN (Walter Fries,

1976) asi como la determinacidon por rayos X de la estructura del ARN.

1.3. Estructura primaria de los &cidos nucleicos

Denominados asi tras el descubrimiento de Richard Altmann, en 1889, de
su caracter acido, los acidos nucleicos son moléculas poliméricas, constituidas por
mondmeros denominados nucleétidos. Cada nucleétido se compone de 3
subunidades: una base nitrogenada, una pentosa (ribosa o desoxirribosa) y un grupo
fosfato. Las bases nitrogenadas estan formadas por derivados de pirimidina y purina
y su union a la pentosa da lugar a una subunidad denominada nucledsido. Las bases
nitrogenadas, representadas en la Figura 1.2, en el ADN son Adenina (A), Guanina
(G), Citosina (C) y Timina (T), mientras que en el ARN se sustituye la presencia de

Timina por Uracilo (U).

Las bases nitrogenadas tienen un carécter débilmente bésico y los valores
de la constante de disociacion &cida, Ka, hacen que, bajo condiciones fisioldgicas,
los grupos basicos se encuentren desprotonados. La modificacion quimica de estas
bases mediante, entre otras reacciones, desaminacion o alquilacion, supone una

modificacion del material genético, que puede traducirse en mutaciones.
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Purinas

Adenina Guanina

Pirimidinas

Citosina Uracilo

Pentosas

Desoxirribosa Ribosa

Figura 1.2. Estructura y numeracion de las bases nitrogenadas y las pentosas del ADN y ARN.

Las bases nitrogenadas presentan tautomeria, en concreto presentan
isomeria entre formas cetoendlicas, donde los oxigenos pueden encontrarse bien
como carbonilos (forma ceto, R-C=0) o como hidroxilo (forma enol, R-C-OH), y
los nitrogenos estan en equilibrio entre la forma aldimino (R-NHz) o cetimino
(R=NH) (Figura 1.3).

0 OH
N N
HN ‘ \> N = \>
— |
)\ N /K N
HaN N H H,N N H
forma ceto forma enol

Figura 1.3. Equilibrio de tautomeria para la Guanina.

La union de las bases nitrogenadas a las pentosas ocurre a través del carbono

1" de las pentosas por un enlace N-B-glucosidico, en el que se produce pérdida de
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una molécula de agua (OH de la pentosa y un Hidrogeno de la base) para dar los
correspondientes nucledsidos (en el caso de las purinas, el enlace es N9-C1" y en
las pirimidinas es N1-C1"). En comparacion con la base nitrogenada libre, los
nucleodsidos presentan un importante aumento de la solubilidad en agua y la pentosa
permite la cuantificacion de los acidos nucleicos mediante deshidratacion del anillo
furanosico (reaccion de orcinol y reaccién de difenilamina). Los nucleétidos, se
forman tras la esterificacion de los grupos OH, con un ortofosfato, Figura 1.4, de
los carbonos C5"0 C3de los desoxiribonucledsidos o de los C57, C3” 0 C2” de los

ribonucleosidos.

</N XN </Nf‘\NH | NN | NH
N N
o N N NH
o-b-o I "3 T e
- (o] o
I ° | o 0—F—0 o 0—h—0 o
(e}
H H o O
H H
OH H OH H H H H H
OH H OH H
desoxiadenosin-5’-monofosfato desoxiguanosin-5’-monofosfato desoxicitidin-5"-monofosfato desoxitimidin-5"-monofosfato
[o}
NH;
NH, o 2 NH
X
NNy ’ NH | N | /J\
T < I B N o
o N N o N N NH, o N“ ~0 ||
: o—b—o o—P—o oiTe o
0—P—0 —P— -0—P—
| o , o | o o H
O o O H H
H H
Hon off Hon  off OH OH OH  OH

adenosin-5"-monofosfato guanosin-5"-monofosfato citidin-5"-monofosfato uridin-5"-monofosfato

Figura 1.4. Estructura de los desoxiribonucle6tidos y ribonucleétidos.

La estructura primaria da cuenta de la secuencia en la que estan unidos los
nucleotidos. El &cido ortofosférico de un nucledtido y el grupo hidroxilo del
siguiente pueden reaccionar para dar un enlace tipo éster. Tanto en el caso de
desoxribonucledtidos como ribonucledtidos la esterificacion se produce entre el
carbono 5” de un nucledtido y el carbono 3"del siguiente, tal como se muestra en la

Figura I.5.
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N \ N
Extremo 5° < | )N Extremo 5° < | N N
LA .y

Enlace N-b-glicosidico Enlace N-b-glicosidico

Base Nitrogenada ansbhadinnan Base Nitrogenada

arssEERRRRRRRRE

. H
Base Nitrogenada Enlace fosfodiester Base Nitrogenada

Extremo 3" Extremo 3"

ADN ARN

Figura 1.5. Estructura general de la secuencia de nucledtidos del ADN y ARN.

La unién progresiva de nucleétidos da lugar a los polinucleétidos. En el caso
del ADN y ARN, el enlace entre las subunidades es siempre C5"- C3". Se establece
asi, tras la formacion del polinucleétido, un extremo 57y otro 3"; por convenio los
polinucleotidos se leen en este sentido. El anillo de la pentosa no es completamente
plano, por lo que pueden darse distintas conformaciones del azlcar. Existen 7
enlaces capaces de rotar dentro de un nucleétido; el enlace entre la base nitrogenada
y el C1" de la pentosa determina dos tipos de configuraciones, mostradas en la
Figura 1.6, una en la que la base se encuentra del mismo lado que la pentosa

(conformacidn syn) y otra si esta en el lado contrario (conformacion anti).

NH, NH,

Conformaciéon ANTI Conformaciéon SYN

Figura 1.6. Conformaciones anti y syn para el nucleétido de Adenina.

Ademas, tal como se muestra en la Figura 1.7, los C2°0 C3 pueden

encontrarse en el mismo plano que el resto de los atomos de la pentosa
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(conformacién exo), o por encima de los mismos, del mismo lado que el C5
(conformacidn endo). Por Gltimo, los enlaces C5 - O- P de estos nucledtidos pueden
rotar libremente, siendo esta flexibilidad la responsable de que el ADN pueda

adoptar una conformacion de doble hélice.

C-3' endo

C-3' exo

C-2' exo 2!
Figura 1.7. Conformaciones endo y exo de las pentosas.

I.4.Propiedades quimicas y bioldgicas de nucledtidos y polinucleétidos

1.4.1. Nucle6tidos

Todos los nucledtidos presentan caracter cido debido a las cargas negativas
de los fosfatos. Tanto en medio intracelular como extracelular, el grupo fosfato
aumenta la solubilidad en agua. El espectro de absorcién UV-Vis de los nucleétidos
es caracteristico y puede observarse en la Figura 1.8, no obstante, en el caso del
ADN y ARN, al poseer una gran cantidad y variedad de nucledtidos, su espectro
UV-Vis se caracteriza por tener una banda centrada en 260nm. Los nucleétidos
pueden separarse facilmente por cromatografia, especialmente HPLC.

Molar extinction
coefficient at 260 nm,
€260 (M 'em ™)

— AMP 15,400

Molar extinction coefficient, €

GMP 11,700
UMP 9.900
= dTMP 9,200
= CMP 7.500

1 1 1 1
230 240 250 260 270 280

Wavelength (nm)

Figura 1.8. Espectros de absorcion de los nucledtidos.
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La configuracion de alta de energia de los nucleétidos provoca que su
hidrélisis libere gran cantidad de energia. En este sentido el ATP (adenosin-5"-

trifosfato) es la molécula encargada de almacenar energia por parte de las células.

Los nucledtidos actiian como coenzimas en procesos biolégicos, y son los
encargados del transporte electronico cuando se encuentran como Nicotinamida
adenina dinucleétido (NAD®), Nicotinamida adenina dinucleétido fosfato
(NADPY), Flavin mononucleétido (FMN) y Flavin adenina dinucleétido (FAD).

Los nucledtidos ciclicos actian como mensajeros intracelulares en neuronas

y neurotransmisores.
1.4.2. Polinucleé6tidos

Al igual que hacen sus mondémeros, los polinucle6tidos también absorben la
luz ultravioleta; esto permite su cuantificacion, asi como la medida de su grado de
pureza, entendida como ausencia de proteinas. Puesto que estas Ultimas absorben a

280nm, es la relacion Azeso/A2go la que da cuenta del grado de pureza.

La absorbancia de los polinucleétidos a 260 nm también se emplea en
estudios de desnaturalizacion térmica. Al aumentar la temperatura los
polinucleotidos se desnaturalizan y la absorbancia aumenta. Esto es debido a que,
en su forma nativa, los nucleétidos constituyentes del polinucledtido presentan un
efecto hipocrémico debido a las interacciones de apilamiento (stacking) entre pares

de bases consecutivas.

Los acidos fuertes son capaces de hidrolizar completamente al ADN v al
ARN, sin embargo, en presencia de bases, Unicamente el ARN es hidrolizado. Esto

se traduce en una mayor estabilidad del ADN desde el punto de vista reactivo.
I.5. Estructura secundaria

La estructura secundaria de los polinucleotidos da cuenta de la distribucion

espacial de la secuencia de nucleotidos proximos entre si.
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1.5.1. Estructura secundaria del ADN (B-ADN)

La determinacion de la estructura tridimensional del ADN fue posible gracias a
los experimentos previos de difraccion de rayos X realizados por Rosalind Franklin,
asi como los resultados de los experimentos de Erwin Chargaff acerca de la

composicion cuantitativa del ADN que establecen que:

1. La composicion en bases nitrogenadas del ADN varia de unas especies a
otras.

2. Dentro de una misma especie la composicion en bases nitrogenadas se
mantiene constante, independientemente del tejido analizado.

3. Para una misma especie la proporcién molar de purinas y pirimidinas es las
misma, estoes; A+ G=C +T.

4. Enel ADN la proporcién molar de Adenina es igual a lade Timina (A=T),

y la proporcion molar de Guanina es igual a la de Citosina (G = C).

Las conclusiones 3 y 4 se conocen como reglas de Chargaff® y a partir de estos
datos, Watson y Crick postularon el modelo de doble hélice de ADN. En esta
estructura, dos cadenas helicoidales de polinucledtidos se enrollan alrededor del
mismo eje longitudinal, dando lugar a una doble hélice dextrdgira y plectonémica
(no pueden separarse las dos hebras sin ser desenrolladas primero). La disposicién
de las cadenas es antiparalela, de tal forma que los extremos 5 - 3"de cada hebra
estan invertidos. El esqueleto esta constituido por la ribosa y los grupos fosfatos,
que quedan orientados hacia el exterior, de tal forma que las cargas de los fosfatos
(dispuestos en conformacion tetraédrica) se encuentran interaccionando con el agua
circundante. El enlace B-glicosidico esta en conformacion anti y la desoxirribosa en

su forma furanésica, con el C2 en conformacion endo.

Dentro de la hélice las bases nitrogenadas son practicamente planas, estan
apiladas (la distancia media entre los planos de una base nitrogenada y la
consecutiva es de 3.4 A) y el plano en el que estan contenidas es perpendicular al
eje longitudinal. Cada base nitrogenada de una de las hebras se encuentra casi
coplanar a la base complementaria de la otra, produciéndose siempre una
interaccidn entre una purina y una pirimidina (Adenina con Timina y Guanina con

Citosina) de la otra cadena, interaccionando entre ellas mediante puentes de
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hidrégeno (Figura 1.9). Estos, junto con las interacciones de apilamiento o de
stacking de las bases, son las interacciones responsables de la estabilidad de la doble
hélice. La unién Guanina—Citosina es mas fuerte que la Adenina—-Timina debido a

que presenta tres enlaces por puente de hidrégeno, por dos del tltimo par de bases**.

Adenina Timina Guanina Citosina

Figura 1.9. Interacciones por puentes de Hidrogeno de Watson y Crick que se establecen entre

los pares Adenina-Timina y Guanina-Citosina.

El hecho de que el enlace B-Glicosidico entre el azicar y la base nitrogenada
no se encuentre diametralmente opuesto al de la base complementaria de la otra
cadena, provoca la aparicion de surco mayor de mas de 180° y un surco menor de
menos de 180° como se muestra en la Figura 1.10. Con todos estos elementos, la
conformacién final del ADN en esta forma (forma B-ADN) deja a los pares de bases
con un giro de 36° respecto al anterior y con una anchura de los surcos de 22 Ay
12 A para los surcos mayor y menor respectivamente. Entre ambos surcos se
produce una vuelta completa de rosca cada 10 pares de bases y la anchura de la
hélice es de 20 A.
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Figura 1.10. Estructura en doble hélice del B-ADN y formacion de los surcos mayor y menor

como consecuencia del enlace B-Glicosidico.
1.5.2. Otras estructuras secundarias del ADN

La forma B del ADN es la estructura mas habitual en la que se encuentra la
doble hélice en condiciones fisiologicas. Sin embargo, existen otras formas no
canonicas como la forma A, forma C y forma Z, asi como organizaciones en

estructuras de triples y cuadruplex hélices.
A-ADN

Esta forma aparece sobretodo en disoluciones con poco contenido acuoso o
cuando se forman complejos del tipo ADN-proteina. Al igual que en la forma B, la
hélice también es dextrogira y antiparalela, pero el anillo furandsico esta en
conformacién 3 endo, lo que provoca que la bases se apareen hacia el exterior de la
hélice. En comparacion con la forma B, el surco mayor se vuelve mas profundo en
la forma A, mientras que el surco menor es mas superficial, dando lugar a una
estructura mucho mas ancha que tiene 11 pares de bases por cada vuelta de rosca y
es mas rigida que la conformacion B. Porschke y colaboradores® demostraron que
se produce una transicion de B-ADN a A-ADN cuando la humedad relativa

desciende al 80%. La estructura tipo A es la presente en la triple hélice de ADN y
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en los ARN de doble hélice debido a que el grupo hidroxilo extra de la pentosa
dificulta que se forme otra conformacion. Se necesitan al menos cuatro pares de
bases para obtener una conformacion A, aunque también es posible que dentro de

una conformacion B algunas regiones localizadas posean una conformacién A.
Z-ADN

La forma Z del ADN supone un cambio estructural mucho mas radical que
la forma A. Esta hélice invierte la orientacion del enrollamiento y pasa a ser
levdgira, el apareamiento entre bases se produce de la misma forma que en el
modelo de Watson y Crick para la forma B, pero los planos en los que estas se
encuentran contenidos no son perpendiculares al eje longitudinal de la hélice,
adquiriendo diferentes grados de inclinacion. El enlace B-glicosidico entre las
pentosas y las bases se alterna entre una conformacion syn en purinas y una
conformacién anti en pirimidinas, lo cual confiere a este ADN una estructura en
zigzag de la cual toma el nombre. EI Z-ADN contiene 12 pares de bases por cada
vuelta de rosca y es méas estrecho y alargado que las dos formas descritas
anteriormente. EIl surco mayor es completamente plano mientras que el menor es
profundo y estrecho. Es posible obtener un transicion de B-ADN a Z-ADN cuando
se opera en presencia de etanol'® o a altas concentraciones salinas,** debido a la
neutralizacion de los grupos fosfato.'® En sistemas procariotas se ha demostrado la
existencia de la forma Z en E.Coli® y en sistemas eucariotas se forma como
consecuencia de la ARN-polimerasa y posterior proceso de transcripcion del
ADN.Y La Figura 1.11 muestra las conformaciones de los tipos de ADN descritos
cuyos parametros estructurales mas importantes se encuentran recogidos en la
Tabla I.1.
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Figura I1.11. Estructura del B-ADN, A-ADN y Z-ADN (arriba) y del C-ADN (debajo).
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Tabla I.1. Parametros mas representativos de la doble hélice de ADN en sus formas A, By Z.

Parametro A-ADN B-ADN Z-ADN
Sentido de la hélice Dextrégira Dextrégira Levogira
Pares de base por vuelta de
11 10 12
rosca
Unidad repetida 1 1 2
Distancia entre pares de
i P 2.6 A 34A 37A
bases
Inclinacion™ 20° 6° 7°
Paso de rosca de la hélice 28 A 34 A 45 A
Rotacion por par de base 33 36 60/dimero
Diametro de hélice 11 10 12
Purinas: C3’-
endo
Conformacion de la pentosa C3"-endo C2"-endo
Pirimidinas:
C2-endo
Purinas: syn
Conformacion del enlace - _ )
Anti Anti o
glicosidico Pirimidinas:
anti
Estrecho y Anchoy
Surco mayor Plano
profundo profundo
Ancho y Estrecho y Estrecho y
Surco menor o
superficial profundo profundo

*Consecutivas en la misma cadena.

“"Respecto al eje longitudinal.

C-ADN

Esta conformacion no ha sido encontrada como tal en sistemas bioldgicos,

sin embargo, si se ha obtenido en experimentos “in vitro” y ha sido caracterizada

por resonancia magnética nuclear. En presencia de iones Magnesio o Litio, se

inhibe la transicion de la forma B A, dando lugar una transicion B>C o B>Z.1

La forma C del ADN consiste en una doble hélice en la que los nucle6tidos de una
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seccion del mismo, en lugar de encontrarse en la forma candnica descrita en la
forma B (nucle6tidos tipo BI), en la que los grupos fosfatos se encuentran en una
posicion simétrica respecto a los dos surcos, pasan a una conformacion Bl en la
que se orientan hacia el surco menor®® (Figura 1.11). La estructura resultante es

menos estable que la forma B pura.
Triples Helices

Las primeras evidencias de una triple hélice surgieron cuatro afios después
de la resolucion de la estructura de doble hélice, cuando Felsenfled, Davies y Rich
la sintetizaron al mezclar hebras simples de acido poliuridilico y &cido poliadenilico
en proporcion 2:1.1° De los resultados obtenidos se dedujo que la hebra extra de
acido poliuridilico interaccionaban con los &tomos N6 y N7 de la Adenina.?°

En la triple hélice, la tercera hebra, también conocida oligonucledtido
formador de triplex o TFO, se sitda en el surco mayor, las interacciones de
hidrégeno del modelo de Watson y Crick se mantienen para la doble hélice inicial,
mientras que la tercera hebra se une a través de nuevas interacciones de hidrégeno
denominadas apareamientos de Hoogsteen, consistentes en puentes de hidrogeno

en los que intervienen los &tomos N7, N6 y O6 de las purinas (Figura 1.12).

i 4 A”\> on
e 20T
\H \NIH//I ~
N 7 0
A N
<)
.
) —
G \>_NfH H NQ_N,‘H H
M M. e # > #J
PR /w,/a 7 \‘ﬁ P T
T

Apareamientos de Watson y Crick

Apareamientos de Hoogsteen

Figura 1.12. Estructura de la triple hélice de ADN e interacciones entre las bases dentro de ella.

En funcién de donde provenga la tercera hebra, las triples hélices se

clasifican en triples hélices intermoleculares o intramoleculares.?! Las primeras se
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originan cuando la tercera hebra proviene de otra cadena de ADN, mediante la
reaccion representada en la Figura 1.13. Esta union puede darse en base a dos
modelos distintos. En el modelo polipirimidina, esta cadena (Y) se une con la
misma orientacion de forma paralela a la cadena de purinas (R), los tripletes
formados son del tipo Y:RY, y en concreto son C*:G-C y T:A-T. En el otro modelo,
el polipuridinico, la union de la tercera hebra, rica en purinas, se hace de forma
antiparalela, los tripletes formados son del tipo R:YR (G:G-C, A:A-T y T:A-T)
interaccionando mediante apareamientos de Hoogsteen inversos?? en secuencias de
homopurinas y homopiridinas.?®*?* Es necesario una distribucion de purinas o
pirimidinas consecutivas ya que de lo contrario se produce un intercambio de
cadenas entre dos dobles hélices, con pérdida de las interacciones por apilamiento,
con la consecuente pérdida de estabilidad energética. Aunque la cinética de
formacion de una triple hélice es més lenta que la de formacion de la doble hélice,
la triple hebra es mas estable. Se necesitan como minimo 10 pares de bases para

obtener una hélice consistente en condiciones fisiologicas.

> =

— I~
> >

N

Duplex TFO Triplex

Figura 1.13. Reaccion de formacion de una triple hélice intermolecular.

En las triples hélices intramoleculares, la tercera hebra esta proporcionada
por una de las hebras de la misma doble hélice, que se repliega, dejando una hebra
en el surco mayor y la otra libre, tal como se esquematiza en la Figura 1.14. La Tabla

1.2%° muestra una comparativa de diversos parametros estructurales.
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Figura 1.14. Formacion de una triple hélice intramolecular.

Tabla 1.2. Seleccién de pardmetros obtenidos por difraccion de rayos X y RMN para triples hélices (Y:RY y
R:YR) y para ADN (A-ADN y B-ADN).

Parametro Triple Hélice A-ADN B-ADN
Y:RY R:YR
Rayos
Rayos X RMN N RMN
Separacion
P 33A  34A - 36A 26A  34A
bases
Rotacion de la
_ 31° 31° - 30° 33° 36°
Hélice
Desplazamiento
P _ 25A  -19A - -19A  53A  -07A
axial
Enlace B- . ] ) . .
) ) Anti Anti - Anti Anti Anti
glicosidico
Conformacion Cc2 Cc2
C2endo - C3’endo C2’endo
de la pentosa endo endo

Cuédruplex hélices

En 1910, Bang, descubrié que también son posibles las agrupaciones de
cuatro hebras de ADN para una cuadruple hélice o G-quadruplex.?® Estas
estructuras se forman en segmentos ricos en Guanina, en las que cuatro moléculas
interaccionan mediante apareamientos de Hoogsteen para dar un cuarteto o
tétrada,?’ como se muestra en la Figura 1.15. En el interior del mismo se sit(a un
centro metalico monocationico que estabiliza la cadena al disminuir la repulsion

entre los oxigenos de las Guaninas siendo dicha estabilidad fuertemente
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dependiente de la estequiometria y empaquetamiento,?® asi como del tipo de
cation?®. Dentro de los sistemas bioldgicos, estas estructuras cobran especial
importancia en el mantenimiento de los telomeros (segmentos terminales de los
cromosomas ricos en Guanina y relacionados con el cancer), asi como en procesos
de regulacion  genética,® transcripcion,®®  replicacion,®  meiosis® y

recombinacion.3*

R *l'l Loop 1 Loop 3
N N\ N\
& b
N<
N H —

- H )4 @ | )\,_/<: » |
'\>* 5 H |
. H\N : / !

\II‘J N N

H R Loop 2

Figura 1.15. Cuédruplex hélice.

1.5.3. Estructura secundaria del ARN

La estructura secundaria del ARN se suele corresponder con una hebra
sencilla helicoidal dextrdgira dentro de la cual se forman interacciones entre pares
de bases. Al contrario que en el ADN, la helice sencilla permite que las
interacciones que se dan sean mas complejas y variadas. De hecho, el grupo
hidroxilo extra de la pentosa contribuye a ello, y como se ha citado anteriormente,

impide que el ARN pueda adquirir la conformacion B.

Dentro del ARN pueden formarse apareamientos entre bases nitrogenadas
complementarias (Adenia—Uracilo y Guanina—Citosina) por plegamiento de la
hebra, de la misma forma que ocurre en el ADN. En determinadas ocasiones estos
apareamientos dan lugar a estructuras locales especiales. Una de ellas son los
hairpins, que se producen cuando en una zona en la que se encuentran pares de
bases acopladas aparece una zona en la que se encuentran libres, dando lugar a

bucles dentro de la cadena como muestra la Figura 1.16. Los hairpins se generan
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por accion de las ARN polimerasas y en ellos se da lugar la regulacion de genes.*®
También pueden originarse pseudonudos, que son estructuras en las que solo una
parte del hairpin estd apareado. Los pseudonudos mas caracteristicos son los del
tipo H, que se producen cuando las bases de un hairpin interaccionan con otras
situadas por fuera de este. Estos pseudonudos intervienen en procesos cataliticos®®-

%9, asi como en la expresion génica en virus.*%43

Pseudoknot

7

Interior Loop

|

Single-Stranded

.

Bulge Loop

g !

Junction (Multiloop)

Hairpin loop

Ty

Figura 1.16. Estructura secundaria del ARN y posibles estructuras dentro de ella.

Al igual que ocurria en ADN, es posible obtener una triple hélice de ARN
cuando una hebra sencilla se entrelaza con una doble hélice de ARN. La insercion
de la cadena puede darse a través del surco mayor o el surco menor* y su
estabilizacion también se produce por medio de los apareamientos de Hoogsteen,
ayudando a estabilizar la estructura terciaria.*® La formacion de estas estructuras
tiene gran influencia en la accion de la ARN-tranferasa*® asi como en el virus de

inmunodeficiencia humana.*’

1.6. Estructura terciaria de ADN y ARN

Tanto ADN como ARN son capaces de adoptar estructuras superiores,
relacionadas con su almacenamiento, disponibilidad y funcion en el medio celular.
El ADN de células procariotas y algunos virus suelen adquirir una estructura
superior en la que doble hélice se encuentra enrollada sobre si misma dando lugar

a los cromosomas. Para células eucariotas la compactacion tiene lugar por
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empaquetamiento del ADN al unirse a proteinas. Segin su funcion, en células
procariotas y eucariotas existen varias formas de ARN.

1.7. Interacciones Ligando-polinucle6tido

Debido a la importancia tanto del ADN como del ARN, el estudio de la
interaccion con ligandos que puedan modificar su estructura es una de la estrategias
mas usadas en la investigacion anticancer.*® Estos ligandos pueden modificar los
procesos de replicacion, transcripcion o traduccion, que puedan afectar al
crecimiento celular. En esta tesis doctoral se ha estudiado la interaccion directa con
acidos nucleicos, la cual puede darse mediante uniones covalentes y no covalentes.
En general, se requiere que una molécula que vaya a interaccionar con ARN tenga
poca afinidad por ADN.*°

1.7.1. Unién covalente

Los compuestos tanto con grupos funcionales electrofilicos, como
nucleofilicos, son capaces de unirse covalentemente a los nucleétidos del ADN.
Este modo de enlace es irreversible e inhibe los procesos de replicacion del ADN
por lo que esté relacionado con la muerte celular.%° Existe también la posibilidad de
que el ligando se una al ADN por dos 0 méas puntos en un enlace de tipo “cross-
linking” (entrecruzamiento de hebra), que puede darse dentro de la misma hebra
(intracatenario) o entre dos hebras distintas (intercatenario), impidiendo la
replicacion del ADN al no poderse separar las cadenas. Un ejemplo de cross-linker
es la mitomicina y el cisplatino. Por dltimo, este modo de enlace en el ADN se da
en las reacciones de alquilacion de las bases nitrogenadas, siendo esta una técnica

empleada en la terapia anticancer.

Algunos ejemplos de compuestos que se unen covalentemente al ADN son
el busulfan®?, las mostazas de Nitrogeno (Melfalan,>? Ifosfamida,®® Clorambucil >*
etc) empleadas en el tratamiento de la enfermedad de Hodgings,> leucemia y
diversos tipos de cancer. Uno de los mas famosos, es el cisplatino,®® que ha sido
ampliamente utilizado en quimioterapia, capaz de unirse a dos N7 de dos Guaninas
consecutivas de la misma cadena, aunque debido a su toxicidad durante los Gltimos
afios esta siendo sustituido por Oxaliplatino,” asi como por derivados de Rutenio,

Oro®® e Iridio.*®
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1.7.2. Interacciones no covalentes

Estas interacciones inducen cambios conformacionales en el ADN de tal
forma que se inhiben los procesos en los que el ADN forma parte en el medio
celular, y pueden llegar incluso a romperlo. La interaccién no covalente es un
proceso reversible y se considera menos citotdxica que la covalente. Dentro de esta
clasificacion, las interacciones no covalentes se dividen en: union externa, union al

surco e intercalacion.

Unién externa

Es una interaccidn de tipo electrostatica entre el esqueleto del ADN, cargado
negativamente y un ligando generalmente cationico. Esta interaccion es poco
especifica y supone el primer tipo de interaccion que una molécula tiene con el
ADN antes de evolucionar hacia otro tipo de enlace; el resto de interacciones no

covalentes también pueden coexistir con esta.

Esta interaccion electrostatica suele darse cuando los ligandos forman
agregados de orden superior, al acercarse al esqueleto del ADN o ARN para reducir
la repulsion de cargas ligando-ligando. La magnitud de la interaccién decrece
fuertemente al aumentar la fuerza idnica del medio debido a la saturacion de los

grupos fosfato.

Se ha comprobado que la mayoria de cationes, como Na*, K* Mg?*, Ca?",

Ni2*, son capaces de producir interaccion electrostatica con el ADN.60-61
Union al surco

En este enlace el ligando interacciona con el ADN colocandose en uno de
los surcos y quedando unido a el mediante interacciones electrostaticas con los
grupos fosfato, interacciones de Van der Waals y puentes de Hidrogeno con las
bases nitrogenadas. Las moléculas que dan este tipo de enlace suelen tener anillos
aromaticos junto con atomos con facilidad de torsion,®? de tal forma que pueden
curvarse para acomodarse dentro de los surcos, ademas, poseen grupos polares que
les permiten formar puentes de Hidrogeno. Dado que la secuencia de bases en el
surco mayor y menor es diferente, los ligandos que se unen al surco ofrecen una

interaccion selectiva caracteristica y de gran interés en la terapia anticancerigena.®®
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Las moléculas grandes, como las proteinas, tienden a interaccionar a través del
surco mayor, pudiendo incluso generar triples hélices mientras que las mas
pequefias se unen al surco menor,54% teniendo afinidad por las secuencias ricas en
Adenina-Timina.%®®’ El surco menor es mas estrecho y plano, lo cual favorece las

interacciones de Van de Waals y evitan impedimentos estéricos.

Figura 1.17. Unién ADN-Ligando a través del surco.

Debido a la gran superficie de contacto entre el ligando y el polinucle6tido
en este tipo de interaccidn se favorece un gran nimero de interacciones, lo que se
traduce en una mayor afinidad y por tanto en mayores constantes de enlace que para
el resto de uniones. Asi, las constantes de equilibrio de ligandos que interaccionan
por union al surco tanto de productos naturales (como Netropsina y Distamicina)
como productos sintéticos tales como Pentamidina, Hoechst 33528 y DAPI se
encuentran dentro en un amplio rango entre 10 My 10° M, %873 |_as cinéticas de
asociacion de estos complejos suelen estar determinadas por dos procesos, en el
primero se produce una aproximacion y un primer enlace del compuesto a la
molécula de ADN o ARN en un proceso controlado por difusion.”* En el segundo,
se producen cambios conformacionales en el ADN" que permiten la formacion de
enlaces con la molécula de interés. Por el contrario, el proceso de disociacion, suele
seguir una cinética de primer orden, y es un proceso mas lento que el de
asociacion.”® La Figura 1.18 muestra un ejemplo del equilibrio de

asociacion/disociacion.
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Figura 1.18. Esquema de reaccidn para los procesos de asociacién y disociacién en una unién al
surco en el que en una etapa intermedia se produce la aproximacion del ligando a la hélice (U),
posteriormente el ligando reconoce la zona del polinucle6tido a la que puede unirse (L) y acaba

insertandose en el surco.
Intercalacién

La intercalacion supone la insercion total o parcial de un compuesto entre
dos pares de bases consecutivos de la doble hélice de ADN o ARN. Los ligandos
que dan este tipo de interaccion suelen ser compuestos aromaticos planos y
multiciclicos en los que tienen cabida grupos funcionales laterales. Su tamafio es,
en general, menor que el de los compuestos que interaccionan por union al surco.
Como se ha descrito anteriormente, los ligandos catidnicos tienen preferencia para
interaccionar con los polinucle6tidos, ademas la union esta favorecida si el
intercalador contiene heteroatomos debido a la induccion de carécter polar ligando,
que facilita la entrada en la doble hélice. Las interacciones n-w entre los anillos del

cromoforo y los de las bases nitrogenadas gobiernan este tipo de enlace.

Este tipo de interaccion es la que mas modifica la estructura del
polinucledtido, puesto que la intercalacion de la molécula supone separacion de los
pares de bases contiguos, lo que produce un alargamiento de la hélice en su eje
longitudinal (Figura 1.19) asi como una disminucion del angulo de rotacion de la
hélice que se traduce en un desenrollamiento o proceso de unwinding.”” Asi, se
produce una modificacion del entorno cercano al par de bases donde se produce la
intercalacién que impide una posterior intercalacion de otra molécula de ligando
cerca de esa zona (principio de exclusion de vecinos).”® Las constantes de enlace

para este modo de interaccion son, generalmente, mas pequefias que para la union
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al surco (10*-10° M) teniendo preferencia por los pares de bases Guanina-
Citosina’™ aunque puede darse en secuencias Adenina-Timina,®® esto implica que
su especificad es menor que la de la union al surco. A menudo, los agentes
intercalantes son capaces de inhibir enzimas relacionadas con el mantenimiento y

funcidn de los acidos nucleicos, como las Topoisomerasas | y 11.81

Las primeras evidencias de este modo de enlace surgieron en el afio 1961
cuando Lerman® propuso la intercalacion como mecanismo de interaccion entre
ADN vy acridinas. Desde entonces, numerosos estudios reportan la intercalacion
como modo de interaccién con ADN. Dentro de ellos, los agentes intercalantes
tipicos son las acridinas,®® el bromuro de etidio,®* cianinas® y las antraciclinas,2®
representadas en la Figura 1.20. Al igual que para la unién al surco, la intercalacion
también puede darse en dos etapas. Las constantes de velocidad de estos procesos
pueden llegar a ser del orden de 107 st como en el caso de la interaccion de ACMA
con ADN.?" Actualmente, también se conocen los bisintercaladores (Figura 1.21),
como el TOTO® o la Tiocoralina,® moléculas que constan de dos grupos
cromoforos capaces de intercalarse en distintas regiones del polinucleétido y que
estan unidos entre si por una cadena que tras la interaccion queda en el exterior de

la molécula diana.

1

{ans it
de ¥

=
C )
Ly L
DNA AT ) NA
==

Figura 1.19. Alargamiento de la doble hélice de ADN por intercalacién.
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Figura 1.20. Ejemplos de intercaladores cléasicos: Bromuro de etidio, Proflavina (acridina) y

Doxorubicina (antraciclina).

Figura 1.21. Complejo derivado de Piperazina bisintercalado.
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Capitulo Il

I1. Instrumentacion y metodos experimentales

En este capitulo se describen las técnicas de sintesis, procedimientos
experimentales, modelos de analisis e instrumentacion empleados para la
determinacion de las propiedades quimico-fisicas y bioldgicas de los sistemas
estudiados en esta tesis. El procedimiento experimental seguido en cada técnica sera
descrito de forma general. Las condiciones y metodologia especificas seran

descritas individualmente en los capitulos correspondientes.

I1.1. Sintesis de los complejos inorganicos

Los procedimientos de sintesis han sido llevados a cabo integramente en el
area de Quimica Inorganica de la Universidad de Burgos y han sido aplicados a la
sintesis de complejos de Ru(ll). Todas las operaciones han sido llevadas a cabo bajo

atmosfera inerte de Nitrogeno para evitar procesos oxidativos durante la sintesis.

Se han sintetizado dos compuestos dinucleares de Rutenio, mediante una
adaptacion de la sintesis original,®®®® con férmula general [(p-
cimeno)2Ru2(00N0O0)(Cl),], donde OONOO hace referencia al ligando puente
entre los dos centros metalicos. El esquema de trabajo seguido consiste en
introducir el precursor [Ru(p-cimeno)Clz]. y el ligando puente, con el disolvente
correspondiente, en un matraz Schlenk. A continuacién, se afiade base para
provocar la desprotonacion de los ligandos puente. La mezcla resultante se deja
reaccionando durante 16 horas a reflujo, tras lo cual se obtiene un precipitado que

es lavado y secado, obteniéndose el producto final.

11.2. Resonancia Magnética Nuclear
11.2.1. Instrumentacion

Las medidas de RMN han sido realizados con un espectrometro de
Resonancia Magnética Nuclear Varian Unity Inova 400 MHz capaz de trabajar a
una frecuencia nominal para el nucleo de protén de 400 MHz y que corresponde a
un campo magnético de 9.4 Teslas. Este equipo permite obtener el espectro de RMN
de todos aquellos ntcleos comprendidos en el intervalo *H/*N-31P, dentro del rango
de temperaturas -80 °C hasta + 120 °C, con una resolucion de 0.1 °C. También

cuenta con una sonda para el estudio de ndcleos de 2’Al. Posee una unidad de
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gradientes PERFORMA 11, ademas del software necesario para la adquisicion y

procesamiento de datos.

11.3. Microanalisis elemental (CHNS)
11.3.1. Instrumentacion

El equipo de analisis elemental se compone de un analizador LECO CHNS-
932 y VTF-900 dotado de un introductor de muestras automatico con capacidad
para 50 muestras. Ademas, una ultramicrobalanza SARTORIUS M2P (precision +
0.001 mg) conectada en linea con el equipo que se encarga del procesado de los
datos del analizador. Para el analisis del contenido en Oxigeno se ha utilizado un
horno Leco VTF-900.

11.3.2. Procedimiento experimental

Los ensayos se realizaron en el Parque Cientifico Tecnoldgico de la
Universidad de Burgos. La preparacion de la muestra sélo requiere 5mg de muestra
seca. Se realiz6 la determinacion cuantitativa (porcentaje en peso) de Carbono,

Hidrogeno, Nitrogeno, Azufre, y Oxigeno.

11.4. Espectrometria de masas
11.4.1. Instrumentacién y procedimiento experimental

Se ha utilizado un espectrémetro de masas de tiempo de vuelo (MS-TOF)
Bruker Maxis Impact con acoplamiento con cromatégrafo de liquidos Waters
Acquity (UPLC-MS-TOF) utilizando electrospray (ESI) como fuente de
ionizacion. Este equipo ha sido utilizado en el estudio de la complejacion de
Aluminio con Cacodilato Sodico, para ello se han preparado muestras 0.2mM de
complejos a distintos pHs.

11.5. Medidas de pH

Las medidas de pH se han llevado a cabo con un pH-metro Metrohm
(Herisau, Suiza) equipado con un microelectrodo de vidrio, un electrodo de
referencia y un puente salino de KCI (3M). Los ajustes de pH han sido realizados
afiadiendo NaOH y HCI en los sistemas sin Cloro y con HCIO4 en los sistemas que

contienen Cloro.
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11.6. Espectroscopia de absorcion UV-Vis y fluorescencia
11.6.1. Instrumentacion

Las medidas de absorbancia se han realizado con un espectrofotometro UV-
Vis de haz simple, modelo Hewlett-Packard 8453A (Agilent Technologies, Palo
Alto, California), equipado con un detector fotodiodo-array y un sistema Peltier
termostatizador, modelo HP-89090A con precision de + 0.1°C. El equipo cuenta
con una ldmpara de Tungsteno para las mediciones en la region del Visible y una
lampara de Xenon para la region Ultravioleta. El equipo puede registrar la
absorbancia en un rango de longitudes de onda desde 190 a 1100 nm, con una
exactitud de £ 2nm y una reproducibilidad de 0.05 nm. Las muestras han sido
medidas en cubetas de cuarzo suprasil de alta precision (Hellma, Milheim,

Alemania) con 1 cm de camino éptico.

Las medidas de fluorescencia han sido realizadas en un espectrofluorimetro
Shimazdu Corporation RF-5301PC, con ldmpara de Xenon de 150W para el rango
UV-Vis. El equipo puede registrar tanto espectros de emision como de excitacion.
El control de temperatura se realiza mediante un bafio tesmostatizado externo
Julabo, con precision de + 0.1°C. Las medidas han sido realizadas introduciendo las
muestras en cubetas de fluorescencia de alta precision (Hellma, Milheim,

Alemania) con un camino 6ptico de 1 cm.

11.6.2. Procedimiento experimental

El seguimiento de una reaccion por absorbancia o fluorescencia, se realiza
afiadiendo distinta cantidad de polinucle6tido sobre el ligando contenido en una
cubeta y registrando los espectros a cada relacion ligando/polinucledtido. Los datos
son analizados de acuerdo a los modelos que se describiran en el apartado 11.12. En
el estudio cinético se registra la absorbancia frente al tiempo a diferentes relaciones
ligando/polinucleédtido. Por ultimo, en el estudio de desnaturalizaciones de ADN y
ARN, se registra la absorbancia a una longitud de onda determinada, en un rango
de temperaturas determinado y a diferentes relaciones ligando/polinucleétido. Para
los experimentos de desactivacion de la fluorescencia (Quenching), una vez elegida
la longitud de onda de excitacion, se afiaden cantidades crecientes de desactivador

sobre la disolucion conteniendo ligando/polinucleétido a una relacion dada.
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I11.7. Dicroismo circular
11.7.1. Instrumentacion

Las medidas de dicroismo circular se han llevado a cabo en un equipo
modular MOS-450 BioLogic (Claix, Francia) equipado con lampara de arco de
Xenon que emite luz linealmente polarizada. El instrumento cuenta con un
modulador electrooptico, consistente en un cristal sometido a un campo eléctrico
alterno, que determina la componente que se transmite, L (izquierda) o R (derecha),
dando lugar a luz polarizada levogira o dextrdgira respectivamente, que se alterna
con una frecuencia de 50kHz. Esta luz atraviesa la muestra y un fotomultiplicador
recoge la sefial que es transmitida a un ordenador, donde es transformada en sefial
de dicroismo circular. La temperatura de trabajo se controla mediante un bafio
termostatizado externo Julabo con precision de + 0.1°C. La velocidad de barrido
elegida en todos los experimentos ha sido de 2 nm/s. Las muestras se colocan en
celdas de cuarzo Suprasil de alta precision (Hellma, Milheim, Alemania) con 1cm

de camino dptico.

11.7.2. Procedimiento experimental

En primer lugar, se registran los espectros del disolvente, que se utiliza
como blanco, y del ligando, para comprobar si es Opticamente activo. A
continuacion, sobre una disolucién de volumen y concentracion conocidos de
polinucledtido se afiaden cantidades crecientes de ligando, registrando el
espectrograma para cada adicion. La elipticidad a cada longitud de onda se

transforma en elipticidad molar. El proceso se repite a cada Cp/Cp.

11.8. Calorimetria diferencial de barrido (DSC)
11.8.1. Instrumentacion

Se ha empleado un calorimetro nano DSC (TA Instruments, New Castle,
USA) que permite trabajar en un rango de temperaturas entre -10 y 130 °C, con
velocidades de barrido comprendidas entre 0 y 2 °C/min y presiones entre 1 y 6
atmosferas. Las celdas del calorimetro son capilares continuos de platino de 300 pL
de volumen. Todas las muestras son desgasificadas en una unidad de

desgasificacion previamente a su utilizacion.
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11.8.2. Procedimiento experimental

Se desgasifica una disolucion de ligando libre, polinucleétido libre o sistema
ligando/polinucledtido de volumen y concentracion conocidas, durante 30 minutos
(en dos tandas de 15 minutos entre las cuales se eliminan las burbujas de la
disolucion). A continuacién, se inyecta la disolucién en la celda de la muestra,
mientras que la celda de referencia se llena con disolvente. Se registra el flujo de
calor en funcion de la temperatura, una vez fijada la presion y la velocidad de

barrido. Cada termograma se corrige con la linea base constituida por el disolvente.

11.9. Viscosidad
11.9.1. Instrumentacién y procedimiento experimental

Las medidas de viscosidad relativa se han realizado con un viscosimetro
capilar Ubbeholde (Schott-Instruments, Mainz, Alemania) en el cual se mide el
tiempo que la disolucion o el disolvente tarda en atravesar la esfera de medida.
Todas las medidas de viscosidad han sido realizadas en un bafio termostatizado

Julabo con una precision de £ 0.1°C.

La viscosidad relativa (n/mo), esta relacionada con el tiempo de caida por la,
ecuacion [2.1] donde n es la viscosidad del polinucleotido en presencia de ligando

y noes la viscosidad del polinucleétido libre:

Ny tp—t

t—t
1 _-"" [2.1]

t, tp y to son los tiempos de caida del disolvente, la disolucion de
polinucléetido libre y la disolucién del polinucle6tido con el ligando,

respectivamente.

La viscosidad depende del tamafio y forma de la macromolécula en
disolucién. Cuando se trabaja con macromoléculas con una relacion axial elevada
como el ADN, ARN y sus derivados sintéticos, estas tienden a orientar su eje axial
paralelo a la direccion del flujo de corriente. Asi, con esta técnica se puede estudiar
la intercalacion de un ligando en un polinucle6tido que se traduce en un aumento

de la relacion n/no y de la longitud de contorno relativa (L/Lo) dependiente de la
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relacion de concentraciones entre el ligando y el polinucle6tido, Co/Cp mediante la
ecuacion [2.2],%siendo B la pendiente de la recta que da una idea de la magnitud de

la intercalacion.

L =31=1+ﬁ@

— 2.2
Ly Mo Cp [2.2]

11.10. Relajacion por salto de temperatura (T-Jump)
11.10.1. Instrumentacion

La relajacion por salto de temperatura se ha llevado a cabo con el equipo
fabricado de acuerdo al prototipo de Riegler.®® La fuente de luz es una lampara de
Tungsteno y la sefial es recogida por un fotodiodo. La capacidad del condensador
es de 50 nF y el equipo esté calibrado para que una descarga de 30 kV, produzca un
salto de temperatura de 3.2 °C (desde 21.8 hasta 25 °C). La relajacion tras la
descarga se sigue mediante los cambios de absorbancia o fluorescencia, que son
transformados en sefales eléctricas recogidas por un osciloscopio Agilent 54622A
(Santa Clara, CA). El equipo esta termostatizado con un bafio externo Julabo con
precision de = 0.1 °C. La celda utilizada es apta tanto para las medidas en
absorbancia como fluorescencia, tiene una capacidad aproximada de 1 mL y posee

dos electrodos de oro a través de los cuales se realiza la descarga.

11.10.2. Procedimiento experimental

Se ha utilizado la deteccidon por fluorescencia. Se introduce una disolucién
de sistema ligando/polinucle6tido en el interior de la celda de T-Jump asegurando
que la disolucion esté en contacto con los electrodos de oro para que se pueda
producir la descarga. Para cada relacién ligando/polinucleétido se realizan al menos
siete medidas, dejando pasar cinco minutos entre cada descarga para que la
disolucién recupere la temperatura inicial. Las curvas obtenidas para cada
concentracion son acumuladas y ajustadas para determinar sus constantes de

velocidad.
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11.11. Ensayos de bioluminiscencia
[1.11.1. Instrumentacion

Los ensayos de bioluminiscencia han sido realizados en un lector de placas
modelo EnSpire (Perkin Elmer) perteneciente a la Plataforma de screening de
farmacos de la Universidad de Santiago de Compostela con una amplitud de
espectro de 250 — 1000 nm en absorbancia y 230 — 850 nm en fluorescencia. Las

placas utilizadas tienen una capacidad de 96 pocillos.

11.12. Interaccion ligando/polinucleétido
11.12.1. Calculo de constantes de equilibrio

Las constantes de equilibrio han sido determinadas mediante espectroscopia

de absorcion UV-Vis y fluorescencia.

Los modelos que se describen a continuacion consideran la interaccién entre
un ligando D y un polinucleétido P que reaccionan dando un complejo
ligando/polinucledtido PD, en el equilibrio.

K

P+D <= PD [2.3]

Los modelos tedricos utilizados para el calculo de la constante de equilibrio
han sido los siguientes:

Ecuacion de Hildebrand & Benesi simple

Dada la ecuacién [2.3], la constante de equilibrio K viene expresada a través

de la ecuacion [2.4].

[P]D] [2.4]

Donde [D], [P] y [PD] son las concentraciones en el equilibrio de D, Py PD

respectivamente. Por tanto, la concentracién analitica de D se expresa como:

Cp = [D] + [PD] [2.5]
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Sustituyendo [2.5] en [2.4] y reordenando, se obtiene:

1 _(Cp —[PD]DIP]

— = 2.6
K [PD] [2.6]
Que puede reescribirse como:
Cp 1
D]~ 1+ _K[P] [2.7]

Teniendo en cuenta la ecuacion [2.8] y sustituyendo en la ecuacion [2.5] se

obtiene la ecuacion [2.9].

A = &,[D] + epp[PD] [2.8]

A —¢epCp = (epp — €p)[PD] [2.9]

Si definimos AA y Ae segun las ecuaciones [2.10] y [2.11] respectivamente
y lo sustituimos en [2.9] se obtiene la ecuacion [2.12]:

AA = A - gDCD [210]

Ae = Epp — &p [211]
AA

= — 2.12

[PD] = 3 [2.12]

Por ultimo, la sustitucién de [2.12] en [2.7] resulta en la Ecuacién de
Hildebrand & Benesi simplificada, aplicable cuando Cp es al menos 10 veces mayor

gue Cp y aplicando la aproximacién [P] = Cp.

b _1, 1 2.13
AA  As  AeK[P] [2.13]

Al representar Cp/AA frente al 1/[P] se obtiene una recta de cuya ordenada

en el origen se calcula Ag y de la pendiente el valor de K.
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Ecuacién Mononuclear

La ecuacién mononuclear es la ecuacion de una curva obtenida tras realizar

la inversa de la ecuacion de Hildebrand & Benesi simplificada:

AA  AeKCp )14
Cp, 1+KCp [2.14]
Ecuacion de Hildebrand & Benesi completa
La concentracion total de polinucle6tido P se expresa como:
Cp = [P] + [PD] [2.15]

A partir de esta ecuacion y la [2.5], que define la concentracion total de

ligando, la constante de equilibrio definida en [2.4] se expresa como:

K= [PD] [2.16]
~ (Cp —[PD]D(Cp — [PD]) '

La ecuacion de Hildebrand & Benesi en su forma completa® se obtiene tras
sustituir [2.16] en [2.12]:

CoCp DA _ 1 CptGp

= 2.17
AA +A52 AcK Ae [ ]

La estimacidn de la constante de equilibrio se calcula a través de un método
iterativo en el que tras un aplicar un valor inicial de Ae, la representacion de
(Co/Cp/AA + AA/A€?) conduce a un valor de K y un valor iterado de Ae obtenidos
a partir de la pendiente y de la ordenada en el origen. Con ese nuevo valor Ae de se

repite el proceso hasta lograr la convergencia.

Ecuacién de Mc Ghee & Von Hippel

Para la obtencidn de esta ecuacion se tiene en cuenta el numero de sitios n,
definido como el nimero de pares de bases ocupadas por cada molécula de ligando.

En este caso el numero de sitios disponibles S y su concentracion, [S], es distinta
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de la concentracion de polinucleétido [P], por lo que la reaccion de complejacion

se reescribe en funcién de S.

K
D+S == DS [2.18]

La concentracién de [S] se puede relacionar con Cp a través de la ecuacion
propuesta por Mc Ghee & Von Hippel,® mediante una funcion dependiente del

grado de saturacion del polinucledtido:

B [1+nr]® _[S]
fr) = TG [2.19]
Donde r se define como:
_[DS] _ AA
Cp  AeCp [2.20]

Tras sustituir [2.19] en [2.13] se obtiene la ecuacion de Mc Ghee & Von
Hippel:

cp, 1 1

A~ e T BeKCF () [221]

Ecuacién de Scatchard

Para la deduccion de la ecuacién de Scatchard se afiade el pardmetro B, que
da cuenta del niimero de sitios de enlace. La concentracion total de sitios se define

comao:

Asumiendo que los sitios son independientes entre si y ademas estan

saturados, [S]o se puede expresar como:
[STo = [S]+ [DS] [2.23]
Sustituyendo [2.23] en [2.22] se obtiene:

BCp = [S] + [DS] [2.24]
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La constante de enlace de Scatchard, Ksc, se define de la misma forma que

una constante de equilibrio convencional:

KSC - = [225]

Si en la ecuacion [2.24] se sustituye [DS] por r (ecuacion [2.20]) se tiene:

BCp = [S] + rCp [2.26]

Despejando [S]:

[S] = Cp(B—T) [2.27]

Finalmente, al introducir las ecuaciones [2.20] y [2.27] en [2.25] se deduce

la ecuacion de Scatchard.®®

r
D] = KscB — Kscr [2.28]

La representacion de r/[D] frente a r permite obtener Ksc de la pendiente y
B de la ordenada en el origen. La aplicacion de dicha ecuacion no se puede realizar
en todo el rango de concentraciones al no cumplirse la suposicion de independencia
de los sitios. B se relaciona con el tamafio de sitio a través de la ecuacion [2.29]:

_1+1/B

- [2.29]

n

11.12.2. Desactivacion de fluorescencia o Quenching

El quenching es un proceso mediante el cual la fluorescencia de un sistema
disminuye por efecto de un desactivador o quencher. Existen dos tipos de
guenching: dindmico y estatico y en ambos se requiere que el fluoroforo y el

quencher estén en contacto.

La fluorescencia disminuye por colisiones con el quencher de acuerdo con
la ecuacién de Stern-Volmer, ecuacion [2.30], donde Fo y F son las intensidades de
fluorescencia en ausencia y presencia de quencher respectivamente, kq es la

constante bimolecular de quenching y 1o es el tiempo de vida del fluoroforo. El
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producto de Kq y 1o nos da la constante de Stern-Volmer Kp para el quenching
dinamico. [Q] es la concentracion de quencher.

F
= =1+ kq7olQ] = 1+ K5[0} [2.30]

En un proceso de quenching estatico, se forma un complejo entre el
fluoréforo F y el quencher Q, de forma que el sistema resultante FQ no es

fluorescente.

El proceso de formacion de un complejo entre un quencher y un fluoréforo
es similar a los descritos anteriormente para la formacion de complejos entre
ligandos y polinucledtidos y puede representarse de acuerdo a la ecuacién [2.31]

I<S
FiQ=—=FQ [2.31]

Por tanto, la constante de equilibrio se expresa como:

IFQ]
Ks = o] [2:32]

La concentracion de fluoréforo es:

[Flo = [F]+ [FQ] [2.33]

Por lo que la constante de Quenching estatico puede ser reescrita como:

Ks = - — [2.34]
Reordenando la ecuacion anterior se obtiene una expresién formalmente
idéntica a la obtenida para el quenching dinamico.
F,
FO =1+ Ks[Q] [2.35]
En muchos sistemas se da una combinacion de quenching dinamico y

estatico. Cuando esto ocurre, la ecuacion de Stern-Volmer deja de ser una recta a

las relaciones Fo/F mas altas, curvandose hacia el eje de ordenadas. En la Figura
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I1.1 se describe esquematicamente el proceso combinado de quenching estatico y

dinamico.
k, [C
F* ‘~[ 2l > F.Q*
o
I/ No
\ Fluorescente
“=hy
NS
F-Q =——= F.Q

Figura I1.1. Quenching dinamico y estatico combinados.

Para este proceso, la ecuacion de Stern-Volmer queda modificada de la

siguiente forma:

D= 14 (K + KIQ]+ KpK[Q = 14 Ky [Q) [2:30]
Donde:
F 1
Kap = (FO _ 1) 57 = (o + K5) + KoKs[0) [2.37]

El célculo de Kap se realiza para cada concentracion de quencher. La
representacion Ky frente a [Q], conduce a una recta de cuya ordenada y pendiente

se pueden obtener Kp y K.

11.12.3. Dicroismo circular

En un experimento de dicroismo circular se hace incidir sobre una muestra
un haz de luz circularmente polarizada (LCP), polarizada tanto a la izquierda
(LLCP) como a la derecha(RLCP). La Figura 11.2 muestra una representacion de

luz linealmente polarizada y circularmente polarizada.
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Figura I1.2. (A)Luz linealmente polarizada (azul) como la resultante de las componentes vertical
(rojo) y horizontal (azul) en fase y a 90°. (B) Luz circularmente polarizada (azul) resultante de la

pérdida de fase de las componentes vertical y horizontal.

En un experimento de dicroismo circular es necesario operar con moléculas
quirales (moléculas tales que sus imagenes especulares no son superponibles),
opticamente activas. Se define el dicroismo circular, Ag, como la diferencia entre la
absorcion de luz circularmente polarizada a la izquierda y a la derecha. Cuando un
haz de LCP incide sobre una molécula activa, los haces circularmente polarizados
hacia izquierda y derecha no presentan ni la misma longitud de onda, ni la misma
absorbancia. Teniendo en cuenta la ley de Lambert-Beer, se puede expresar el
dicroismo circular como la diferencia entre el coeficiente de extincion molar del
haz circularmente polarizado hacia izquierda (¢L) y derecha (ep), de acuerdo a la

ecuacion [2.38].

AM=A;, —Ag=(g, —eg)-c-l=Ae-c-1 [2.38]

Esta expresion se cumple siempre que las dimensiones de la particula en
disolucién sean mucho menores que la longitud de onda de la luz incidente. Si el
tamafio de la particula es similar a la longitud de onda, comienzan a aparecer
fendmenos de scattering. Cuando el tamafio de particula supera al de la longitud de

onda se produce un efecto de resonancia interna.

Cuando se trabaja en dicroismo circular la elipticidad es generalmente la
magnitud mas utilizada en el anélisis de los resultados. Al irradiar una muestra con
LCP, las dos componentes, LLCP y RCLP, cada una con sus intensidades, se
encuentran perfectamente polarizadas circularmente. Tras atravesar la muestra,
debido a las diferencias entre €. y ¢p, el haz se transforma en luz elipticamente

polarizada como muestra la Figura I1.3.
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Figura 11.3. Luz elipticamente polarizada (azul) tras atravesar la muestra (poliedro naranja).

Cuando los vectores eléctricos de las dos componentes se encuentran en la
misma direccion, su suma es el semieje mayor de la elipse formada. Por el contrario,
cuando estan en direcciones opuestas, su diferencia es el semieje menor de la elipse.
La elipticidad es la relacion entre el semieje mayor y menor que a su vez es la

tangente del angulo®’ (Figura 11.4).

Figura 11.4. (A) Luz circularmente polarizada a izquierda con intensidad I, y a la derecha con
intensidad Ir antes de alcanzar la muestra. (B) Luz elipticamente polarizada resultante de la
interaccion con la muestra, donde estan representados los semiejes mayor Igr+l, y menor, Ir-Ii.

(C) Representacion geométrica de la elipticidad 6.

La elipticidad 6 se encuentra expresado en radianes, pero dado que su valor
suele ser pequefio, puede ser transformado en grados de acuerdo a la ecuacion
[2.39]:

AA
6(deg) = 180 - In10 - ,— = 32.98A4 [2.39]

Donde AA es la diferencia de absorbancia entre la luz circularmente
polarizada a izquierda y derecha. La elipticidad es proporcional al dicroismo
circular, sin embargo, comunmente se suele transformar este parametro en
elipticidad molar, [0], para eliminar la dependencia de la ecuacion anterior con la

concentracion de la muestra y del camino éptico:
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_1009
el

[6] [2.40]

Sustituyendo las ecuaciones [2.38]y [2.39] en la ecuacion [2.40] se obtiene

la dependencia lineal entre dicroismo circular y elipticidad molar:

[6] = 3298A¢ [2.41]

Tanto ADN como ARN presentan absorcion tanto en la zona de ultravioleta
lejano (180 -250 nm) como cercano (250 — 340 nm). La estructura secundaria es
muy sensible en cuanto al espectro de dicroismo circular que presentan. Las bases
nitrogenadas son planas y por si mismas no presentan espectros de dicroismo
circular, sin embargo, la union al azicar modifica el entorno haciendo que
adquieran actividad Optica, presentando pequefias bandas de dicroismo circular en
el caso de mononucle6tidos e importantes cambios en el caso de los polinucledtidos.
Ademas, las interacciones de stacking entre las bases, asi como las interacciones de
Coulomb influyen también en las bandas de los polinucledtidos. Esto permite que
la estructura secundaria de hélices sencillas, dobles o triples de polinucle6tidos sea
identificable con esta técnica,®® siendo capaz de distinguir incluso entre hélices
levdgiras y dextrdgiras. Tanto el pH como la concentracion salina de la muestra

también tienen una influencia significativa en los espectros.*®

Los ligandos utilizados en este trabajo son aquirales, pero unidos a los

polinucleotidos pueden darse dos situaciones, o las dos a la vez:

1) Modificacion de las bandas propias del polinucledtido.
2) Aparicion de nuevas bandas de dicroismo circular en la region donde el

ligando absorbe (dicroismo circular inducido).

Ambos procesos implican cambios conformacionales en la estructura del
polinucle6tido. La intensidad y signo de las nuevas bandas estan relacionadas con

el tipo de enlace polinucleétido/ligando.*%°

11.12.4. Desnaturalizacion térmica o melting

La desnaturalizacion térmica es el proceso mediante el cual, por accion de

la temperatura una hélice de polinucledtido se separa en hebras sencillas. Las
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ecuaciones [2.42] y [2.43] representan los procesos de desnaturalizacion de dobles
y triples hélices respectivamente. Este proceso es debido a la ruptura de las
interacciones de stacking entre las bases de una misma cadena, y de las asociaciones

por puente de hidrogeno entre bases complementarias.

K Kes2
AB == A, +B == 2A+B [2.43]

La temperatura a la que ocurre la desnaturalizacion se conoce como
temperatura de desnaturalizacion o melting, Tm, definida como la temperatura a la
cual la mitad del polinucledtido se ha desnaturalizado. Se han empleado dos
técnicas para el célculo de Tm asi como los pardmetros termodindmicos entalpia,
entropia y energia libre: calorimetria diferencial de barrido y espectroscopia UV-
Vis.

Calorimetria diferencial de barrido (DSC)

En un experimento de DSC se registra la variacion de capacidad calorifica
en funcion del tiempo. Solo existe flujo de calor cuando hay una diferencia de
capacidad calorifica entre la disolucion y el disolvente. EI DSC se ha utilizado para
estudios de estabilidad de polinucledtidos frente a un ligando, determinando la
capacidad calorifica Cp y en consecuencia los cambios en la entalpia H, entropia y
energia libre de Gibbs. ! El flujo de calor entre muestra y referencia directamente
relacionada con la diferencia de la capacidad calorifica entre ellas'®> mediante la

ecuacion [2.44]:

o A 107 [2.44]
P At vbar[P]V .

Donde AQ/At es el flujo de calor, vhar €S la velocidad de barrido, [P] la
concentracion de polinucleétido y V el volumen de la disolucion. A partir de la
capacidad calorifica se puede calcular la variacion de entalpia y entropia del proceso

de desnaturalizacion mediante las ecuaciones [2.45] y [2.46] respectivamente.
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T;

AH = f C,dT [2.45]
T
Ty C

AS = f 2dr [2.46]

Desnaturalizacién térmica por absorcion UV-Vis

Mediante el seguimiento de la absorbancia en funcién de la temperatura es
posible estudiar estos procesos de desnaturalizacion. La absorbancia aumenta
durante el proceso de desnaturalizacion y la representacion de la absorbancia frente
a la temperatura, de un polinucleétido o de un sistema ligando/polinucleotido
conduce a una curva sigmoidea creciente, de cuyo punto de inflexion se obtiene el

valor de Tn.

11.12.5. Estudios cinéticos

Los procedimiento y técnicas utilizados son diferentes segun la reaccion
sea lenta o réapida.

Reacciones lentas. Se han estudiado registrando la absorbancia en funcion
del tiempo ajustando los datos a ecuaciones monoexponenciales, [2.47], o
biexponenciales, [2.48], dependiendo si la reaccidn transcurre en una o dos etapas.
A representa la variable dependiente, Ao es el valor del término independiente. As
y A2 son las amplitudes de la curva para el primer y segundo proceso observados
respectivamente, ki1 y ko son las constantes cinéticas de los procesos 1y 2.

A = AO + Ale_klt [247]

A = AO + Ale_klt + Aze_kzt [248]

Reacciones rapidas. Se han estudiado a través de relajacion por salto de
temperatura (T-Jump), valido para reacciones que ocurren entre microsegundos y
0.1 segundos. Se modifica el equilibrio del sistema tras un cambio repentino de
temperatura tras el cual la reaccion sufre un proceso de reajuste a unas nuevas

condiciones de equilibrio Figura I1.5. Por lo tanto, solo es aplicable a sistemas en
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equilibrio, es decir, con una constante de formacion, ks, y otra, kq, de disociacion*®
(ecuacion [2.49]).

Exponential
relaxation

Concentration, [A]

Time, t

Figura I1.5. Proceso de relajacion de un sistema tras pasar de una temperatura T1 a unaTa.

Esta técnica fue desarrollada por Manfred Eigen en la década de 1960, en
ella el aumento de temperatura de una disolucion que contiene el sistema objeto de
estudio, se origina gracias a la descarga rapida de un condensador. A lo largo del
trabajo los mecanismos encontrados son los representados en las ecuaciones [2.49]
y [2.51].

D+S <~— DS [2.49]

El cociente entre ks y kq es la constante aparente de equilibrio Ky v el
comportamiento cinético puede expresarse como:

% = kg + ks ([D] + [P]) [2.50]

La representacion de 1/t frente a [D] + [P] conduce a una recta de cuya
ordenada se obtiene la constante de disociacion, kq, y de la ordenada, la constante
de formacion, k.

En el caso de un mecanismo en dos etapas, en las que se forman los

complejos DS, y DSy, siendo el primero intermediario del segundo de acuerdo a la
reaccion:

£ £ 251
D+S == DS; = DS [2.51]
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El comportamiento cinético se expresa como:

1 KikoF(C)
TTIYKFQ) T k-2 [2:52]

Siendo Kj = ki/k1y Ko = ko/k-2, con una constante global K = Ky(1 + K2) y F(C) es

una funcion dependiente de la concentracion de reactivos y productos.®
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[11. Métodos computacionales

En la realizacion de esta tesis, se ha empleado la quimica computacional
como soporte a los datos experimentales. Esta disciplina permite la prediccion de
propiedades (energia, reactividad, propiedades fisicas, espectroscopicas, etc) de los
sistemas quimicos. Se han empleado métodos semiempiricos para la obtencion de
resultados preliminares a partir de los cuales aumentar el nivel de teoria con
métodos ab initio y esencialmente, con métodos DFT (incluyendo la aproximacion
ONIOM). Ademas, se ha empleado la mecanica molecular en aquellas partes de los
sistemas donde para reducir el coste computacional de célculo se ha bajado el nivel

de teoria.

El objetivo del estudio computacional se basa en la busqueda de un minimo
de la superficie de energia potencial (PES), que es una representacion de la energia

del sistema en funcién de una, o como en el caso de la Figura Il1.1, tres coordenadas.

Second Order Saddle Point

Transition
Structure B

Transition Structure A

Minimum for
Product A

Second Order
Saddle Point
Valley-Ridge

Inflection Point

Figura 111.1 Ejemplo de superficie de energia potencial.

Para un sistema dado, cada punto de la superficie de energia potencial se
corresponde con una configuracion distinta del mismo. Las simulaciones tedricas
buscan encontrar minimos de energia (puntos tal que al desplazarnos en cualquier
direccién a partir de ese punto la energia aumenta), para obtener las conformaciones
mas estables. Existen también puntos en los que la energia es minima en todas las
direcciones salvo en una, conocidos como puntos silla, por traduccion directa del
inglés (saddle points'®). La localizacion de estos puntos se realiza a través de la
optimizacion de la geometria del sistema, recorriendo la PES y buscando el minimo
de energia. En un minimo de energia la derivada se anula (el gradiente es 0). A

partir de las segundas derivadas se calculan las frecuencias y se puede determinar
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si estamos ante un minimo de energia (todas las frecuencias son positivas), 0 una

silla si al menos una de las frecuencias es negativa.

La ejecucion de una simulacion teorica se hace en funcién de un modelo
quimico, que se define como un modelo de calculo que puede ser aplicado
uniformemente con independencia del tipo y tamafio de sistemal® y que se

compone de un modelo tedrico y de un juego de bases.

I11.1. Modelos Tedricos

En la realizacion de este trabajo, se han empleado cuatro tipos de modelos:

Mecanica molecular, Semi-empirico, DFT y QM/MM.

111.1.1. Mecéanica Molecular

Con el objetivo de disminuir el tiempo de célculo, la mecanica molecular ha
sido empleada para el célculo conjunto con métodos DFT en los sistemas
ligando/polinucledtido aplicAndolo sobre los atomos lejanos a donde se produce
dicha interaccion. Este método se basa en el uso de las leyes fisicas clésicas,
considerando a las moléculas como atomos unidos entre si, parametrizando los
fendmenos cuanticos. El coste computacional de la mecéanica molecular es muy
bajo y puede emplearse en sistemas en los que haya miles de &tomos, sin embargo,
es un método muy especifico que solo presentan buenos resultados para los sistemas
para los que haya sido parametrizado previamente. Ademas, puesto que se obvian
los efectos electronicos, la mecanica molecular no es fiable en procesos de

formacion o ruptura de enlace.

En mecénica molecular la energia total (Etwta) del sistema se expresa de

acuerdo a un sumatorio de energias definido mediante la ecuacion [3.1]:

Etotal = Estr + Ebend + Etors + Evdw + Eel + Ecross [31]

Donde Es es la energia debida a los enlaces entre un &tomo A 'y otro 4tomo
B, Ebend €S la energia debida a la deformacion del angulo de enlace formado por tres
atomos unidos A-B-C, Etors €s la energia debida a la deformacion del &ngulo diedro
cuando se tiene una estructura tipo A-B-C-D, o en el caso de atomos sustituidos es

la energia debida a la hibridacion que hace que el atomo salga del plano en el que

62



Capitulo Il

estaba contenido, Evaw €S la energia debida a las interacciones de van de Waals, Ee
es la energia provocada por las interacciones electrostaticas entre dos &tomos y Ecross

es la energia que surge debida al acoplamiento de todas las energias anteriores.

Las ecuaciones que definen cada una de las energias que componen el
potencial total generalmente estdn parametrizadas en funcién de un sistema
concreto. En nuestro caso, la parametrizacion se ha realizado aplicando un potencial
desarrollado por Cornell y colaboradores,'® especifico para &cidos nucleicos y
conocido como AMBERY4.

AMBER94

Este potencial es minimalista y se basa en la mecanica clésica; se define con
el potencial de enlace, angular y dihédrico y una combinacién de las interacciones

de Van de Waals y electrostéaticas, ecuacion [3.2]:

Etotal = Z Kr(r - req)z + Z Kg(@ - eeq)z

enlaces angulos
+ Z —[1+ cos(ng — y)] [3.2]
dlhedros
CIlq j
* Z IRlZ eR l
i<j

El primer término es la energia de la interaccion debida a la vibracion de los
atomos unidos covalentemente. K; es la constante para la energia de enlace, r es la

distancia de enlace entre dos &tomos, req s la distancia de equilibrio.

El segundo término es la energia debida la flexion de los angulos formados
por tres 4&tomos unidos covalentemente, Ko, 6 y ¢q Son la constante, angulo de

enlace y angulo de equilibrio respectivamente.

El tercer término es el correspondiente a la energia de los angulos dihedros,
donde Vn son coeficientes de Fourier debido a interacciones dipolo-dipolo,
interacciones de Van de Waals, impedimentos estéricos, conjugacion de enlaces,

etc., n es la fase, ¢ es el eje de rotacion y y es el angulo diedro.

El ultimo término aglutina las interacciones de Van der Waals (en un

potencial de Lennard-Jones) y las electrostaticas. Dados los atomos i y j, Ajj y Bj
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controlan la posicién y profundidad del potencial, Rjj es la distancia entre los atomos
i yJ,qiyqjson las cargas de dichos &tomos y ¢ es la constante dieléctrica efectiva.

La parametrizacion de este potencial se realiza para cada uno de sus
términos en funcion del acido nucleico con el que se trabaje, asi se tiene en cuenta
el tipo de atomo presente en el sistema; la determinacion del tipo de &tomo depende
de la hibridacion del mismo, asi como del tipo de atomos a los que esté unido. Para
los distintos potenciales que componen la energia total, AMBER contiene
parametrizaciones realizadas a partir de Rayos X o analisis vibracionales con
posterior optimizacion mediante calculos DFT. La Figura 111.2 muestra el tipo de
atomo y las cargas que este potencial atribuye al esqueleto y las bases nitrogenadas
del ADN.
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Figura I11.2. Asignacion en AMBER del tipo de atomo y su carga para el ADN.

I11.1.2. Métodos semiempiricos

Como en la mecanica clasica, los métodos semiempiricos estan
parametrizados en funcion de valores experimentales para un atomo dado, e
incluyen las leyes de la mecénica cuantica para dar una solucion aproximada de la

ecuacion de Schrodinger.

Se aplican para sistemas grandes o como primera aproximacién para
calculos méas avanzados. En general, los métodos semiempiricos estan enfocados a
moléculas organicas simples. Los métodos semiempiricos suponen una
simplificacion de los métodos Hartree-Fock (consistentes en aproximaciones a la

ecuacion de Schrodinger). El coste computacional queda reducido debido a la
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disminucion del nimero de integrales y para ello tratan sélo los electrones de
valencia. Ademas, no tienen en cuenta el solapamiento de orbitales atdmicos y las
bases utilizadas para el calculo estan reducidas Unicamente a los electrones de

valencia de cada atomo.

PM6-DH2

Este método esté basado en el PM6 (Parametrization Method 6) original, e
incluye una correccion para las fuerzas de dispersion (D), asi como para los enlaces
de hidrogeno (H2). Se emplea para la obtencion de geometrias iniciales o para
calculos a través de geometrias que ya han sido optimizadas con un nivel de teoria

alto.

La parametrizacion PM6 esta basada en los métodos de parametrizacion
previos AM1%7 y PM3!% ¢ incluye cambios respecto al procedimiento para el
calculo de la entalpia de formacion, incluye 9.000 especies de referencia nuevas
frente a las 800 de PM3, realiza correcciones en el calculo de los niveles de energia
atébmicos, asi como en las interacciones nucleo-nucleo y en los orbitales d de los
elementos principales y correcciones especificas para los enlaces O-H, N-H, C-C y
Si-0.1%°

La correccion para la dispersion consiste en esencia en las fuerzas de
dispersion de London y se encuentra separada de los calculos de mecénica cuantica,
por lo que su implementacion en el método PM6 es sencilla, describiéndose con la

ecuacion [3.3].110

Z Egis = — Z f damp (’"iiRg‘) Cﬁii’”i_i6 [3.3]

Donde fgamp €s una funcion de “damping” para el control de las interacciones
de dispersion, rij es la distancia entre los a&tomos i y j, Rii° son los radios de van der
Waals para los atomos i y j, y Ceij €s un coeficiente de dispersion. En cuanto a la
correccion de los enlaces de hidrogeno, esta viene determinada en funcion de cuatro
coordenadas internas, de acuerdo a la Figura I11.3, la distancia de enlace que implica
al hidrogeno (r), el &ngulo entre A-H-D (0), el angulo entre R1-A-H (@) y el &ngulo
entre -R2-A-H (¥).1!
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Figura I11.3. Representacion de las coordenadas internas utilizadas para la correccion de la

energia debida a enlaces de Hidrogeno.

Asi, la correccion debida a los enlaces de Hidrdgeno, Ex-bond, toma la forma

de la ecuacion [3.4]:

El-bond = [a q?gH + cdr] cos(0) cos(P) cos(¥) [3.4]

Donde ga Yy gx son las cargas sobre el atomo A 'y el &tomo de Hidrdgeno

respectivamente y a, b, ¢ y d son parametros en funcién del sistema.

I11.1.3. Teoria del funcional de la densidad (DFT)

Los métodos DFT surgieron como alternativa a los métodos ab initio, que
estan estrictamente basados en las leyes de la mecéanica cuantica, prescindiendo de
cualquier parametro experimental y cuyas Unicas constantes empleadas son la
velocidad de la luz, la constante de Planck y las masas y cargas de electrones y

nucleos.

En la teoria del funcional de la densidad se incorpora el comportamiento de
los electrones cuando otros electrones estan en movimiento (correlacion
electronica) y se forman pares de electrones con espines opuestos. Asi, solo con un
ligero aumento del coste computacional se logra una precision en el calculo mucho

mayor que la de los métodos Hartree-Fock (el mas basico de los métodos ab initio).

En DFT, la energia del sistema se computa particionandola en las distintas
energias que la componen: energia cinética Er, energia debida a la atraccion
electrén-nucleo y la repulsion nacleo-nacleo Ev, repulsion electron-electron E; y el
término que da cuenta de los fendmenos de intercambio y correlacién electronica

Exc:

66



Capitulo Il

Este método incluye las interacciones electron-electron no consideradas por
los restantes términos. En 1964 Hohenberg y Kohn!'2 demostraron con sus
teoremas que todas estas energias son directamente proporcionales a la densidad
electronica p, en lugar de a una funcion electrénica como en la teoria propuesta por
Hartree-Fock, dando lugar al nombre de DFT por lo que la ecuacion [3.5] puede ser

reescrita como un funcional (una funcion de una funcion) de la densidad:

E[p] = Et[p] + Ev[p] + E;[p] + Exc[p] [3.6]

En 1965, Kohn y Sham'*3 consiguieron simplificar el calculo de dicha
energia asumiendo que los electrones del sistema no interaccionaban entre ellos.
Esta simplificacién hace que la energia cinética calculada no sea la exacta, sin
embargo, el error cometido es pequefio. Asi, formularon que el funcional de la
densidad puede ser escrito como la suma de las energias cinéticas mas la interaccion

electron-electron.

F[p] = Ex[p] + Evee[p] [3.7]

Cuando se considera un entorno con electrones no interaccionantes, la
energia cinética se define como Ers. Si ademas se reducen las interacciones
electronicas a la interaccion Coulémbica, la energia restante debida a la interaccion
de los atomos pasa a formar parte del potencial de intercambio y correlacién de

acuerdo a la ecuacion [3.8].

Flp] = Erslpl + E;[p] + Exclp] [3.8]

Combinando las ecuaciones [3.7] y [3.8] se obtiene:

Exclp] = (Erlp] — ErslpD) + (EVee[P] - E][P]) [3.9]

El primer término de la ecuacion anterior puede considerarse como la

energia de correlacion cinética Ec, y el segundo, contiene la energia de intercambio
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Ex, que es la que mas contribuye a Exc. Agrupando los términos de la ecuacion

[3.9] la energia de intercambio y correlacion se resume como:

Exclp] = E¢ + Ex [3.10]

El potencial de correlacion e intercambio es la Gnica contribucion a la
energia que no se calcula exactamente, este potencial es universal, Gnico y valido
para todos los sistemas. La formulacidn exacta del mismo conduciria al calculo de
su energia exacta, pero no ha sido realizada. En su lugar, se formulan funcionales

aproximados para la energia de intercambio y correlacion.

Aproximacion de la densidad local (LDA)

En este modelo se asume que la densidad local puede ser tratada como un
gas uniforme, donde la energia en un determinado punto solo depende de p. La
energia de intercambio puede ser calculada con la ecuacion de Dirac, que define la
energia a través de la ecuacién [3.11] y cuya integracion calcula la densidad de
energia (cantidad de energia por particula, €) como se muestra en la ecuacion [3.12],

estando el pardmetro Cx definido en la ecuacion [3.13].

BPp] = =G [ 02 ()ar [3.11]
ex”4[p] = —Cxp/? [3.12]

con:
Co="2 (;) [3.13]

En la mayoria de los casos la densidad electrénica es diferente para los
electrones con el mismo espin que para los de espin opuesto. Esta diferenciacion da
lugar a una aproximacion mas precisa conocida como Local Spin Density
Approximation o LSDA. En ella, la energia viene dada por la suma de los dos tipos

de densidades elevadas a una potencia de 4/3:

ELSPA[p] = _21/3CXf [p2/3 + p;/3] dr [3.14]
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efPAlp] = —21/3Cy [0 + oy [3.15]

Esta energia puede ser expresada en funcién de la polarizacion, ¢, definida

como la diferencia normalizada entre p, y pg:

_Pa"Pp 3.16
Pa + Pp 13.6]
e*P4lp] = =2'3Cxp (L + P + (1= O] [3.17]

Existe otro método propuesto por Slater en 1951 en el que se descarta la
energia de correlacion y solo se considera la de intercambio (método X).

3
Ex, = — EaCXp1/3 [3.18]

Para la estimacion de la energia de correlacion, uno de los métodos mas
utilizados y que ofrece un ajuste muy preciso a la realidad, es el propuesto por
Vosko, Wilk y Nusairt** (VWN), ecuacion [3.19], que describe la energia entre los
valores que puede tomar la polarizacion (0 y 1) y sustituye la densidad electronica
por el radio efectivo (rs), definido como el radio en el cual exactamente un electron
esta contenido en el volumen de una esfera definida por ese radio y que contiene la

misma densidad electrénica.

A T
N == {n———
¢ ) 2{ s+ byfrs + ¢
2b L (\/46 — b2>
+ ——tan" | ——
Vac — b? 2,/rs +b
2 [3.19]
_ bx In (/15 — x0)
xg+bx0+c Ts+b T5+C
2(b—2x0) <\/4c - b2>
+ ———tan —_—
Vac — b2 2rs+b
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1/3

rs(r) = ( 47; (r)) [3.20]

Donde A, b, ¢ y Xo son diferentes contantes empiricas. En general, con

LSDA se obtiene un defecto de energia de un 10%.

Aproximacion de correccion del gradiente (CGA)

Este método supone una mejora sobre el LSDA; se considera que la
densidad electrénica no es uniforme por lo que la energia no depende solo de la
densidad electronica, sino también del gradiente. En general, estos funcionales se
construyen afiadiendo un término adicional al funcional LDA o LSDA, ya sea para

la correlacion o el intercambio, con la forma general:

[3.21]

LSDA/LD V
£CAp(r)] = L2/ A[p(r)]+Aex/c[ o (r)]

p*3(r)

Uno de los funcionales mas empleados para la energia de intercambio y en
el que, se basa uno de los funcionales hibridos que se ha utilizado en esta tesis, es
el funcional descrito por Becke!™® (B) en 1988, ecuacion [3.22], que corrige el
potencial LDA implementando una correccién para el decaimiento asintético de la
densidad energética a medida que la distancia al electron aumenta.

x2

B _ (LDA _ p,1/3 3.22
fr T & hp 1+ 6fsinh~1x [3.22]

Siendo B un parametro de ajuste basado en datos atomicos y X definido

como:

[Vpl

Para la energia de correlacién uno de los funcionales mas utilizados es el

desarrollado por Lee, Yang y Parr (LYP)!® que esta formulado como:
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y
eéYP = _a—(l + dp—1/3)
Ve_Cp1/3 8/3 8/3
—ab [18(223)ce (0 + %) [3.24]

1
9 (1 + dp_§) p8/3
_ a 2 B 2
18pty, + po 2ty + Vep,) + pﬁ(ZtW +V pﬁ)]

Siendo a, b, c y d parametros resultantes del ajuste de datos para el atomo

de Helio, y v:
2 + 2
y =2 [1 e Zpﬁl [3.25]
p
tw se conoce como la energia cinética local de Weizsacker.'t
2
1 (7P|
/P = _ (L _pz, [3.26]
v 8< pa/ﬁ /P

Aproximacion de métodos hibridos (de conexion adiabatica)

Los métodos hibridos han sido los empleados en esta tesis doctoral y son
una combinacion entre el potencial exacto de la teoria de Hartree-Fock con los
potenciales de correlacion e intercambio. Suponen una combinacién entre el calculo
del potencial considerando la interaccion entre electrones, asi como la no
interaccion electrénica que se ha descrito anteriormente. Esta combinacién se hace

a través de la formula de correccion adiabatica (ACF).!8

Eyc = j WalVee D20 [3.27]
0

Donde Vxc es el potencial de correlacion e intercambio, A es un valor entre
0 y 1 ya es la funcion de onda en el estado A. Suponiendo una variacion lineal de
Vxc con A, la integral se expresa como el valor medio entre los dos limites para los

que la integral esta definida:

1 1
Exc = 5 WolVic(0)tho) + 5 (W1 |V (Dh1) [3.28]
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/2 €s el termino encargado de “activar o desactivar” la interaccion entre
electrones, cuando 4 = 0 los electrones son no interaccionantes y no hay, por tanto,
energia de correlacion, sélo de intercambio. En este estado la energia calculada
coincide exactamente con la de Hartree-Fock. Por el contrario, para 4 = 1, todos los
electrones son interaccionantes y el segundo término de la ecuacién permanece

desconocido. Es en este punto donde se definen los funcionales hibridos:

B3LYP (Becke, 3-parameter, Lee-Yang-Parr functional)

Este funcional es un hibrido entre la energia exacta de Hartree-Fock y
LSDA.'® Inicialmente, en el trabajo publicado por Becke,'?® se utiliz en su
formulacion el funcional para correlacion de Perdew y Wang (PW).124122 Este
modelo fue reemplazado por otro que incluye el funcional LYP, (ecuacion [3.24])
junto con el funcional VWN para la correlacion local, de tal forma que existe una
diferenciacion entre los coeficientes de correlacion locales y debidos al gradiente,
tomando el funcional la forma que refleja la ecuacion [3.29].

EEZMYP = (1 — ag)EEPA + agElfF + a,AEf + a ELYP
+ (1 —ao)ELWN

[3.29]
siendo ao, ax Y ac coeficientes obtenidos a través de calculos experimentales de
calores de formacion de moléculas pequefas. El término 3 del nombre B3LYP se

corresponde con los funcionales VWN, LSDA y la energia de Hartree-Fock (Ex").

El funcional B3LYP junto con el juego de bases 6-31G(d), que se describira
mas adelante, constituye uno de los modelos quimicos mas utilizados por la relacion
precisién/coste computacional que presenta, y sirve como punto de partida para
calculos computacionales mas avanzados. Aunque el funcional B3LYP ha tenido
buenos resultados en la optimizacién de estructuras moleculares, asi como en el
calculo de frecuencias de vibracion, su uso no es recomendable para la estimacion

de propiedades termoquimicas.'?3

MO06-2X

Este funcional, creado en 2006, es no local, contiene dos términos para el
proceso de intercambio y esta parametrizado para atomos no metélicos. Se define

de acuerdo a la ecuacion [3.30]:
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EM06 2X _ 1)(§OE (1 _ %) EM06 2X + EM06 2X [330]

Donde X es el porcentaje de intercambio de Hartree-Fock, y ExM0-2Xy
EcM6-2X son las energias de intercambio y correlacion del funcional M06-2X
respectivamente y se encuentran definidos en la publicacion original del

funcional.1®

MO06-2X es aplicable para el tratamiento termoquimico y cinético de los
atomos de los grupos principales de la tabla periddica, asi como para el tratamiento

de interacciones no covalentes como son las interacciones por puente de Hidrogeno.

wBI7X-D

Este funcional pertenece a los llamados funcionales DFT-D, que incorporan
correcciones empiricas para la dispersion. Fue publicado en 2008 por Chai y Head-

Gordon'® y tiene la forma:

E@97X-D — O9TX 4 . [3.31]

E“9X es un funcional definido por los mismo autores*?® como:

E@97X = FLR-HF | o pSR-HF | pSR-B97 | pBY7 [3.32]

Donde LR y SR se refieren a funcionales de intercambio con correcciones
de las interacciones de largo alcance y corto alcance respectivamente, cx es un
coeficiente y B97 hace referencia al funcional desarrollado por Becke?” en 1997 y
que para el proceso de intercambio ha sido alterado con modificaciones para las

interacciones de corto alcance (SR-B97).

Eudisp €S la energia de dispersion, que se incluye como un término de

correccion empirico en la ecuacion [3.31] definida por la ecuacion [3.33].

Nat—-1 Nat U
Edisp Z Z R6 fdamp (Rl]) [333]
i=1 j=i+1
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siendo Na el nimero de atomos del sistema, Ce’ es el coeficiente de
dispersion por cada par atémico ij, y Rjj la distancia interatobmica. La funcion de

damping viene definida por la ecuacion [3.34].

1
1+a(Ry/R,) "

fe damp = [3.34]

Rr es la suma de los radios de VVan der Waals para cada par atdbmico ij y a es

un pardmetro no lineal que controla la magnitud de las correcciones de la dispersion.

Este funcional incorpora correcciones para las interacciones de largo
alcance, lo que hace que sea aplicable al estudio de proteinas y polinucle6tidos. Su
precision es la mas alta de todos los modelos tedricos descritos anteriormente,

habiéndose obtenido resultados mejores que con B3LYP o los de tipo M06.%

111.1.4. QM/MM (ONIOM)

En sistemas complejos y con un gran nimero de atomos, como son las
proteinas y los &cidos nucleicos, el uso de la mecanica cuantica, aungue sea a un
nivel bajo de teoria, supone un coste computacional elevado, especialmente cuando
solo interesa el estudio en una zona muy concreta del sistema. Como alternativa se
utilizan célculos hibridos que combinan la exactitud de la mecénica cuéntica (QM)
con la rapidez de la mecanica molecular (MM).*?° En este trabajo, el sistema elegido
para aplicar la combinacion QM/MM ha sido ONIOM®%132 (Our n-layered
integrated molecular orbital and molecular mechanics), que estad basado en un
sistema de capas en el que cada una representa un nivel de teoria. Aunque pueden
utilizarse varias capas, en los calculos realizados en esta tesis se han empleado dos:
la alta, que es la mas pequefia y en la que se incluyen las partes del sistema de mayor
interés, tratadas con mecéanica cuantica. La baja, aquella estudiada con mecéanica
molecular y que supone el entorno en el que se encuentra la capa alta. En la frontera
entre atomos unidos entre si, pero pertenecientes a distintas capas el calculo se

realiza sustituyendo, en cada caso, uno de los &tomos por Hidrdgeno.

111.2. Bases de calculo

Las bases de calculo son conjuntos de funciones matematicas que

representan los orbitales moleculares mediante combinacién lineal de estas. Se
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basan en sustituir la funcion de onda desconocida de la que se obtendria la solucién
exacta de la ecuacion de Schrodinger, que resulta desconocida, por un grupo de
funciones conocidas, tal que, si su nimero se expandiera hasta el infinito, serian
también solucidn exacta, pero su coste computacional seria muy alto. Asi, se trabaja
con un numero finito de bases en el que las componentes de los orbitales
moleculares solo estan definidos a lo largo de las coordenadas que el juego de bases
defina. Cuanto menor es el juego de bases peor es la correspondencia con la energia
calculada y, cuanto més capaz sea cada base de reproducir la funcion desconocida,

menos bases seran necesarias para alcanzar el nivel de exactitud deseado.

Existen dos tipos de bases, las de orbitales tipo Slater (STO)** y las de tipo
Gaussiano (GT0)!3 que son las utilizadas en esta tesis y que en términos tanto de

coordenadas esféricas como radiales, se expresan con las formas:

Xemum (T, 6,0) = NY, 1, (8, @)r@n-2-De =47 [3.35]
X{,zx,zy,lz(% v,z) = le"y’lyzlze_{rz [3.36]

N es una constante de normalizacion, Y;m son funciones esféricas
harménicas, Ix, ly y I son valores tal que su suma determina el tipo de orbital (I,
+ly +1;=0es un orbital s, Iy, + ly + I;=1 esun orbital py Iy, + Iy + I;= 2 es un
orbital d), r es la distancia electrén-nucleo y  es una constante relacionada con la
carga efectiva del nucleo. Cada una de estas funciones, se denominan funciones
primitivas Gaussianas (PGTO) y el conjunto y tipo de ellas define el juego de bases.
El nimero mas pequefio de funciones posibles para definir un sistema se denomina
juego de bases minimo, y se emplean en la obtencion de resultados cualitativos de

moléculas grandes.

Unas mejoras en el uso de juegos de bases son las llamadas bases doble zeta
(DZ), consistentes en doblar el namero de funciones para cada orbital, siendo una
funcién mas compacta (la mas interna) y otra mas difusa (la mas externa), como se
muestra en la Figura I11.4. Asi, por ejemplo, para el orbital 1s se tendria también la
funcién para 1s”, de forma que se consigue una mejor descripcion de los orbitales
puesto que dependiendo del sistema estudiado, la distribucion de electrones es

diferente en cada direccion del eje de coordenadas. Existe una variacion de las bases
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DZ, denominada bases de valencia dividida (también Ilamadas bases doble zeta de
valencia, VDZ) en el que solo se doblan las funciones para los orbitales de valencia,
e incluso existen las bases triple Z y cuadruple Z que triplican y cuadruplican el

numero de PTGO respectivamente.

range overwhich size of
orbital can be varied

inner p function outer p function

Figura I11.4. Ejemplo de las funciones compacta y difusa en un juego de bases de valencia divida.

Dada la pobreza de los PGTO para describir los sistemas en las
inmediaciones del nacleo en comparacion del coste computacional que requieren,
pueden realizarse combinaciones lineales de funciones primitivas agrupandolas
bajo un mismo coeficiente de contraccion, lo cual resulta en la disminucion del
namero de funciones empleadas y del tiempo de célculo. Estas funciones son
conocidas como GTO contraidas (CGTO) y cada uno de ellas se genera a través de

la ecuacién [3.37]:

k
¥(CGTO) = Z a;x:(PTGO) [3.37]

l

donde i y k definen el grado de contraccidn, es decir el nimero de PTGO usadas
para la contraccion y ai es el coeficiente de contraccion que indica qué porcentaje

de cada funcion primitiva participa del CTGO final.

La variedad de juegos de bases, asi como su clasificacion es muy amplia y
su utilizacién depende del sistema que se esté estudiando. A continuacion, se

detallan los juegos de bases utilizados en esta tesis.
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111.2.1. 6-31G

Fue creada por Pople y colaboradores!® en 1972 y forma parte de uno de
los llamados juegos de bases de Pople. Es un juego de bases tipo Gaussiano de
formula general k-nImG. Son un tipo de juegos de bases de valencia dividida, donde
k representa el namero de PTGO empleadas para describir los orbitales del ndcleo
y nlm indica el namero de funciones en las que se han dividido los orbitales de
valencia y cuantas PTGO se usan para su representacion. Asi en 6-31G los orbitales
del nacleo son una contraccion de seis PTGO, la parte interna de los orbitales de
valencia es una contraccién de tres PTGO vy la parte externa esta representada por
un PTGO.

111.2.2. 6-31G(d)

Este juego de bases es igual a la anterior, con la inclusién de 6 funciones
Gaussianas para representar la polarizacion, que en la nomenclatura de los juegos
de bases se denota indistintamente por d o *. En los juegos de bases de valencia
dividida las funciones compactas y densas permiten un cambio del tamafio del
orbital pero no de su forma. Esto se corrige con la inclusién de funciones de
polarizacion (Figura 111.5) que afiaden orbitales con momentos angulares mas alla
del que los atomos necesitan para ser definidos en el estado fundamental. En

concreto 6-31G(d) incluye funciones d para los atomos pesados.'%

8-
Qo=

Figura I11.5. La adicion de funciones d a orbitales p (arriba) y de funciones p a orbitales s

(abajo) modifica la forma de estos.

111.2.3. LANL2DZ

Este juego fue desarrollado por Way y Had'*"~*3° en 1985 y pertenecen al

tipo de juegos de bases de potencial efectivo en el nicleo (ECP).1%4! |a creacion
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de este potencial efectivo, o pseudopotencial, se emplea cuando se trabaja con
atomos pesados, ya que el gran nimero de electrones que poseen hace que el
namero de funciones necesarias para describirlos sea muy elevado y por
consiguiente, su coste computacional sea inviable. En general, para un atomo, son
los electrones de valencia los que més interesan para describir el sistema, sin
embargo, no pueden obviarse el resto de electrones de las capas internas, de otra
forma, la descripcion de los orbitales de la capa de valencia no seria correcta. Asi,

los electrones de las capas internas son tratados con una unica funcion, con la forma:

—a;r?
Ugcp(r) = Z ar™e [3.38]

i

donde ai, ni y ai dependen de los orbitales a los que hagan referencia y son

determinados por ajuste de minimos cuadrados.

I111.3. Tratamiento del disolvente

Todos los célculos tedricos de esta tesis doctoral han sido realizados
simulando agua como disolvente. Dado que la consideracion de todas las moléculas
de agua del disolvente es computacionalmente impracticable, en esta tesis se ha
seguido el denominado modelo continuo polarizable (PCM) creado por Tomasi y
colaboradores.* En este modelo se considera al disolvente como un medio
homogéneamente polarizable en el que el soluto ocupa una cavidad del mismo y
estad formado por atomos que son representados por esferas de van de Waals con
cargas puntuales que generan dipolos eléctricos, que a su vez genera un dipolo en
el disolvente, resultando un campo eléctrico que vuelve a interaccionar con el
soluto. La generacion de estos dipolos crea un espacio que el disolvente no es capaz
de atravesar (SES) y un espacio que si es accesible al disolvente (SAS). La Figura

I11.6 muestra un esquema del modelo PCM.
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Figura I11.6. Representacion del modelo PCM de Tomasi y colaboradores.

111.4. Instrumentacion

Los célculos computacionales realizados en esta tesis han sido realizados

tanto en la Universidad de Cardiff como en la Universidad de Burgos.

I11.4.1. Supercomputador de la Universidad de Cardiff (Raven)

El equipo de calculo esta basado en Linux y consta de 2048 nucleos de
procesadores Intel Sandy Bridge (2,6GHz/ 4GB por nucleo/ 8 nucleos por
procesador) actuando como principal particion paralela MPI. Adicionalmente tiene
864 nucleos de procesadores Intel Westmere (2,8 GHz/ 3GB por ndcleo/ 6 nlcleos
por procesador) colocados en serie y actuando como sistema de procesamiento
secundario. Estd configurado con 8+TB de memoria total con 50TB de
almacenamiento paralelo con el sistema de archivos Lustre, asi como 100TB de
almacenamiento NFS para almacenamientos méas prolongados en el tiempo. Los
nodos estan interconectados con la tecnologia InfiniBand QDR (40Gbps/ 1,2us de

latencia).

111.4.2. Supercomputador de la Universidad de Burgos

El centro de supercomputacion consta de un Cluster Xeon de 32 bits,
formado por 32 nodos con 4 nucleos cada uno de ellos. El sistema operativo
utilizado es RocksCluster 5.3 basado en CentOS 5.6. Ademas, esta conformado por
por varios equipos que suman un total de 16 procesadores Itanium 2, 64 Intel Xeon

a 1.3GHz cada uno y10TB de capacidad de almacenamiento total.
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V. Interaccion de Tionina con ARN de Triple,
Doble y hélice sencilla. J. Phys. Chem. B 117,
38-48 (2013)

En este capitulo se describe el modo de interaccién del ligando Tionina con
ARN en triple hélice, poly(rA)-2poly(rU), en doble hélice, poly(rA)-poly(rU), y en

hélice sencilla, poly(ru).

El ligando Tionina es un derivado de la acridina. Este grupo de compuestos
organicos actiian como agentes intercalantes® o como Groove binders'*® frente al
ADN pero su comportamiento frente a ARN es poco conocido. Tionina presenta
una estructura completamente plana, con dos grupos amino entre los carbonos C3
y C7 y es monocationico en condiciones fisioldgicas, caracteristicas ambas que le
confieren el caracter de agente modelo para el estudio de su interaccién con
polinucleédtidos. La importancia del estudio de la interaccion de ligandos con ARN
radica en el papel que juega en diversos procesos bioldgicos como la transcripcion,
la traduccion (sintesis de proteinas) y como catalizador de reacciones celulares.#
El estudio “in vitro” de la interaccion de ligandos y moléculas analogas al ARN
como son el poly(rA)-poly(rU), poly(rA)-2poly(rU) y poly(rU) permite predecir su
potencial uso como agente antitumoral. Puesto que Tionina intercala en ADN,* el
estudio con ARN nos ha permitido comparar su comportamiento y afinidad por

estos dos tipos de sistemas biologicos.

El estudio se ha realizado desde puntos de vista cinético y termodinamico.
En cuanto al estudio termodinamico se han utilizado técnicas de espectroscopia de
absorbancia, fluorescencia, dicroismo circular, calorimetria diferencial de barrido
(DSC) y viscosimetria. La reactividad y el mecanismo de reaccion se estudio con
la técnica de relajacion por salto de temperatura (T-Jump).

Los resultados de este capitulo muestran que el tipo de interaccion de
Tionina depende del tipo de ARN vy de la fuerza ionica. A 1 = 0.1M, se intercala
parcialmente entre secuencias Adenina-Uracilo de la doble hélice mientras que en
la triple hélice se une al surco menor al estar el surco mayor ocupado por la segunda

hebra de poly(rU). La afinidad de Tionina es mayor por la doble que por la triple
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hélice. La Figura IV.1 muestra el complejo de union al surco
Tionina/poly(rA)-2poly(rU). La mayor afinidad de Tionina por poly(rA)-poly(rU)
provoca que la hebra de poly(rU) unida en poly(rA)-2poly(rU) por enlaces
Hoogsteen se separe generando el complejo externo Tionina/poly(rU) mas el
intercalado Tionina/ poly(rA)-poly(rU). Este proceso es poco frecuente ya que
coincide con la desnaturalizacion de la triple hélice a 25 °C, mientras que en general,
la desnaturalizacion es un proceso asociado al aumento de temperatura. Es decir, la
desnaturalizacion del complejo Tionina/poly(rA)-2poly(rU) difiere de los procesos
de desnaturalizacion clésicos que ocurren al calentar la muestra a temperatura
superior a la de desnaturalizacion térmica o melting Tm. Esta depende fuertemente
del sistema y de la fuerza idnica, pero en sistemas conteniendo ADN o ARN es muy

superior a 25 °C.

thionine - triplex + thionine ———= thionine-duplex + thionine-ss
(Groove binding) (Intercalation)

Figura IV.1. Mecanismo  de  desnaturalizaciéon  isotérmica  del  complejo
Tionina/poly(rA)-2poly(rU).
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ABSTRACT: The interaction of thionine with triple, double,
and single RNA helices has been fully characterized by
thermodynamic and kinetic methods. The nature of the
interaction of thionine with the synthetic polynucleotides
poly(xU), poly(rA)-poly(rU), and poly(xA)-2poly(rU) has
been studied at pH = 7.0 and 25 °C by UV absorbance,
fluorescence, circular dichroism spectroscopy, viscometry,
differential scanning calorimetry, and T-jump kinetic measure-
ments. The results show that at I = 0.1 M thionine binds to a
single poly(rU) strand, destabilizes the poly(rA)-2poly(rU)
triplex by external binding, and intercalates into poly(rA)-poly-

thionine -
(Groove binding)

triplex + thionine thionine-duplex + thionine-ss

(Intercalation)

(rU) with similar affinity to the thionine/DNA intercalated complex (Paul, P.; Kumar, G. S. J. Fluoresc. 2012, 22, 71—80). On the
other hand, the differential scanning calorimetry measurements performed with thionine display a point in which the heat
capacity remains unaltered, revealing the equilibrium of isothermal denaturation: thionine/poly(rA)-2poly(rU) + thionine =
thionine/poly(rA)-poly(rU) + thionine/poly(rU), an outcome supported by the other techniques used. The denaturation
equilibrium constant, K, (25 °C) = 522 M, was evaluated from the affinity with the single, duplex, and triplex RNA.

1. INTRODUCTION

The biological activity of acridine derivatives as mutagens,
antimicrobial, antimalarial, or bactericide agents is related to
their nucleic acids binding properties.” Thionine (3,7-diamino-
S-phenothiazinium), Figure 1, a fully planar tricyclic heter-

N
X

F

HoN ] NH,

Figure 1. Thionine (3,7-diamino-5-phenothiazinium).

oatomic derivative with two amine groups at the C3 and C7
sites,” is monocationic under physiological conditions, and it
has been studied because of its intercalative binding with DNA.

Thionine has been used to induce photodynamic inactivation
of bladder cancer cells, Escherichia coli, and Saccharomyces
cerevisiae.* Previous studies have revealed mutagenic activity in
eukaryotic cells,’ demonstrating also potential cytotoxic and
genotoxic activity in prokaryotic cells and photoinduced
mutagenic action upon binding to DNA.° The biological
activity of thionine has also been employed in graphene-based
inmunosensors.” Thionine interacts with double-stranded DNA
and, to less extent, with single-stranded DNA via intercala-
tion,"”® showing a pronounced preference for the alternating
GC sequences followed by the polyG-polyC sequences.
Recently, theoretical analyses of the binding of thionine with
Clostridium perfringenes (CP) DNA duplex have been reported

i i © 2012 American Chemical Society
< ACS Publications
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to explain the melting behavior and heat capacity of this system.
Growing interest has emerged in polynucleotide structures
different from typical double helices, which may play important
roles in biology; in this regard, thionine has been shown to bind
quadruplex structures via external stacking.'® These and other
interesting properties of thionine are explained by the
molecular features of its interaction with nucleic acids. The
elucidation of the molecular aspects of the interaction of
aromatic molecules with DNA and RNA has been the subject of
investigation since the discovery of these structures. Despite all
these studies, little is known about the thionine binding to
RNA.

RNA is involved in a number of processes in the regulation
of gene expression and can adopt numerous structures and
conformations, displaying several cell functions and conse-
quently providing specific binding sites for small molecules.'™"
These conformations offer attractive potential targets for drugs
able to bind specifically to such structures and can inhibit the
viral transcription."?

To gain a better knowledge of RNA-based small-molecule
therapeutics, a detailed study of the drug interaction to various
RNA conformations, single-, double-, and triple-stranded, is
undertaken here. The homopolymer poly(rA)-poly(rU) con-
sists of two poly(rA) and poly(rU) attached chains to give a
secondary structure with an endo fold at C3 of furanose rings."*

Received:  August 7, 2012
Revised:  November 28, 2012
Published: December 3, 2012
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Its interaction with different ligands has relevance in the
research of both the alteration of protein synthesis'® and the
potential use as biological agent in the anticancer and antiviral
therapy.

Triple helices have received a deal of attention as potential
tools to control the gene expression'®'” and represent
attractive targets for antisense'® and antigene-based” ther-
apeutic strategies. Stabilization of triple-helical structures can be
attained by intercalators,'>***" especially covalently linked to
the third strand,**** whereas intercalators not covalently linked
can either stabilize®® or destabilize®® triple-helix structures. The
poly(rA)-2poly(rU) RNA triplex helix is essentially a poly-
(rA)-poly(rU) double helix with a poly(rU) chain inserted into
the m?or groove and was first reported by Felsenfeld et al. in
1957.° The adenine groups of the third strand bind uracil
groups in the same way as in viral genomes and mRNA."* It has
been reported that poly(rA)-2poly(rU) becomes destabilized
upon addition of ethidium bromide (EB) to such an extent that,
at high dye-to-polymer ratio, the triple-strand structure can be
destroyed” A minor destabilizing effect was observed with
proflavine, in which the binding is intercalative at low dye-to-
polymer ratio, whereas the external binding dominates at high
ratio.”® We have reported earlier new aspects on the interaction
of the antibiotic coralyne, which induces the formation of triple
helix in poly(rA)-poly(rU).> Comparison of the binding of the
same drugs with duplex and triplex reveals that insertion of the
third strand into the major groove plays a key role in the kinetic
and thermodynamic behavior. In general, the activity of the dye
is the result of a set of variables such as dye geometry or
protons adjacent to polynucleotide chains and functional
groups.”® The behavior of thionine with different synthetic
RNA conformations (poly(rU), poly(rA)-poly(rU), and poly-
(rA)-2poly(rU)) is studied here to determine whether thionine
selectively recognizes the RNA conformation and to learn the
interactional affinity and the underlying mechanism of binding.
Attention is focused on the characterization of the binding
processes and conformational changes induced by thionine
using a combination of static and dynamic methods.

2. MATERIALS AND METHODS

Thionine acetate, poly(rA)-poly(rU), and poly(rU) were
purchased from Sigma-Aldrich. Doubly distilled water from a
Millipore Q apparatus (APS, Los Angeles, California) was used.
Stock solutions were prepared in [NaCl] = 0.01 or 0.1 M, using
2.5 X 107 M sodium cacodylate [(CH;),AsO,Na] as a buffer
to maintain the pH at 7.0. The polynucleotide concentration
was evaluated spectrophotometrically at 4 = 260 nm using & =
14900 M~ em™ for poly(rA)-poly(xU) and ¢ = 8900 M™
em™ for poly(rU).*" Poly(rA)2poly(rU) was prepared by
mixing equimolar amounts of poly(rA)-poly(rU) and poly(rU)
and incubating the mixture at 25 °C for 24 h, a time range in
which the triple helix is formed. The polynucleotide
concentration, Cp is expressed in molarity of base pairs for
poly(rA)-poly(rU) and base triplets for poly(rA)-2poly(rU).
The thionine concentration is denoted as Cp. pH measure-
ments were carried out with a Metrohm 16 DMS Titrino pH
meter, fitted with a combined glass electrode with a 3 M KCI
solution as a liquid junction.

Spectrophotometric measurements were performed with a
Hewlett-Packard 8453A (Agilent Technologies, Palo Alto, CA)
photodiode array spectrophotometer with a Peltier temperature
control system. Titrations were carried out by adding increasing
amounts of polynucleotide solutions to the thionine solution in
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the cell. The sample was not illuminated during the
equilibration period. Titrations were performed at 25 °C and
analyzed at 1 = 600 nm. The data were corrected for dilution
(C°n/Cp). Thermal denaturation studies were carried out by
heating the dye/polynucleotide solution from 20 to 90 °C at
0.2 °C/min scan rate. The system was allowed to equilibrate for
at least 1 min before measurements.

Spectrofluorimetric measurements: fluorescence titrations
were performed on a Shimadzu Corporation RE-5301PC
spectrofluorometer (Duisburg, Germany) at 4., = 565 nm and
Aem = 620 nm. The titrations were carried out as described for
absorbance titrations. Fluorescence quenching measurements
were obtained using K,[Fe(CN)4] 1 X 1072 M as a quencher.
Measurements were performed by adding increasing amounts
of Ky[Fe(CN)g] solution directly to the cell containing the dye
and dye/polynucleotide system.

Differential scanning calorimetry (DSC): thermal denatura-
tion studies were performed with a nano DSC (TA
Instruments, Newcastle, U.S.A.). Cells were 300 yL platinum
capillary tubes. Measurements were performed by heating the
dye/polynucleotide system from 20 to 90 °C, at 1 °C/min scan
rate and 3 atm pressure.

Circular dichroism (CD) measurements were performed
with a MOS-450 biological spectrophotometer (Bio-Logic SAS,
Claix, France) fitted out with a 1.0 cm path length cell
Titrations were carried out at 25 °C by adding increasing
amounts of the dye to the polynucleotide solution. Spectro-
grams were obtained in the 200—800 nm range at 2 nm/s
speed. CD thermal stability measurements were carried out in
the 30—80 °C range; the system was allowed to stabilize for 5
min at the working temperature. Molar ellipticity (deg Mpgp*
em™) was calculated using (8] = 1006/Cpl, where Cj is the
polynucleotide concentration (Myp) and / is the cell light path
(cm).

Viscosity measurements were performed using a Micro-
Ubbelohde viscometer whose temperature was controlled by an
external thermostat (25 £+ 0.1 °C). The viscosity data were
analyzed using 1/5y = (t — )/ (fpna — By), where £, and s
are the solvent and polynucleotide solution flow times,
respectively, whereas ¢ is the flow time of the thionine and
DNA mixture. Mean values of replicated measurements were
usegczl to evaluate the sample viscosity, #, and that of DNA alone,
o

Kinetics experiments were carried out using a Dialog T-jump
instrument in the fluorescence mode (4., = 565 nm and A =
620 nm). To minimize thionine photobleaching, the sample
was illuminated only during the short time period needed for
measurements. The dependence rate on the reactants
concentration has been investigated by varying both thionine
and polynucleotide concentrations. The kinetic curves were
collected by an Agilent DSO6032A (Palo Alto, CA) storage
oscilloscope, transferred to a computer, and analyzed with the
fitting package by Jandel (AISN software, Mapleton, OR). Each
shot was repeated at least eight times, and the resulting
relaxation curves were achieved by accumulation,

3. RESULTS

3.1. Equilibria. The binding of thionine to the three RNA
structures used can be represented by the apparent reaction 1:

Kﬂpy
P+ D < PD 1

dx.doi.org/10.1021/jp307840c | J. Phys. Chem. B 2013, 117, 38—48
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Figure 2. Absorbance spectra corrected by dilution (C°/Cpy) and binding isotherms for the titration of thionine with duplex (A and B), C,° = 1.37
x 107 M, triplex (C and D), Cp,° = 1.22 X 10™° M, and single strand (E and F), C;,° = 1.22 X 107> M. A, = 600 nm, I = 0.1 M (NaCl), pH = 7.0,

and T = 25 °C.

where P denotes the poly(rU) (single strand, ss), poly-
(rA)-poly(rU) (duplex), and poly(rA)-2poly(rU) (triplex)
polynucleotide free sites, D stands for free thionine, and PD
is the complex formed. The equilibrium concentrations will be
denoted as [P], [D], and [PD], respectively.

The spectra and binding isotherms for thionine—duplex,
thionine—triplex, and thionine—ss are shown in Figure 2A—F.
The curves are monophasic at I = 0.1 M. The spectra recorded
during the titration of thionine by triplex (Figure 2C) was
similar to that described for the titration of thionine by duplex
(Figure 2A); a decrease in absorbance intensity at 600 nm, an
isosbestic point at 610 nm, and a 12 nm bathochromic shift are
observed. Even fewer spectral changes were observed for
thionine—ss, with only a hypochromic effect at 600 nm devoid
of isosbestic point (Figure 2E).

At the lowest ionic strength used, I = 0.01 M, two different
processes were observed as the Cp/Cp ratio was raised
(Supporting Information Figure 1SI). When the ionic strength
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was increased up to 1 M (data not shown), the salt effect makes
the data analysis difficult, as long as ionic strength clearly affects
the interaction of thionine with double-stranded RNA,
indicating the significance of electrostatic interactions; electro-
statics £Iays a key role in the intercalation of cationic
ligands.>***

For all the systems studied, the interaction could be
represented by reaction 1, except for thionine—duplex at I =
0.01 M (Supporting Information Figure 1SI). In this case, a
more precise analysis of the biphasic isotherm was unfeasible,
even after splitting the isotherm into two realms: a first from
Cp/Cp = 0—1.0, showing a decrease in absorbance intensity at 1
= 600 nm, and a second from Cp/Cp = 1.0-11, in which a
hyperchromic effect is observed. The CD spectral curves
displayed two types of complex species (see below),
intercalated and external, corresponding to each realm.

The fluorescence spectra for thionine—duplex and thionine—
triplex are collected in Supporting Information Figure 28I along

dx.doi.org/10.1021/jp307840c | J. Phys. Chem. B 2013, 117, 38—48
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Table 1. Binding Constants and Site-Size Parameter, n, Obtained for Thionine—Duplex, Thionine—Triplex, and Thionine—ss

with Eq 2°
thionine—duplex thionine—triplex thionine—ss
n 107 X K, M7'? 1075 X K, M7'€ " 107 X Ky M7 107 X K, M7 n 1075 X K, M7'°
1 12 + 015 11 £ 0.02 2 3.7 £ 023 6.0 + 0.33 2 37 £ 057

“I = 0.1 M (NaCl), pH = 7.0, and T = 25.0 °C. ¥Absorbance titration. “Fluorescence titration.
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Figure 3. Absorption spectra (A, C, and E), binding isotherms (B, D, and F), and inset eq 4 plot obtained for (A and B) thionine/Fe(CN)4]*, (C
and D) thionine—triplex/Fe(CN),]*", and (E and F) thionine—ss/Fe(CN)4]*". Cp,/Cp = 0.1. Cqo= 100X 1072 M, Cpy = 1.37 X 107° M. 4 = 600 nm,

I1=01M (NaCl), pH = 7.0, and T = 25 °C.

with the corresponding binding isotherms, which were
monophasic. The fluorescence of thionine upon interaction
with the duplex is quenched compared to triplex. For thionine—
duplex, only a decrease in the fluorescence intensity was
observed, whereas for the triple helix the decrease is
accompanied by a 10 nm red shift. This behavior differs from
that observed with other aminoacridines like proflavine,” in
which a fluorescence increase is observed upon addition of
duplex and triplex.

Except for thionine—ss (whose fluorescence isotherm could

not be analyzed), the binding constants were evaluated from
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the absorbance and fluorescence experiments at [ = 0.1 M using
the McGhee and von Hippel equation:*
Cy 1 1

_+ _
AA A2 KA

1
(P] (2)
where [P] stands for the equilibrium polynucleotide concen-
tration calculated from the expression [P] = Cpf(r), where f(r)
= (1 = nr)"/[1 = (n—=1) = ¥]" =", r being the ratio of the
bound to free polynucleotide. The site size (n), the number of
base pairs occupied by a single dye molecule upon binding, was
calculated at low ionic strength, in which the complex is
quantitatively formed. The intersection of the first realm of the

dx.doi.org/10.1021/jp307840c | J. Phys. Chem. B 2013, 117, 38—48
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Figure 4. DSC melting plots for thionine—duplex: (A) C,/Cp = 0; (B) Cp,/Cp =

7.0; I = 0.1 M (NaCl). (C) Ty, vs Cp/Cyp: (A) Tropy (@) Trnp

0.25. Cp = 4.00 X 107* M; scan rate, 1 °C/min; P = 3 atm; pH =

two branches of the titration curve yields the value of # on the
X axis. The Cp/AA versus 1/[P] plot yields the K, value by
an iteration procedure. AA is calculated as A — Ay, A and A,
being the absorbance of the dye in the presence of
polynucleotide and the absorbance of the dye alone, and Ae
= gpp — £p; note that in fluorescence experiments AA and Ae¢
are replaced by AF and Ag, respectively. Supporting
Information Figure 3SI shows the McGhee and von Hippel
fitting, and Table 1 collects the binding constants obtained.

3.2, Quenching. Quenching experiments constitute a
reliable method to investigate the binding of nucleic acids
and proteins. Quenching measurements were performed by
adding increasing amounts of K,[Fe(CN)]; to a constant free
dye content in solution or bound to RNA in single strand, or
double or triple helices. Thus, four sets of experiments were
performed: thionine—ss, thionine—duplex, and thionine—
triplex, all of them at Cp/Cp = 0.1, and free thionine as well.
The Fy/F versus K,[Fe(CN)]; data pairs were plotted
(Supporting Information Figure 4SI) according to the Stern—
Volmer equation Fy/F = 1 + Kgy [Q] being the quencher
concentration and F, and F the fluorescence emission intensity
in the absence and in the presence of quencher, respectively.
The nonlinear behavior observed even at the lowest quencher
content reveals a complex behavior that entails different
processes.

To gain a deeper insight onto possible quenching processes,
the absorption spectra were recorded during the titration with
Ky[Fe(CN)]¢ under the same conditions of the quenching
experiments. The results corresponding to the interaction of
the quencher with free thionine, thionine—triplex, and
thionine—ss at Cp/Cp = 0.1 are shown in Figure 3, parts A,
C, and E. No spectral changes were observed on addition of
Ky[Fe(CN)]s to thionine—duplex at Cp/Cp = 0.1. This
behavior reveals that ferrocyanide reacts with all three free
thionine, thionine—ss, and thionine—triplex, whereas it does
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not react with thionine—duplex. Parts B, D, and F of Figure 3
plot the binding isotherms, and the inset shows the graphical
fittings to eq 3:

AA 1

CnCq
A Kode

AA

Cp+ Cq
Ae

3)

The fluorophore—quencher formation constant, Kq, was
evaluated from the intercept. The values obtained at pH = 7.0, I
= 0.1 M were K = (22 & 04) X 10" M™' for the thionine/
K,[Fe(CN)]; binary system and for the ternary systems Ky =
(1.1 £ 02) x 10* M~ for thionine—triplex/K,[Fe(CN)]4 and
Kq = (5.1 £ 0.7) X 10* M~ for thionine—ss/K,[Fe(CN)];.

The similar values obtained for the Kg constants of
ferrocyanide/free thionine system and ferrocyanide/thionine—
triplex complex suggest that an external thionine—triplex
complex is formed. Absence of the ferrocyanide/thionine—
duplex ternary complex is explained by the greater thionine
affinity with the duplex compared to ferrocyanide (Table 1),
and because the intercalated site does not favor the formation
of the ternary complex. Summarizing, under the Cp/Cp = 0.1
conditions, only the free and external bound thionine in
thionine—triplex and, to less extent, in thionine—ss are able to
form complexes with ferrocyanide. A dynamic quenching effect
must characterize the ferrocyanide complex, because the
fluorescence diminishes in the presence of the polynucleotide
(either duplex or triplex) with respect to free thionine
(Supporting Information Figure 2SI).

3.3. Thermal Stability. The thionine effect on the thermal
stability of the double and triple helices was evaluated by DSC.
‘When thionine was added to duplex and the C;,/C; ratio was
raised, the denaturation process yielded two peaks. Parts A and
B of Figure 4 show the evolution of the calorimetric curves for
thionine—duplex at 0 and 0.25 Cp/Cp ratio. Two peaks
appeared as the Cp/Cp ratio was raised from 0.15 to 0.50,
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revealing two melting processes. The left peak is assigned to

melting of free dup
was independent of

lex because the melting temperature (7T,.z)
the Cp/Cp ratio; the right peak corresponds

to denaturation of the duplex thionine—duplex to yield
thionine—poly(rU) + thionine—poly(rA), T,p being melting
temperature. The T\, value rose in 10 °C steps up to Cp/Cp =
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0.25 (Figure 4C); such a T, increase is typical of intercalation
reactions displaying thermal stabilization of the system.?’

The melting temperature (1) of the triple stranded RNA
was 57 °C in the absence of thionine. When the thionine
content was raised, two bands appeared that stepwise moved
apart. The intensity of the right-hand band rose, while dropping
that of the left-hand band; the set of DSC melting plots yielded
an “isocaloric point” with constant heat capacity, denoting that
a reaction at equilibrium governed by the thionine content is at
work (Figure SA). The maximum of the right-hand band
adopts the same increase profile as that for T, of the
thionine—duplex intercalated complex, outlined by the stretch
of rising temperature (Figure 4C), that is, thionine causes the
formation of the thionine—duplex complex from thionine—
triplex. Likewise, the drop in the melting temperature, T,,, for
thionine—triplex (Figure SB) reveals the formation of an
external complex, most likely linked to the groove.*®

3.4. CD Measurements. The data gathered point to dye/
polynucleotide interactions that alter the achiral environment of
thionine, giving rise to induced circular dichroism (ICD) in
agreement with the conformational change of the polynucleo-
tide structure. The spectrograms recorded are strongly
dependent on the ionic strength, consistent with observations
by Kamiya.>” Supporting Information Figure SSI shows the
spectrogram and titration isotherm of thionine—duplex at I =
0.01 M. Five different bands are observed in the ICD, three
negative at 4 = 313, 495. and 580 nm, and two positive at 1 =
551 and 620 nm, as well as two isodichroic points at 511 and
565 nm. At I = 0.1 M (Figure 6A), two isodichroic points

44

appeared at 1 = 534 and 594 nm. The plot of the molar
ellipticity at 625 nm versus Cp,/Cp (Supporting Information
Figure SSIB and Figure 6B) shows an inflection point at Cp,/Cp
= 075 and I = 0.01 M that correlates fairly well with the
saturation of the single complex observed at I = 0.1 M, The
increase of [#] with Cp/Cp corresponds to an intercalation
process, and the decrease corresponds to groove binding,38
revealing that two distinct complexes are formed at I = 0.01 M,
whereas only a single intercalated complex is formed at I = 0.1
M, in good agreement with previous results.

Parts C and D of Figure 6 show the spectrogram and
isotherm ([6] vs Cp/Cp) for thionine—triplex at I = 0.1 M. A
complicated pattern is observed that consists of maxima in the
ICD region at 352, 595, and 620 nm, minima at 319, 380, and
520, and an isodichroic point at 594 nm. The band at 260 nm
vanishes when Cp/Cp is raised, emerging as a new band at 288
nm. The molar ellipticity at 625 nm versus Cp,/Cp gives rise to a
sigmoid curve that resembles a titration curve.

No bathochromic effect was observed for thionine—ss
(Figure 6E) at 4 = 260 nm. Two positive bands appeared in
the ICD region at 312 and 520 nm and two negative at 482 and
572 nm, giving rise to two isodichroic points at 4 = 495 and 595
nm. The spectrogram probes interaction of thionine with
single-stranded RNA, as observed in the absorbance titrations.
The [#] versus Cp/Cp plot obtained (Figure 6F) differs from
that of the double and triple stranded. For the RNA single
strand, the inflection point is observed at Cp/Cp = 0.2,

3.5. Viscosity Measurements. The viscosity ratio 1/,
where 7, is the viscosity of the polymer alone and # is the
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viscosity of the dye/polynucleotide system, is related to the
elongation of the polynucleotide®* by eq 4:*
L_|n

C
=1+p=
Ly

Cp

\ o )
where L is the contour length of the dye/polynucleotide
system, L, is that of the free polynucleotide, and f# is the slope.
L/L, was plotted as a function of the Cp/Cp ratio; Figure 7
shows the plot of eq 4 at I = 0.1 M. Precipitation of thionine
has prevented us from arriving only up to Cp/Cp = 0.28; the
plot describes a downward curve, probably due to saturation of
the polynucleotide free sites at high Cp/Cp ratio. These results
concur with the intercalative binding of thionine into the
double helix.*? For triplex, the L/L; versus Cp,/C, plot is similar
to that of the duplex, even though the initial slope of the
isotherm is clearly different and no saturation of polynucleotide
is observed up to Cp/Cp = 0.3.

3.6. Kinetic Study. The binding of thionine with the
double and triple RNA helices was studied by the T-jump
technique in the fluorescence mode. The resulting curves were
all single exponential (Figure 8, parts A and B). The reciprocal
of the relaxation time as a function of the concentration term
([P] + [D]) gives rise to a single straight line (Figure 9),
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Figure 9. 1/7 vs {[P] + [D]) plot for thionine—duplex (B) C,," = 5.50
x 107 M, C,° = 1.40 X 107* M, and for thionine—triplex, (&) C,’ =
5.50 x 1074 M, C,° = 2.52 X 107 M. [ = 0.1 M (NaCl), pH = 7.0, and
T=25°C.

suggesting that the reaction mechanism corresponding to
thionine interaction with duplex and triplex RNA occurs in a
single step, consistent with eq 5. The equilibrium concentration
values for the triplex were determined from the highest K,
value (Table 1) because, as seen above, the triplex partially
converts into the duplex under the experimental conditions and
therefore the constant embraces both processes.

1/7 =k([P] + [D]) + k_,

(8)
The apparent equilibrium constant, K, can be calculated as
the ratio between the formation constant (k) and the
dissociation constant (kg). The K, (Table 2) coincides with
the binding constant for thionine—duplex deduced statically
(Table 1), which supports preceding results, bearing out the
isothermal denaturation reaction. It should be recalled that the
formation and dissociation rates of the complexes formed by
groove binding are too fast to be observed by T-jump.

Therefore, the kinetic results unambiguously show that, starting
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Table 2. Formation Constants, k; Dissociation Constants,
k4, and Equilibrium Constant, K, pp» Obtained for Thionine—

Duplex and Thionine—Triplex”

thionine—duplex and thionine—triplex

Ky (4.02 £ 0.13) x 105 M+ st
ky 2627 + 7.40, 57
Ko = kefky (1.53 + 0.18) x 10%, M™!

7= 0.1 M (NaCl), pH = 7.0, and T = 2§ °C.

from either duplex or triplex, an intercalation reaction is
observed, and this corresponds to binding to the duplex.

4, DISCUSSION

Thionine intercalates into duplex RNA. For thionine—duplex,
the absorbance and fluorescence experiments led to same K,
value, very close to that reported for the formation of the
intercalated thionine—dsCT—DNA complex' and similar to
that for intercalation of ethidium bromide into duplex.”' The
affinity constant for the formation of thionine—ssCT—DNA' is
an order of magnitude lower than that for thionine—ss. The
values deduced for n were much higher for thionine—CT—
DNA (n = 5.6 for dsCT—DNA and n = 7.4 for ssCT—-DNA)*
and with synthetic DNA’ compared to thionine—duplex (Table
1). This means that the thionine—DNA complex reached
saturation at a lower concentration ratio than thionine—duplex
RNA and thionine—ss. For thionine—triplex, the K, value
deduced from absorbance measurements was higher relative to
fluorescence measurements (Table 1), a feature to be justified
below. In both cases, the binding constant for thionine—triplex
was lower relative to the intercalated ethidium—triplex
ccsn'iplcx.l7 The lowest K, value was closer to that for external
binding. The isotherm plotted in Figure 2E and the variation of
CD (Figure 6E) demonstrate the interaction of thionine with
RNA single strand. The value of the constant 3.7 X 10° M ! is
similar to that of the coralyne—poly(rU) system K = (4.6 =
0.5) X 10° M~ (measured in our laboratory).

The experiments using K,[Fe(CN)]; as a quencher are
informative, The isotherms shown in Figure 3, parts B, D, and
F, disclose the formation of the thionine/K,[Fe(CN)]4 binary
complex and the thionine—triplex/K,[Fe(CN)]; and thionine—
ss/K,[Fe(CN)]; ternary complexes. Formation of the thio-
nine—duplex/K,[Fe(CN)], ternary complex was not observed
because the thionine intercalated into duplex is inaccessible to
the quencher. These findings reinforce earlier results, that is,
the intercalative binding of thionine into duplex RNA and
external (most likely groove binding) into triplex RNA. The
amplitude of the isotherm recorded for thionine—ss drops to
one-fourth relative to free thionine and to one-half relative to
thionine—triplex. This result reveals that, at 25 °C and pH =
7.0, poly(rU) is able to generate double helices that intercalate
into thionine in a similar way as poly(rA) at 25 °C and pH =
52 in the presence of proflavine™ and as poly(rU) in the
presence of coralyne at 25 °C and pH = 7.0 (data not
published). The smaller amplitude of the triplex curve with
respect to free thionine can be interpreted on the basis of
reaction 6 (see below), in which a certain portion of thionine
remains as intercalated thionine—duplex under the experimen-
tal conditions used.

In good agreement with the results discussed above, the DSC
experiments clearly show two types of binding of thionine to
the duplex and triplex. In the case of thionine—duplex, Figure
4C shows that the melting temperature (T,,;,) increases when
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the Cp,/Cp ratio is raised, revealing that thionine stabilizes the
double helix, this behavior being characteristic of the
intercalative binding;*® also is shown a melting temperature
(T,r) independent of the thionine concentration, which
corresponds to the melting of the free duplex present in
solution.

A different behavior is observed for thionine—triplex. When
increasing amounts of thionine were added to triplex, two
bands related to the denaturation according to a two-step
process appeared (Figure SA) whose maxima progressively
moved apart.

Figure 5B shows the evolution of the T, and T, p values for
the two bands which correspond to the denaturation
temperature for thionine—triplex — thionine—duplex +
thionine—poly(rU) and for thionine—duplex — thionine—
poly(rA) + thionine—poly(rU), respectively.

Formation of thionine—poly(rA) is a reasonable assumption
as long as at pH = 7.0 poly(rA) displays great affinity with
intercalants, as occurs with coralyne.)'9 Figure SB shows that the
trend of the increase in Ty, is similar to that observed for
thionine—duplex (Figure 4C), that is, thionine intercalates into
the duplex emerging from the triplex thermal denaturation. On
the contrary, T, diminishes when the thionine content is
raised; in other words, thionine destabilizes the triple helix as a
consequence of the groove binding.*® This behavior has been
observed also with ethidium bromide.?” However, the
thionine—triplex system displays a singular behavior (the
presence of an isocaloric point) which, to the best of our
knowledge, has not been reported hitherto for other systems.
Figure 5A shows that the area of the right-hand band increases
while that of the left-hand band diminishes. The former is
related to the amount of thionine—triplex and the latter with
thionine—duplex initially present in solution. In other words,
when the thionine content is raised, the percentage of the
thionine—triplex complex present in solution at 25 °C
diminishes and that of the thionine—duplex increases, the
observed isocaloric point denoting that both species are in
equilibrium.

These findings, reinforced below by other techniques, reveal
that the thionine bound to triplex brings about the isothermal
denaturation of the triplex (T = 25 °C), according to the
reaction scheme:

thionine—triplex + thionine

g thionine—duplex + thionine—ss (6)
Ky, being the isothermal denaturation constant for equilibrium
6, which shifts to right upon increasing the thionine content, as
inferred also from the evolution of the surface of the band areas
of Figure 5. Such a behavior is justified by the rather high
formation constants for thionine—duplex and thionine—ss
relative to thionine—triplex. From the formation constants of
the different complexes (Table 1), K; = 6.0 x 10° M™! for
thionine—triplex, K, = 1.1 X 10° M™" for thionine—duplex, and
K; = 3.7 x 10° M™! for thionine—ss, it follows Kp = 522
calculated as (K,)(K3/K)(K;p), the formation constant of
triplex from duplex and ss being K;- = 1.3 X 10" M™". The K
value deduced from kinetic measurements* at 0.011 M (NaCl)
ionic strength was corrected for 0.1 M (NaCl).** This value was
(roughly) an order of magnitude lower than that reported for
the formation constant of oligonucleotides DNA triplex‘}:-'
quencher.
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The difference in the K, values deduced from absorbance
and fluorescence measurements for the formation constant of
the thionine—triplex complex can now be explained by the
larger thionine content in the former case and hence by the
greater conversion to duplex, reflected in a higher equilibrium
constant. Typically, the interaction of an intercalating reagent
with DNA is characterized by following the hypochromism and
bathochromic shift associated with the binding of the ligand to
the duplex.*® These effects, observed in Figure 2, parts A and C,
demonstrate the presence of intercalated complexes in the two
absorbance experiments, thionine—duplex and thionine—
triplex. For this reason, we chose the lower constant value
obtained from fluorescence measurements as the representative
value of the formation constant for the thionine—triplex
external cc:)mple:n:,36

The isothermal denaturation also justifies the CD, visco-
metric, and kinetic results obtained at T = 25 °C. Formation of
the intercalated thionine—duplex complex from the groove
thionine—triplex complex according to eq 6 is also reflected in
Figure 6D by the initial induction period and further rise of [¢]
according to the same pattern as that of thionine—duplex
(Figure 6B), The observed increase in viscosity in Figure 7A is
related to the intercalative binding of thionine to the duplex,
because the increase in viscosity bears relation with the helix
lengthening due to intercalation. However, the rise in viscosity
(Figure 6B), observable for Cp/Cyp > 0.1, is not justified by the
groove binding in thionine—triplex; rather, this behavior is
related to formation of the thionine—duplex intercalated
complex consistent with the isothermal denaturation and the
experiments discussed above.

Finally, the kinetic experiments are conclusive. Given that
thionine—duplex and thionine—triplex systems lead to the same
kinetic results and in view that groove binding complexes form
too rapidly to be observed by T-jump, we can then conclude
that the kinetic experiments of the thionine—triplex system
refer to the intercalation reaction of thionine into the duplex
present in the system in accordance with the denaturation
equilibrium, eq 6.

The final question is, why does reaction 6 occur? Several
factors favor this reaction. To a first place, thionine competes
with the third strand by destabilizing the triplex. That is
particularly true if one considers that the constant for the ss—
duplex system (Kpr = 13 X 10° M) is less than the
intercalated thionine—duplex (K., = 1.2 X 10° M™") (Table 1).
Therefore, destabilization of the triplex will occur only with
those ligands that, once located in the groove of the triplex, can
compete with the poly(rU) single strand for the duplex. At
large, this event will occur if the ligand (as it happens with
thionine) possesses more affinity with the duplex than with the
triplex (Table 1) at the same time it intercalates into the duplex
through the major groove. Being the major groove occupied by
the third strand, it impedes intercalation, favoring the
denaturation. If the ligand were able to intercalate through
the minor groove, then it could yield a stable intercalated with
the triplex. It can then be surmised that the thionine—duplex
complex is formed by intercalation of thionine through the
major groove. We have reported earlier that intercalants as
representative as proflavine™ or ethidium bromide® tend to
destabilize the triplex helix at T > 37 °C; in both systems
denaturation was not observed at low temperature. In the case
of thionine, the isocaloric point of Figure 5A is indicative of the
equilibrium reaction 6, which will only be feasible due to the
relative stabilities of the different thionine—RNA complexes at
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T = 25 °C. The interpretation described above is consistent
with the sets of experimental results collected.

It must be underscored that the process represented by eq 6
differs from the disproportionation of the duplex into triplex
and a single strand brought about by coralyne, according to the
reaction 2(coralyne—duplex) — coralyne—triplex + coralyne—
poly(A); this small crescent-shaped molecule can cause the
irreversible disproportionation both for poly(rA)-poly(rU)*®
and poly(dA)-poly(dT).*” For coralyne—duplex we put forward
earlier,”” the formation of an intermediate quadruplex by the
merger of two partially intercalated coralyne—duplexes. More-
over, we have verified that coralyne intercalates into the triplex
with great affinity. Thionine, on the contrary, intercalates only
into the duplex and binds the major groove in the triplex. This
behavior and the different affinity of the dye with the triplex,
duplex, and single strands® are the reason for the isothermal
denaturation of the triplex with thionine (eq 6) and the
disproportionation of the duplex with coralyne.

In summary, despite the wide slate of existing studies
underlining the main features that can predict the type of
binding of an organic molecule to DNA and/or RNA, the
experimental reality is that each dye molecule behaves
differently, and a puzzle of data must be rationalized to
propose convincingly the reaction mechanism with the duplex
or the triplex.

5. CONCLUSIONS

Thionine interacts with duplex RNA in a similar way as it does
with DNA, working as an intercalating agent. In the presence of
triplex RNA, the thionine units located in the major groove can
compete with poly(rU) for the duplex, bringing about thermal
denaturation of the thionine—triplex complex. The type of
binding and the relative affinity of the thionine—triplex,
thionine—duplex, and thionine—ss complexes cause that at 25
°C an equilibrium is reached in which it is the thionine
concentration, not the temperature, that governs the triplex
helix denaturation. This behavior was not observed with other
drugs, not even with acridines of similar structure such as
proflavine, endowed with a nitrogen atom instead of sulfur
atom; that is, the S atom appears to be responsible for the
observed DSC equilibrium, an effect borne out also with the
other static and dynamic techniques used in this work.
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Supporting Information
Interaction of Thionine with Triple, Double and Single stranded RNAs
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Capitulo V

V. Estabilizacion de disoluciones de Al(111) por
complejacion con acido cacodilico. Phys. Chem.
Chem. Phys. 17, 29803-13 (2015)

En este capitulo se aborda la reaccién de complejacion entre Aluminio y
Cacodilato Sédico a diferentes valores de pH para posteriormente, en el capitulo

VI, describir su interaccion con ARN y ADN.

Este trabajo ha sido realizado en colaboracion con el grupo del profesor F.
Secco (Universidad de Pisa) con el que nuestro grupo mantiene una fructifera
colaboracién desde el afio 2000. El profesor Secco es un experto en el estudio de
los mecanismos de complejacion de diferentes ligandos con metales de transicion.
Algunas de las caracteristicas que despiertan interés en la investigacion de
Aluminio en sistemas bioldgicas son su poder prooxidante, su funcion como excito
toxinal#® y sus efectos genotoxicos y citotoxicos.’*’ Inicialmente, el estudio se
plante6 a pH < 4 donde el Aluminio, en forma de AI**, es soluble. Sin embargo, tras
unas pruebas de solubilidad iniciales, se descubri6 que, en presencia de cacodilato
sodico, era posible solubilizar el metal incluso a pH = 7, cambiando el enfoque
hacia la caracterizacion del complejo Aluminio-Cacodilato en un amplio rango de
pH, incluyendo pH neutro. Se han realizado estudios de especiacion del Aluminio,
asi como la determinacién de las constantes de equilibrio de los complejos

Aluminio-Cacodilato.

Para el estudio se ha empleado espectroscopia UV-Vis, espectrometria de
masas, resonancia magnética nuclear de *H y 2’Al y simulaciones teéricas mediante
DFT. Los resultados obtenidos muestran que la afinidad entre Aluminio y
cacodilato es méxima entre pH = 5, donde la estructura mas probable es dimérica,
(Figura V.1), y a pH =7, donde la interaccion es mas débil y se forman agregados
solubles constituidos por la insercion de moléculas de Cacodilato en la esfera de

coordinacion de un oligobmero formado por trece atomos de Aluminio.
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Figura V.1. Estructuras diméricas mas probables en la complejacion de Aluminio y Cacodilato a
pH =5.
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Stabilization of Al(in) solutions by complexation
with cacodylic acid: speciation and binding
features¥

Matteo Lari,® Héctor J. Lozano,® Natalia Busto,® Tarita Biver,” José M. Leal,®
Saturnino Ibeas,® James A. Platts,© Fernando Secco® and Begofia Garcia*®

Aluminium ions are believed to play a role in a number of neurological and skeletal disorders in the human
body. The study of the biological processes and molecular mechanisms that underlie these pathological
disorders is rendered a difficult task due to the wide variety of complex species that result from the hydrolysis
of AT ions. In addition, this ion displays a pronounced tendency to precipitate as a hydroxide, so certain
complexing agents should be envisaged to stabilize Al(n) solutions in near physiological conditions. In this
work, we show that the common buffer cacodylic acid (dimethylarsinic acid, HCac) interacts with Al(i) to
give stable complexes, even at pH 7. After preliminary analyses of the speciation of the metal ion and also of
the ligand, a systematic study of the formation of different Al/Cac complexes at different pH values has been
conducted. UV-Vis titrations, mass spectrometry NMR measurements and DTF calculations were performed
to enlighten the details of the speciation and stoichiometry of Al/Cac complexes. The results altogether show
that Al/Cac dimer complexes prevail, but monomer and trimer forms are also present. Interestingly, it was
found that cacodylate promotes the formation of such relatively simple complexes, even under conditions
where the polymeric form, Al1304(OH)247+. should predominate. The results obtained can help to shed some

WWW.rsc.org/pcep

1. Introduction

Aluminium ions are prone to forming a variety of hydrolytic
species,’ including the Al,;0,(OH),,”* polymeric form. This ion
exhibits a certain tendency to precipitate as Al(OH);, even at a
relatively acidic pH, and reacts with oxygen-containing ligands.>*
Many studies have enlightened the importance of aluminium in
biological fluids and its ability to bind biosubstrates, both outside
and inside the cell, associating its presence to health related
diseases.” ® The presence of different hydrolytic forms entails the
involvement of a number of equilibria and, consequently, many
other possible complexes. These features render aluminium a very
complex system.

Dimethylarsinic (cacodylic) acid, (CH;),AsOOH, is widely used
to study the interaction of biological molecules with organic dyes
or metal ions.” Cacodylic acid (HCac, pKy = 6.2 £ 0.1), with a
buffer window ranging from pH 5.2-7.2,'> " is quite a valuable

“ Departamento de Quimica, Universidad de Burgos, Plaza Misael Bariuelos s/n,
09001 Burgos, Spain. E-mail: begar @ubu.es
"'Dz'pam‘mento di Chimica e Chimica Industriale, Untversita di Pisa,
Vig Moruzzi 13, 56124 Pisa, Italy
“School of Chemistry, Cardiff University, Park Place, Cardiff CF10 3AT, UK
 Electronic supplementary information (ESI) available: Fig. $1-S7, Tables S1-S3
and derivation of eqn (8). Sce DOL: 10.1039/¢5¢p04717j
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light into the reactivity of aluminium ions in biological environments.

tool for studying nucleic acids and proteins under physiological
conditions. On the other side, the cacodylate anion is unreactive
towards many divalent metal ions;'* for this reason it can serve to
ensure buffer inactivity for many biomolecule/metal ion (or metal
complex) systems. On the other hand, there is evidence that the
cacodylate anion can bind to metal ions such as Sb(m), Bi(m),"
Pd(n)"® and some rare earth metals."” The formation of the Al(m)/
Cac complex,'® and more recently the synthesis of complexes of
the dimethylarsinate anion and metal ions of group XIII (Al, Ga,
In, Tl) has been reported.'® However, to the best of our knowledge,
systematic thermodynamic studies of the aluminium/cacodylic
acid system in solution under different experimental conditions
are still lacking. This work is focused on studying the Al(m)/Cac
system at different pH values to infer the nature and strength of
the Al(m)/ligand interaction and to assess the possible use of
cacodylate to provide Al(m) buffered solutions for biochemical
studies at neutral pH.

2. Materials and methods
2.1, Materials

Al(ClO,);-8H,0 solid salt (Fluka) was the aluminium source.
Aluminium stock solutions were prepared by dissolving appropriate

Phys. Chem. Chem. Phys., 2015, 17, 29803-29813 | 29803
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amounts of the solid in HCIO, aqueous solutions, brought at
pH = 2.0 to avoid hydroxide precipitation. Standardization
of aluminium stock solutions was carried out through EDTA
titrations, using Eriochrome Black-T as an indicator. Briefly, a
calibrated excess of EDTA was added to an aliquot of the
aluminium solution; the mixture was then boiled and, after
the addition of acetate buffer (pH = 6.0), it was titrated with a
standardized Zn*' solution. Stock solutions of sodium dimethyl-
arsinate ((CH;),AsOONa, NaCac - Carlo Erba, 96% purity) were
prepared by dissolving weighed amounts of the solid in water and
titrating with NaOH. To reliably reproduce the ionie strength near
physiological conditions, the ionic strength (I) of the working
solutions was kept constant at 0.1 M with sodium perchlorate
(Merck), whereas the desired pH was attained by the addition of
small amounts of NaOH and HClO,. NaClO, was chosen as the
ionic buffer because perchlorate is an inert anion,?” whereas other
species such as chloride and phosphate can form complexes
with Al(m).>" All of the reactants were analytical grade and
were used without further purification. Ultra-pure water from
a Millipore MILLI-Q water purification system was used to
prepare the solutions and as a reaction medium.

2.2. Methods

pH measurements were performed with a Metrohm 713 (Herisau,
Switzerland) pH-meter equipped with a combined glass electrode.
The aluminium samples were not as stable as those with only the
buffer, and based on several repeated measurements we have stated
the pH uncertainty to be £0.05. The pH values measured in D,O
were not corrected for the isotope effect as data on D,O at high
acidity levels is lacking. Spectrophotometric titrations were carried
out with a Shimadzu 2450-Spectrophotometer, equipped with
jacketed cell holders (thermostat precision 0.1 °C). All experiments
were conducted at 25 °C. Titrations of the Al(m)/Cac system were
performed in a batch-wise mode at the desired pH values and an
ionic strength of 0.1 M (NaClQ,). Different samples were prepared
for different metaltoligand ratios and left for 24 h to achieve
equilibration. The absorbance spectrum for each sample was
recorded in the 190-300 nm range (1 cm path-length cells) and
the binding parameters were evaluated by averaging out the results
obtained at different selected wavelengths in the 205-193 nm range.
Mass spectra were recorded by means of a TOF Mass Spectrometer
Bruker Maxis Impact with electrospray ionization (ESI) for G /Gy =1
(Cy = 0.2 mM) samples in double distilled water, C;, and Gy being
the cacodylate and aluminium ion concentrations, respectively.
NMR samples were prepared by dissolving the proper amount
of AI*"in 0.5 mL of the respective oxygen-free deuterated solvent
to obtain 5 mM working solutions with the corresponding
amount of sodium cacodylate for each Cp/Cy ratio studied.
Unless otherwise stated, the spectra were recorded at 298 K on
a Varian Unity Inova-400 (399.94 MHz for 'H; 104.21 MHz for
*7Al), Typically, 1D "H NMR spectra were acquired with 32 scans
into 32k data points over a 16 ppm spectral width; the >”Al NMR
spectra were acquired with 16 scans. 'H chemical shifts were
referenced internally to TMS via 1,4-dioxane in D,O (§ = 3.75 ppm).
Chemical shift values are reported in ppm. The NMR data
processing was carried out using MestReNova version 6.1.1.

29804 | Phys. Chem. Chem. Phys., 2015, 17, 2980325813
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DFT calculations were carried out using the B3LYP functional
to optimize some proposed structures for the aluminium-
sodium cacodylate complex; this procedure was used satis-
factorily for DFT calculations of metals,”* and specifically for
aluminium,** applying the 6-31G(d) basis set to C, H and O
atoms. A double zeta function (LANL2DZ) was used for Al and
As, including an effective core potential calculation (ECP) for
core electrons, diminishing the computational calculation costs.
Water was used as solvent. All calculations and data analyses
were performed with Gaussian 09.%°

3. Results and discussion

3.1. Evaluation of the pK,; and pK,  acidity constants of
cacodylic acid

Cacodylic acid is a diprotic acid; its diprotonated form is denoted
here as H,Cac". This species undergoes acid dissociation according
to eqn (1) and (2), which characterize the acid dissociation
constants K, ; and Ka ,, respectively.

H,Cac” + H,O = HCac + H;0" (1)
HCac + H,0 = Cac + H;0" (2)

The "H-NMR spectrum of cacodylate shows a singlet signal
ascribable to the methyl groups of NaCac. The location of these
peaks very much depends on the acidity of the medium, the
higher the acidity level the larger the chemical shift of the
peaks (Fig. 1A).

The pK,; and pK,, values have been determined by analyses
of the chemical shift of the "H-NMR singlets of sodium cacodylate
at different values of pH and acidity function H, (Fig. 1B); the
latter function was employed at the highest acidity levels used,
outside the boundary of the pH scale.”” The two dissociation
constants of cacodylic acid were evaluated according to eqn (3):
0= 1 JfBl ()—r?l?fpk'm + O (3)
where Jdp and Jgy: represent the chemical shifts of the basic
and acidic forms, respectively, and ¢ that at an intermediate
acid concentration, according to species shown in eqn (1) and (2).
To determine pKn1, eqn (3) was applied directly adopting the
chemical shift at pH = 4 for op, whereas that for dgy- was taken
as the highest value in Fig. 1B. The continuous line denotes the
outcome of the two fittings. The pK,, and pK,, values obtained,
1.3 £ 0.2 and 6.2 + 0.1 respectively, were in reasonably
good agreement with literature values, pKy, = 1.1'%*" and
2.6,” and pK,, = 6.2.""? Fig. 1C shows the speciation curves
of cacodylic acid.

As for the absorbance measurements, Fig. S1 (ESIT) shows the
spectra of cacodylic acid at different pH values (I = 0.1 M, NaClQ,).
The change in absorbance upon titration within the 2-10 pH
range (Fig. S1, ESL¥ inset) has enabled us to evaluate the second
acid dissociation constant of cacodylic acid, pK,, = 6.0 £ 0.2.
A point worthy of mentioning is that the absorption spectra
of cacodylate lie within the limit of the instrumental range, and
the measurement suffers from a low signalto-noise ratio.

This journal is © the Owner Societies 2015
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Fig. 1 (A) 'H-NMR spectra at pH = 0.5, 1, 2, 3, 4, 5, 6, 7 and 8. (B) é versus pH (or Hg) plot corresponding to pKui and pKaz. CL = 5.00 x 107° M.
(C) Speciation of cacodylic acid (pKa 1 = 1.3, pKpo = 6.2). { = 0.1 M (NaClO4) and T = 25 °C.

Therefore, to ensure reliable results, K ; was calculated at every
wavelength in the 195-205 range. The mean values obtained in
this range were within the experimental error. Below pH 3, the
observed shift to lower wavelengths of the 193 nm band can be
ascribed to formation of the Hy,Cac' species.

3.2. Speciation of aluminium forms

Fig. 2 shows the ’Al-NMR spectra in the 1-6 pH range (above pH 6,
measurements could not be performed because the aluminium
precipitates). The NMR measurements show that the hexaaquo-
aluminium(in) ion, A{OH)s", prevails between pH 1 and 4. The
wide band in *’Al-NMR spectra observed between pH 5 and 6 can be
ascribed to the polycation species Al;3;0,(OH),,”" (also denoted as
Aly;-mer).*” Between pH 6 and 7, partial or full neutralization of
the polymer charge promotes aggregation of Al;;-mer, which tends
to precipitate, and formation of more complex polymeric forms,
such as Al,OgAlLg(OH);6(H,0),4'%* (also known as Alyy-mers) is
likely to occur.®™

The NMR findings are corroborated by literature data. The
molar fraction (f) of the AI*” hexahydrate ion and its hydrolytic
forms can be calculated according to eqn (4):'

logQy, =logKy, +a T\[‘:ﬁ + bm, (4)
where [ is the ionic strength of the medium, Q,, is the
equilibrium ratio related to formation of the hydrolyzed
AL{OH),® ¥ species (xAl + yH,0 & AL(OH),P* " + yH'), Ky,
is the relevant thermodynamic equilibrium constant, and m,, is
the overall aluminium molality, @ and b are fitting parameters.*

This journal is © the Owner Sccieties 2015

pH =10 L
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pH =3.0 L
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Fig. 2 2’Al-NMR spectra of Al(i) at different pH values. Cyy = 5.0 x 107> M,
/=01 M (NaClO,) and T = 25 °C. The pH-independent narrow peak at
(roughly) 6 O ppm, is ascribed to the monomeric species ALX*, whereas the
broad band observed at pH 5 and 6 corresponds to the A11304(OH)247+
polymer.

This calculation was performed at different pH values and
metal concentrations using the Octave program,** yielding
the distribution plots shown in Fig. 3. This figure shows that
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Fig. 3 Speciation of Al{n). Cyy = 1.0 x 1073 M, 1 = 0.1 M (NaClO,) and
T=25°C.

the amount of dimer and trimer species is negligible and that the
predominant species in the 4.5 to 8.0 pH range is Al;;0,(0OH),,”,
whereas Al(OH), is the prevailing species above pH 8.0.

The results from Fig. 3 are compared in Fig. S2(A) and (B)
(ESI+) with other results obtained for AI** concentrations of
1.0 x 107* and 1.0 x 10™° M, showing that in dilute solutions
the polymeric species are absent. Additionally, an increase in the
aluminium concentration (Cy) causes a modest diminution of
Ba’ ' and a sharp increase in the polymeric form Al,;04(OH),4 .

3.3. The aluminium/cacodylate system

Mass spectrometry. The different number of peaks recorded
at different pH values reveals the complexity of the distribution
of the aluminium species (Fig. 83, ESIT). We focused our
attention on the most representative peaks in the spectrum
and determined four types of species: (1) free cacodylate, which
is predominant, in particular, the [HCac + H]" (m/z = 139) and
[NaCac + H| (m/z = 161) adducts and other peaks reported in
literature,”**! such as m/z = 277, 259, 299, 281, 437 and 419
(corresponding to [H,Cac, + H]", [H,Cac, + H-H,0]", [H,Cac, +
Na]", [H,Cac, + Na-H,0]", [HsCac; + Na]*, [H;Cac; + Na-H,0]"),
respectively; (2) perchlorate and cacodylate salt clusters:
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[Na(NaClO,),]" (m/z = 145, 267, 389) and [Na(NaCac),] (m/z =
183, 343, 503, 663); (3) Al non-complexed forms: Al(OH),(H,0),"
(m/z = 79, 115, 133); ALO(OH,);' (m/z = 121) and (4) Al/Cac
complexes. By analogy with the formulation of aluminium(m)
aquo-chloro-complexes, we adopt the general formula AL,O,(OH),-
Cac,(H,0),” for the aluminium/cacodylate complexes.*® The dis-
tribution of the different forms is shown in Fig. 4, whereas the
respective formulas are summarized in the ESIT (Table 51).

It should be pointed out here that assignment of the proper
formula is prone to a certain degree of ambiguity.*® Firstly, the
(OH),> and O(OH,)* patterns, having the same value of m/z
ratio, cannot be differentiated. Therefore, Al,O(OH)Cac,(H,0)"
could be replaced by Al,(OH);Cac,". Moreover, some peaks can
be assigned to either a free or a bound aluminium species. For
instance, the peak at m/z = 121 can be ascribed to the free
species AlO(OH);™ and to the Al,O(OH)Cac(H,0),”" complex,
and the peaks at 301 and 319 to the 1:2 complex AlCacz[HZO],,‘
or to the 3:1 complex, Al;O(OH)Cac(H,0),'. The theoretical
and literature data (see below) will allow us to put forward the
most stable form.**~"

At pH 4.0, 5.0 and 6.0 the most intense peaks are those
associated with the dimeric forms. On the other hand, mono-
meric species are mainly present not only at pH 5, but also at
pH 4. Trimeric forms display lower intensity signals and are
detected at pH 5.0, 6.0 and 7.0. In particular, the signal at pH 7.0
is lower than those detected at pH 5.0 and 6.0, concurrent with
the weakening of the interaction of cacodylate at neutral pH,
observed in the NMR experiments, as described below.

The high abundance of dimeric complexes contrasts with the
S values, indicating a rather modest presence of dimers when
cacodylate is absent (Fig. 3). To support this view, previous
studies®*** on aluminium complexes with organic ligands have
shown that ALO(OH);" yields a small peak, suggesting that
the dimeric aluminium free species are only poorly present in
solution. Hence, it can be surmised that, in addition to the 1:1
complex, the presence of cacodylate induces the formation of
dimeric and (to a lesser extent) also trimeric and tetrameric
species. Furthermore, the observation that the peaks of these
species are also present at pH 5.0 and 6.0 (where in the absence

pH 5.0

o
o
1

10" Intensity

p——

& &£ F F L FFE & 3
RIS RIS PSS
& Q" <X @\é\ OV &¥ «9@@ \}é‘ OV «¥ <8
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F &£ L & £ F
& é\é‘\ & &

Fig. 4 Distribution of the different Al/Cac complex forms obtained from MS experiments at different pH values. C_ = Cy = 2.0 x 107* M and T = 25 “C.
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Fig. 5 2TAl-NMR spectra for (A) the A/NaCac system at pH = 1.0, 2.0, 3.0, 4.0, 5.0, 6.0 and 7.0, Cu/C = 1: 1 and (B) the Al/NaCac system at Cu/CL =11,
1:2and1:3, Cy =50 x 107 M, pH = 6.0, / = 0.1 M (NaClO,) and T = 25 °C.

of the ligand the polymeric Al,;-mer form prevails by far),
suggests that the ligand induces splitting of Al,;-mer to give
smaller entities.

27Al-NMR and '"H-NMR studies. Fig. 5A shows the >’AI-NMR
spectra for Al/Cac in the pH 1-7 range. Between pH 1.0 and 2.0,
only the signal corresponding to free AI’* was observed at
0 ppm. In addition to the signal at 0 ppm, at pH 3.0 and 4.0
two further signals were observed at 2 and 4 ppm, the former
remaining very modest at the two pH values. The second
displays a remarkable increase in intensity on going from pH
3.0 to pH 4.0. At pH 5.0 and 6.0, wide bands were observed at 8
and 12 ppm, respectively. At pH 7.0, the centre of the band is
shifted to 60 ppm.

Fig. 6 shows the "H-NMR spectra of the Al/NaCac system
recorded at different pH values and different times. The peak of
the free ligand (circled 8), and other peaks are displayed in the
4 < pH < 7 range, which are associated to bound cacodylate.
All of the *’AI-NMR and "H-NMR experiments have contributed to
the interpretation of the behaviour of the aluminium/cacodylate
system at different pH values. No Al/Cac complex is formed at
pH 1.0 and 2.0. However, small amounts of complex are detected
at pH 3.0 and the extent of binding becomes more and more
important as the pH is raised, in agreement with the general
behaviour displayed by complex formation reactions of metal ions
with ligands protonated at the reaction site.

Concerning the data at pH 4.0, comparison of the >’Al-NMR
spectra of free (Fig. 2) and bound (Fig. 54) aluminium shows
a remarkable increase in the peak at 4 ppm, which can be
associated to the dimeric aluminium/cacodilate form."™*' In
the "H-NMR spectrum (Fig. 6A), the singlet at 1.86 ppm could
be related to the AlCac®" complex. Actually, the beta value of

This journal is © the Owner Sccieties 2015

A" at pH 4.0 is 0.9, and a singlet peak is in agreement with the
AP’ symmetrical form with the chelating ligand. In addition, it
is supported by the fact that this peak is not seen at pH 5.0
(Fig. 6C), where B = 0.004. The two peaks at 1.95 and 1.79,
having the same intensity, most likely correspond to a dimeric
form, in which the two methyl groups have different environ-
ments. Also other small peaks are present, in particular in the
1.88-1.85 ppm range and at 1.82 ppm, which could be related
to other monomeric species, such as Al{OH)Cac'.

The broad peak observed at pH 5.0 and 6.0 in the *’Al-NMR
experiments (Fig. 5A) should be associated to the sum of the
dimeric, trimeric and other polymeric species arising from the
decomposition of the Al;; aggregate associated to the broad
peak at 60 ppm (Fig. 2). In addition, the *’AI-NMR spectra
recorded at pH 6.0 for C/Cy; 1, 2 and 3 show constriction of the
broad peak, with a signal increase at 7.5 ppm (Fig. 5B). This
behaviour agrees well with further splitting of the Al;;-mer
in the presence of an excess of cacodylate. As stated above, the
'"H-NMR experiments show that the peak at 1.86 ppm, present
at pH 4.0, disappears when the solution pH is raised (spectra at
pH 5.0 and 6.0 in Fig. 6C and D), while the peaks at 1.95 and
1.80 ppm exhibit remarkable intensity. Moreover, a very slow
kinetic process is observed, followed by the increase of two
peaks at 2.01 and 1.92 ppm of the same intensity (Fig. 6E and F).
Therefore, we can surmise that the interaction between aluminium
and cacodylate is the summation of two reactions. The first one
is fast, possibly representing the ligand binding to monomeric or
dimeric aluminium species, and the second, slower, represents
the decomposition of the polymeric Al,;-mer induced by the
interaction with cacodylate to give simpler species, which is in
agreement with the observed disaggregation of Al ;-mer induced
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Fig. 6 'H-NMR kinetics of the Al/NaCaC complex at t = 10 min (A-D) and t = 1 day [Eand F). Cuy = CL =50 x 10 > M,/ = 0.1 M (NaCIOy). pH = 40-7.0
and T = 25 °C. The circled chemical shift stands for the free cacodylate at each pH.

by ligands with oxygen-containing groups, such as acetate,
oxalate and lactate and, more conceivably, by protons.*'***
In this case, disaggregation seems to be more strongly depen-
dent on the pH and less on the ligand nature.

Furrer et al.*® state that disaggregation of Al,s-mer is driven by
proton concentration. In other words, the presence of cacodylate
does not justify by itself the disaggregation of the aluminium
oligomers under the experimental conditions (C;/Cy; = 1). However,
the "H NMR spectra (Fig. S4, ESI+) show that an excess of ligand
causes an increase in the peak intensity associated to complexed
cacodylate. Thus, certain competition between the inner and outer
coordination spheres can be envisaged in an excess of ligand, where

29808 | Phys. Chem. Chem. Phys., 2015, 17, 29803-25813

the former can evolve to simpler forms by disruption of the polymer.
The results at pH 7.0 significantly differ from the trend observed at
PH 5.0 and 6.0. A very broad, low intensity, peak centred at 60 ppm
is obtained in the *’AFNMR spectra (Fig. 5A), and the 'H-NMR
exhibits very small peaks of the complexed forms (Fig. 6B), even at
the same resonance of the peaks at pH 5.0 and 6.0, However, at
pH 7.0 no precipitation was observed in the Al/Cac solutions,
whereas extended precipitation occurs for the free aluminium.
Therefore, we can assume interactions occur, although of a different
nature compared to those at work at lower pH values.

Stumm®’ suggested that the interaction of an organic ligand
with a solid interface can be differentiated between inner
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(strong bonding) and outer (weak bonding) coordination
spheres. In a study of the acetate/aluminium system®® it was
proposed that the interaction of the acetate ion with Al,O; in
suspension involves mainly the outer coordination sphere. We
suggest that at pH 7.0 cacodylate can interact with Al(m)
aggregates in the same way as acetate reacts with an aluminium
oxide suspension. The resulting complex enables aluminium
to remain in solution. This result is interesting because we
verified that cacodylate renders aluminium soluble in near
physiological condition systems (I = 0.1 M, pH = 7.0 and
T=25 °C).

Determination of K,p, of aluminium/cacodylate complexes.
The apparent equilibrium constant, Kypp, for the formation of
the aluminium/cacodylate (Al/Cac) complexes, was determined
from batch-wise spectrophotometric titrations performed for
different pH values. The apparent reaction is,

M + Ly & MLy (5)

where M and L are the non-complexed free metal and ligand
forms, respectively, and ML is the total complex. Most of the
experimental data-pairs were obtained with no excess of metal
or ligand. The interaction between aluminium species and
cacodylate causes a hypochromic effect (Fig. 7A). The data-pairs
were analysed according to eqn (6):

CLCy A4 CL+Cn 1
AA A2 As KappAe

(6)

where Cp, and Cy are the analytical ligand and metal concen-
tration, respectively, AA = A — & Cp and Ae = ey, — &1, where ¢; is
the absorptivity of the ith species.

Different binding isotherms were obtained using absor-
bance values within 195-205 nm (Fig. 7A), a range where
aluminium ions display no absorption, whereas the different
dimethylarsinic forms have different absorptivity, ¢;. As for the
PK,,» constant of free cacodylate calculated by UV-Vis, the use
of different tracks reinforces the goodness of our results. The
equilibrium constants obtained (Table 1) are averaged values.
At pH = 2.0, such evaluation was unfeasible because the change
in absorbance was too modest owing to the repression of the

A _—

Abs
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binding reaction caused by protons, which is in agreement with
the NMR results.

The relationship between K, and [H'] is expressed by
eqn (7) (see ESIT) in the form:

Kapp _ K+ K“&_l_ K1 Q1.27 4KV Qm1 LK Q1.44
o fal (H] [(H] [H*] [H]
KVIQZ.ZCM/}AI v Q34Ch B
[H+)? [H+]*
+ Kv1||Q|3.32C11v% a
H
(7)

where oy, is the mole fraction of the species Cac™, i, is the mole
fraction of the species AI*', &', K", K", K"V, K, K", K" and k"™
are the true thermodynamic constants for the binding of Cac to
AP*', AI(OH)*', AI(OH),", Al(OH),, A(OH), , AL,(OH),"", Al;(OH),>'
and Al;;0,(OH),,”", respectively. On the other side, the f8 values
(Fig. 3) support simplification of eqn (7) to eqn (8). Actually, except
for the AI’* and Al,;-mer, all contributions are negligible under
the experimental conditions employed, due to the mole fraction
of the other species being low.

Ko _ o1 ovin@i2CiBs
— =K +K"= 8
o1 B N [H+]2 (8)

Moreover, since formation of the polymeric form is fully
attained within a very narrow pH range, two well defined
pH ranges can be distinguished. In the first range (3.0 <
pH < 4.3), the monomers AI** and AIOH>" are active, while in
the second (4.7 < pH < 5.0) the Al,3-mer is active. For pH > 4.5, the
contribution of K' to eqn (8) is negligible (Fig. 7B). In this pH range,
log{Kapp/(21.8a1™)] versus pH plots for different Cy values (Fig. S5A,
ESIf), and a log[Kpp[H /(e fa")] versus Cy plot (Fig. S5B, ESIT)
yielded straight lines with a slope equal to 32 and 12, respectively,
reinforcing the presence of Al;;04(OH),,”" as the reactive species.
Analysis according to eqn (8) of K, versus pH plots yielded
K™ = (1.6 + 0.4) x 10° M '* (Fig. 7B). This data can be used in
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10°K, N(aB,), M’
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190 195 200 205 210

12, 12 +932
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Fig. 7 (A) Example of spectrophotometric titration of the Al/Cac system. Inset: Track at 2 = 195 nm. C. = 1.0 x 107*M, /= 0.1 M, pH = 4.8 and T = 25 °C.

(B) Analysis according to eqn (8) of the 4.3 < pH < 5.0 data.
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Table 1 Apparent equilibrium constants for the binding of aluminium to
cacodylate (K p) at different pH values. / = 0.1 M (NaClO4) and T = 25 °C

pH Kapp (Mil]
3.0 25 +5
4.0 290 £+ 50
4.3 560 + 60
4.5 2200 &+ 300
4.7 3400 + 600
4.8 4600 =+ 900
4.9 5400 + 1000
5.0 6500 £ 1000

the 3.0 < pH < 4.3 region to evaluate the true thermodynamic
constant K' = (4 = 2) x 10° M .

Likewise, from the NMR data obtained we evaluated the
apparent equilibrium constant for €, = Cy and different
pH values (see ESIT). The Ky, values obtained at pH 4 and 5
(Table S1, ESIT) concur well with the spectrophotometric values
(Table 1). However, the values obtained at pH 6 and 7 are
smaller than expected, thus disagreeing with the model
proposed by the UV measurements (Fig. S6, ESIt) due to the
observed aggregation trend of the Aly; units. The *’Al-NMR
results show that the interaction between the metal and ligand
yields the AlCac complex and not AlHCac or AlH,Cac, however
no indication was inferred as to whether AlCac is forming via
reaction (9) or (10):

AP* + Cac™ & AlCac®™ (9)

Reaction (9) cannot be distinguished from the equivalent
reaction (10), neither by thermodynamic experiments (since the
dependence of the conditional equilibrium constant on [H']
would be the same) nor kinetically (since the formula of the
activated complex would be the same):

AlOH™' + HCac s AlCac™ (10)

Careful consideration of the kinetics behaviour of the Al(u)
species has allowed us to establish the most probable pathway:
with AIOH>" being about 10"-fold more reactive than the Al**
aquo ion (as it follows from comparison of the respective rates
of water exchange®’), the first step of the Al(m) binding to a
chelating ligand should be about 10°-fold faster in the case of
AlOH>'*®* Hence, for pH > 2 the formation of AlCac®' will
proceed mainly through reaction (10). The equilibrium con-
stant of reaction (10), denoted as K", is related to K' by the
relationship K" = K'K,/Q1;. Its value is K = (8 £ 4) x 10° M,
It is only for pH > 5 that the contribution of the deprotonated
Cac™ ion to the binding reaction becomes important. This
interpretation differs from that advanced in a previous study,"
where the formation of the 1:1 complex was rationalized
assuming that the main process is the reaction of the AI*' ion
with the deprotonated form of the ligand, Cac™.

DFT calculations: hypothesis of Al/Cac structures. By means
of mass spectrometry and NMR data, we have hypothesized
possible Al/Cac structures. It can reasonably be assumed that
the ligand chelates the metal, as demonstrated for other
oxygenated ligands with aluminium.***%*

29810 | Phys. Chem. Chem. Phys., 2015, 17, 29803-29813
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The suggested structure of the monomer species is shown in
Fig. 8A (note that water molecules can be replaced by hydroxo
groups, and more than one ligand could be present). For the
dimer species, the mass spectrometry and NMR data gathered
do not clarify the exact structure, so different geometries can be
considered. Based on earlier studies on different Al(m) com-
plexes,**** we propose the following structures: two aluminium
atoms linked by two oxygen groups (Fig. 8B); the interaction of
the aluminium atoms is obtained via hydroxo groups (Fig. 8C);
only one oxygen binds the aluminium atoms, like in the third
structure (Fig. 8D). Interestingly, a different M,L structure is
proposed for the aluminium/acetate complex."® Since cacodylate
has a similar structure to acetate, we propose a similar geometry
associated to the most intense signal in the mass spectra (m/z =
121) and NMR spectra (6 = 1.95 and 1.80 ppm) (Fig. 8E). As a
matter of fact, a syn-syn bridging geometry is considered using
the experimental results, where the two oxygens bind to both
aluminium atoms in the dimeric form. Hence, a double hydroxo-
or oxo-bridged geometry is present. For the trimeric and tetra-
meric species, other more complex structures can be hypothesized
with the same bridging geometry.

To convincingly justify the hypotheses drawn on the dimeric
complexes, we undertook theoretical energy calculations of
these complexes. For the M,L dimeric system, four different
structures were calculated (B, C and two more E structures, with
and without bridging oxygens, which will be denoted as E(OH)
and E(O), respectively). The two E structures consist of a 2:1
complex, where cacodylate is bound to only one Al atom viz a
double O-bridge. The B and C structures resemble the E(O) and
E(OH) structures, respectively, but with OH bridging ligands
between Al atoms, instead of an O-bridge, and two more
hydroxo ligands.

The stability has been studied in terms of the overall energy
(products energy). The DFT optimization of these structures
results in the following stability sequence, from the most to the
least stable (Hartree units): (B) (—849.660435) > (C) (—849.651503) >
(E(O)) (—849.590124) > (E(OH)) (—849.558751). Thus, the most
stable structure involves OH-bridging ligands between Al atoms
with cacodylate bound to both metal centres. The optimized
structure of (E(OH)) is plotted in Fig. 9A.

A non-symmetrical conformation has been obtained (C,
symmetry group) with OH groups in the Al-Al plane pointing
to the cacodylate group. Surprisingly, methyl groups bound to
the As adopted an eclipsed conformation. Full NBO (Natural
Bond Orbital) analysis has revealed, as expected, that the Al and
As sites are primarily positively charged. Oxygen atoms in the
Al-0O-As bonds are significantly more negative than the others due
to the donating nature of the metals charge. Thus, the oxygen site
in the OH-bridges between Al atoms are, indeed, more negative
than those on the water molecules. The characterization para-
meters (bond distance and angle) of the “core” of the molecule
(every atom surrounding the Al and As atoms) are compiled in
Table S2, ESL} The two atom distances and angles containing Al
are similar, showing that the core lies in a symmetrical environ-
ment and the above mentioned asymmetry is due to the slightly
asymmetric conformation of the H,O, OH and CH; groups.
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Fig. 8 (A) 1:1 structure. (B} First 2:1 structure. (C) Second 2 :1 structure. (D) Third 2:1 structure. (E) Fourth 2:1 structure: syn-syn bridging geometry.

In addition, the DFT optimization and geometry analysis of
two 2 : 2 complex structures (Fig. 57, ESIT), has been carried out,
whose presence was confirmed by mass spectrometry (m/z =
361). Since the calculations for a double syn-syn bridging
geometric complex (Fig. S7A, ESIT) proved it to be unstable in
water, a complex linear geometry (Fig. S7B, ESIf) has been
optimized by DFT to a minimum energy state (E = —933.31
Hartrees). In the final conformation, one hydrogen atom from a
water molecule is lost, and transferred to one of the O-bridging
ligands between the Al atoms. Moreover, a full water molecule
is lost, remaining nearby the 2:2 complex via H-bonding
interactions (Fig. 9B). These rearrangements, result in a sur-
prisingly different conformation for Al atoms, from the initial
Al(octahedral)-Al({octahedral) to Al(pyramidal)-Al(octahedral).

The stabilization of the pyramidal configuration can be
explained by the H-bonding induced by the above mentioned
water molecule that comes off of the molecule (Table S3, ESI{),
showing that the expected symmetry of the optimized structure
is totally lost. The distance and angle values of the Al-O bonds
considerably differ from their theoretical mirror image bonds.
The dihedral angles show a different orientation of the As-O-
Al(pyramidal)-O and As-O-Al(octahedral) rings compared to
the plane containing Al(1), O(2) and Al(3); the Al(pyramidal)
ring is primarily orientated to the yz plane, whereas the

This journal is © the Owner Sccieties 2015

Fig. 9 (A) DFT optimization of the E(OH) structure in water, using the B3LYP
functional with a 6-31G(d) basis set for C (grey), H {(white} and O (red) atoms,
and LANL2DZ for Al (pink) and As (purple) atoms. (B) DFT optimization of the
2 :2 linear complex in water, using the B3LYP functional with a 6-31G(d) basis
set for C (grey). H (white) and O (red) atoms, and LANL2DZ for Al (pink), As
(purple) atoms and H-bonding interactions {dashed lines).

Al(octahedral) containing ring, lies in the xz plane. As described
for the 2: 1 complex, the NBO analysis shows electron donation
from the metals to oxygen, an effect more intense for the
O-bridging ligands between Al atoms.

DFT calculations suggest that the 2: 2 complex hypothesized
by MS data is an asymmetric system, in which the four methyl
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groups are surrounded by different chemical environments;
then, it follows that they have different chemical shifts. The
"H-NMR spectrum at pH = 6.0 (Fig. 6D) of the Al/Cac system shows
a number of peaks that, even if they cannot be specifically
associated to the corresponding methyl groups, could agree with
a Al,Cac, asymmetric system. At pH = 5.0 these peaks are only a
little visible, even if the MS spectra denote that Al,Cac, is a relevant
product. Regarding the *’Al-NMR, the broad peak observed does
not allow us to obtain information on the presence of this specific
complex. However, other studies suggest the presence of penta-
coordinated aluminium in complexes of oxygenated ligands with
mono and dimeric aluminium.>**

4. Conclusions

Thermodynamic experiments of the interaction between Al{m)
and dimethylarsinic acid suggest that the apparent binding
affinity has a maximum in the pH 5-6 region, whereas at
pH = 4.0 and pH = 7.0 the binding strength is low. Comparison
of the MS and NMR data suggests that the main species formed
is a 2:1 complex. Thus, the most probable effect is that the 1:1
complex, which forms first, has a high affinity for a second
aluminium ion. In particular, the most plausible structure is
the dimeric syn-syn bridging geometric structure of cacodylate,
interacting with the two aluminium centres (Fig. 8E). On the
other hand, the different behaviour observed at pH 7.0 relative
to that at pH 4-6 is explained by assuming the formation of an
outer sphere coordination of the ligand to the Al,; aggregates at
neutral pH, thus avoiding precipitation. On the other hand, at a
lower pH the polymeric form splits into smaller units, an effect
promoted mainly by the proton and, to a less extent, by the ligand.
Elucidation of the Al/Cac complex, which prevents aluminium
from precipitating, in particular under near physiological condi-
tions (I = 0.1 M, pH = 7.0 and 25.0 “C), can be very useful for
obtaining a system for studying the biological processes and
molecular mechanisms that underlie pathological effects
induced by aluminium ions.
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Fig. S2 (A) Molar fraction of AI* (Ba.) vs. pH at different analytical concentration of the metal, Cy. (B) Molar
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Fig. S5 (A) Data treatment of eq 8 as a function of pH at different Cy; values; (B) data treatment of eq 8 as a function
of LogCpy; 1= 0.1 M and T = 25.0 °C.

NMR determination of K, of Aluminium/Cacodylate complexes: To evaluate the apparent
equilibrium constant for complex formation (K,,,) from the NMR data of Fig. S5, quantitative
analyses were conducted according to eqn. (S1), where 1", is the normalized peak area of free

cacodylate and 1% is the total normalized area of the bound cacodylate .

n
_[ML] Iy Cy
app — I n
[MILL]  1C,(Cyy - I CLD s1)
Table S1 Apparent equilibrium constants for complex formation (K,,,) obtained from the "H-NMR spectra. Cy

=CL=50x103"M,1=0.1 M and T = 25.0 °C.

pH 10 Kypp (M)
4 0.2+0.1
5 442
6 1.5+0.5
7 0.06+0.02
8
= UV
. e NMR
6
. ;
- 4] o
&
£ f
2] = | {
0= v .
3 4 5 6 '
pH

Fig. S6 Resume of the values of K, obtained from the UV titrations (m) and the NMR spectra (). I=0.1 Mand T =
25.0 °C
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Table S2 Formula of Al/Cac complexes by the mass spectrometry data. Cy = Cp. = 2.0 x 10*M; T=25.0°C.
. 103 Tntensity
Complexes v m/z DIl 4 L S ol 6 Pl 7
AlCac(H,0), > 1 91 5 3 1 0.5
Monomeric 0 181 15 4
AlOHCac(H>0), " 1 199 2 8 - -
2 217 1 6
1 121 40 30 2 1
2+
AlLO(OH)Cac(H,0), 5 130 17 3 _ )
0 361 50 13
, . AlLO(OH)Cac,(H,0)," 1 379 - 7 | -
Dimeric 5 397 5 1
0 481 6 3 0.75
Al,OCac;(H;0)," 1 499 - 1 0.5 -
2 517 0.5 0.3 -
Al;O(OH);Cac(H,0),* 2 107 1 1 1 1
0 283 5
Trimeric Al;Oz(OH)Cac(H,0),* 1 301 - 7 - -
2 319 2.5
0 421 13 5 1
i
Al:gOz(OH)gcaCz(Hzo)v 1 439 - | | .
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1 577 1.5 - -
+ 2 595 - 0.5 0.5
Al;O(OH);Cac3(H,0), 3 613 - - - 0.5
4 631 - 0.5 -
1 603 - -
4 657 - 1.5
23 7, + - -
Tetrameric AlyO5(OH),Cacs(H,0), 6 693 3 3
7 711 - 0.5
Table S3 Selected parameters, Distances (A) and Angles (Deg), for the 2:1 Al/Cac complex.
Distances Angles
HsC CHs + Atoms Value Atoms Value
\ Al(D-O(2)  1.92  O(2)-AK1)-04) 74.28
/Aé7\ AI()-OE)  1.93  O2)Al(1)-0B) 97.82
H OF N O Al(D-O(5)  1.90 O(2)-Al3)-0(4) 74.28
\
O, w0, ‘ WO AI(1-AI(3)  3.00  O(2)-Al(3)-0(6) 96.14
SN A AI3)-0Q2)  1.93  AI(1)-0(2)-Al(3) 102.65
H " l1\cf)/ ‘3\O,H ' (D-0(
o ) ¥ AlH-OE@) 192 AI(1-O@)-AI3) 102,79
H H H H AIGR)-0(6)  1.90  O(5)-As(7)-0(6) 112.86
As(7)-O(5) 170
As(7)-0(6)  1.70
Table S4 Selected parameters, Distances (A), Angles (Deg), and Dihedral Angles (Deg) for the 2:2 Al/Cac
complex.
H H. H
s 06 CH
HsC 3
\ " S R “\\\04/,,“” ’ \\\\“\ O”fu,, /
AS""‘< AT H cear” > As
/ ~ 1\0'/ | 3\0/ \
9 11 CHy
HsC .. 2 O
. .. H H
Hoo o oees™™ 10
8799
H
Distances Angles Dihedral angles
Atoms Value Atoms Value Atoms Value

Al(1)-0(2) 198 O(2)-Al(1)-0(4) 84.35 O(7)-Al(1)-O(2)-Al(3)  133.78

Al(1)-0(2)-Al(3)-0(11)  164.80
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Al(1)-0(4)
Al(1)-0(5)
Al(1)-Al(3)
Al(3)-0(2)
Al(3)-O(4)
Al(3)-0(6)
Al(3)-0(10)
Al (1)-O(7)
O(7)-H(8)

0(9)-H(10)

1.75

1.82

1.95

1.94

1.78

2.11

2.04

1.93

1.75

1.65

0(2)-Al(1)-0(5)
0(2)-A1(3)-0(4)
0(2)-Al(3)-0(6)
Al(1)-0(2)-Al(3)
Al(1)-O(4)-A1(3)

O(7)-Al(1)-0(2)

89.26

74.28

84.69

87.87

99.98

90.67
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Derivation of Equation 8

The apparent constant K,,, which represents the overall equilibria between the Aluminium forms and the
cacodylic acid forms can be expressed by eqn. S2, where [i], is the concentration at the equilibrium of the it
form.

app
[AlCac® T ]+ [Al(OH)Cac ™ | + [AI(OH),Cac] + [AL(OH) sCac™ | + [AI(OH) ,Cac? ™ | + [AL(OH),Cac® T | +

([HCac] + [Cac " ])([AP *] + [AL(OH)* T ] + [AL(0H), * | + [AL(OH)5] + [Al(OH), | + [AL,(0H),* 7]

(52)
Using the molar fraction of deprotonated cacodylate (¢r) and A3 (Ba)
[Cac™]
@‘i;==E—
[HCac] + [Cac™ ] (S3)
Ba
B [A13 +]
[A2*] + [ALOH)* *] + [Al(OH), | + [AL(OH);] + [AIOH), ™| + [AL(0H),* * ] + [Aly(0H)
(54)
eqn. S2 turns into eqn. S5. (Note that in eqn S3 the species H,CaC'" has been disregarded since the
concentration of this species is negelegible in the full range of pH investigated)
Kapp [AlCac® ] [Al(OH)Cac "] . [Al(oH),Cac] . [AL(0H)3Cac | . [At(OH)4Cac2*]
afu  [APT)[Cac™] [AP*][Cac™] [AP*][Cac™] [AP*][Cac™]  [AP*][Cac”]
[AL(0H),Cac® t ]| [Al;(OH)Cac* ™| [Al130,(0H),Cac® " |
[A*][Cac™] (AP *][cac™] [AF *][Cac™] (S5)

The equilibrium ratio Q,, for aluminium hydrolysis, defined in Ref.1 of the text are introduced in eqn. S35,
to convert [Al**] into the concentrations of the desired hydrolyzed forms. So, eqn. S6 is obtained.

app
a, By

[AlCac® '] N [Al(OH)Cac™] @y N [Al(OH),Cac]  Qy, . [al(oH) Cac™] Q4
[ABH][Cac™] [AWOH)?**][Cac™]|H*] [Al(OH),*|[CacT]|H |*  [Al(OH);][Cac™][H*

1.4

Ll
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[AL(0m),Cac® *] Qu2CuBy  [Al(OH),Cac™ ] Qu4Cy°Ba”  [Al130,(0H)y,Cac®™ ]
[a(0m),* Y [CacT] |HT PP [al(OH),° F][Cac™] |H*]? [AL130,(0H),,” " |[Cac™]
Q13.32CM12»8A112

lH+J32 (86)

The equilibrium constants of the different complexes can be expressed as K*=[ML]/([M][L]). Introduction of
this equation in eqn. S6 yields equation eqn. S7.

K app — K K" Q14 e Quz v Q13 +K Q4 WQZ.ZCMBAI V”QHACMZBAIZ V,“Qm.aszlzﬁAllz
aL-GAI I_H+J lH+J2 lH+J3 |_H+J4 lH+J2 |_H+J4 lH+J32

(57)

However, since the predominant species are AI’" and Al,; in the experimental conditions, the equation can be
simplified, resulting the eqn. S8, which corresponds to eqn. 8 of the text

12 12
Kapp Ql3.32CM lBAi

afiy |# T (S8)
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Capitulo VI

V1. Interaccion de complejos derivados de
Aluminio con ADN y ARN a diferentes pHs

En el anterior capitulo se comprobé la formacion de diferentes complejos
Aluminio/Cacodilato en funcion de la acidez del medio. A pH = 7 el complejo
formado es un oligdmero constituido por trece atomos de Aluminio que satura su
esfera de coordinacién con Cacodilato (en adelante AlisCacx). A pH =5 se forma
el dimero Al>Cac». Para ambos valores de pH se ha estudiado la interaccion de estos
complejos con ADN y ARN Yy establecido las diferencias tanto en funcion del pH
como del tipo de polinucleétido.

La interaccion de Aluminio con polinucledtidos ya ha sido objeto de
investigacion, habiéndose confirmado la capacidad de este metal de interaccionar
con ADN, 8 con preferencia sobre cationes divalentes, siendo capaz de provocar
un cambio conformacional desde la forma B hasta la Z cuando esta complejado
con Maltol.}*® Estos hechos junto con la actividad bioldgica del Aluminio descrita
en el Capitulo V, ponen de manifiesto el interés que suscita el estudio de la

interaccion con polinucleétidos de nuevos complejos derivados de Aluminio.

Para este estudio se han empleado métodos cineticos y termodindmicos. A
pH =5 el mecanismo de reaccion ha sido caracterizado con un espectrofotdmetro
UV-Vis convencional y un viscosimetro, dado que se forma un lento enlace
covalente entre el polinucledtido y Al,Cac2. A pH = 7 no se observo variacion de
absorcién con el tiempo. A ambos valores de pH el estudio termodinamico se ha
llevado a cabo mediante espectrofotometria UV-Vis, dicroismo circular y

viscosimetria.

Los resultados obtenidos muestran una interaccion muy diferente de
AlzCacx y Al,Cac> frente a ARN y ADN. En el caso de AlizCacx (pH = 7) el gran
tamafio del complejo hace que la interaccion con los polinucleétidos solo sea
posible mediante enlace externo, mostrando mayor afinidad por la conformacion A
del ARN (produce una desestabilizacion de la doble hélice) que por ADN. En el
caso de AlxCacz (pH = 5) el enlace covalente conlleva una estabilizacion térmica

de ambos polinucleétidos.
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Interaction of Aluminium derivative complexes with DNA and
RNA at different pHs

VI1.1. Abstract

The interaction of four polynucleotides (poly(rA)poly(rU), ctDNA,
poly[(dA-dT)]2 and poly[(dG-dC)]2) with two different aluminum derivatives acting
as ligands has been studied from a kinetic and thermodynamic points of view. At
pH = 7 the complex is AlizCacx, where CaCy is an unknown number of cacodylate
molecules that confer an unknown charge to the complex, and at pH = 5, the Al
complex is Al>Cac: is present and. The complex AlisCacy interacts with the studied
RNA and DNA via non covalent binding, the affinity of RNA being slightly higher
than that of DNA. At pH = 5 the interaction between Al.Cac, and the studied

polynucleotides takes place via covalent binding.

V1.2. Introduction

Non-essential metals, such as Aluminium, are well-known due to their toxic
properties. Aluminium is often related to neurodegenerative diseases such as
Alzheimer’s disease,* Parkinson dementia or dialysis encephatolopy. In addition,
Aluminium ion is commonly introduced in human body by foods and drinks.!*
Some facts that turn Al ions dangerous for biological systems are its pro-oxidant
power and its ability to act out as an excitotoxin.!*® Regarding Aluminium
compounds, genotoxic and cytotoxic effects have been published for AICIs*" a
commonly Al salt, used in this work as the metal source. Nowadays a wide variety
of investigations have reported interactions of Aluminium or Al-ligand with DNA
through different modes of binding. In 1987, Dyrssen et al*®? confirmed the
formation of the AI/DNA complex by ion exchange reaction (Kex = 6.47, pH = 4.5
— 5.5, I = 50mM) with DNA’s phosphate groups with preference over essentials
metals such as Mg?* and Ca?*. Later on, some works have been published proving
that on in vitro studies Al binds to polynucleotides via cross-linking*® and a slightly
cross-linking of proteins and DNA by Al have been found in NAH cells.*>
However, such experiments were carried out using NaCac as a buffer, and, as we
demonstrated in a previous work,'®? sodium cacodylate reacts with Aluminium to

yield different complexes depending on the pH: a dimer species at pH = 5 and an
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oligomer species at pH = 7. Therefore, those results must be reinterpreted. On the
other hand, some complexes containing Al are prone to interact with DNA, driving
the B form of DNA to Z-DNA,'*° in the same way as divalent cations do. The
interactions described above are relatively surprising due to the fact that Al is not
soluble at pH > 4, unless Al complexes are formed with O-donor ligands,** whose
structures and consequently the interaction mode towards polynucleotides, should
strongly depend on the medium acidity. Moreover, interactions of Aluminium with
proteins have also been reported: AI** binds to transferrint®1 and can be
transported and then accumulated in organs. In its AlFs form, Aluminium is able
to bind Guanine (GDP or GTP) through the phosphate groups,'®® playing a role in
G-rich dimerization processes that are related to oncogenicity.'®® For these reasons,
the study of the interaction of Al complexes deserves a research to gain deeper
knowledge on how this metal can affect human body, even at pH = 5, where in
polynucleotides the double helix form®! still remain.

V1.3. Materials and Methods

Al ions were obtained from Aluminium perchlorate (AI(ClO4)s) supplied by
Sigma-Aldrich. Sodium cacodylate [(CH3)2AsO2Na], was purchased from Fluka.
Doubly distilled water from a Millipore Q apparatus (APS, Los Angeles, California)
was used. Stock solutions were prepared in 0.1M NaClOs. The Aluminium
concentration is denoted as M, Cwv being its concentration expressed in molarity.
Sodium cacodylate was used as a ligand (L), C. being the ligand concentration. The
complex formed is denoted as D and its concentration expressed as Cp.
poly(rA)-poly(rU), ctDNA, poly[(dA-dT)]> and poly[(dG-dC)]. were purchased
from Sigma-Aldrich as lyophilized sodium salts, and were used without further
purification. Stock solutions of the polynucleotides were prepared by dissolving the
solid in water and standardized spectrophotometrically, using & = 14900M-cm™ (A
=260 nm), £ = 13200 Mt cm (A = 260 nm), £ = 13300 Mt cm™ (A = 260 nm) and
£ = 16800 Mcm™ (A = 254 nm) for poly(rA)-poly(rU), ctDNA, poly[(dA-dT)]2 and
poly[(dG-dC)]2 respectively. Polynucleotide (P) concentration have been labeled as

Crand is expressed as molarity of base-pairs (Mgp).

pH measurements were carried out with a Metrohm 16 DMS Titrino pH-meter
fitted out with a combined glass electrode with a 3 M KCI solution as a liquid
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junction. pH values were adjusted with HCIO4 or [NaOH] = 0.20, 0.55 and 5.40M
we used to adjust pH values.

Spectrophotometric measurements were carried in a Hewlett-Packard 8453A
(Agilent Technologies, Palo Alto, California) photodiode array spectrophotometer.
Absorbance titrations were performed with two different cells, due to the absence
of absorbance bands of Aluminium in the UV-Vis range. Initially, a known volume
of ligand is added to the sample cell (S), and the same volume of solvent is added
in a reference cell (R). In the next step, equal volumes of polynucleotide are added
over both cells, monitoring their absorbance. Kinetic studies were performed by
adding the ligand and polynucleotide mixture to the cell, recording its absorbance
at different times. For thermal denaturation, the sample was heated from 20 to 90
°C at 0.3 °C/min rate reaching in 1 min stabilization. The cooling processes were
performed by reversing heating the conditions.

Circular dichroism (CD) measurements were performed in a MOS-450
BioLogic (Claix, France) modular equipment at 25 °C by adding increasing
amounts of the complex to a polynucleotide solution and recording the CD spectra
at different times. Spectrograms from 200 — 400 nm were obtained nm at 2 s/nm.
Molar ellipticity (deg-Mgp™-cm™) was calculated using [0] = 100-6/Cp-l, where Cp
is the polynucleotide concentration (Mgp) and | is the cell light path (cm).

Viscosity measurements were performed with a Micro-Ubbelohde viscometer
and analysed using n/no = (t - to)/(tona - to), wWhere to and tona are the flow times of
the solvent and polynucleotide solutions, respectively, whereas t is the flow time of
the Al complex and the polynucleotide mixture. Mean values of replicated
measurements were used to evaluate the viscosity of the Al complex/polynucleotide

system, n, and that of polynucleotide alone, 12

V1.4. Results and discussion

In a previous work,%? the speciation at different pH values of the complex
formed after the reaction of Aluminium with Sodium cacodylate was reported. At
pH = 7, the complex consists of the Al1304(OH).4"* oligomer (AlisCacx complex in
advance) whose coordination sphere is saturated with Cacodylate. On the other
hand, at pH = 5.0, the main complex is primarily Al>Cac, (cationic). From this

point, we study the interaction of the complexes with different polynucleotides at
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pH = 7 and 5. The results obtained with every instrumental technique will be

compared and critically discussed.

Kinetics

Kinetic studies were performed at pH = 7 with absorbance and viscosity
measurements in excess of RNA and DNA in order to check the binding mode
between the ligand and the polynucleotides. For the AlizCacyx/poly(rA)-poly(rU)
system a sharp diminution in the absorbance intensity was observed after 2 h due
to precipitation phenomenon of Alis-mer. For the AlisCacyx/ctDNA system, the
amplitude of the kinetic trace (not shown) was negligible. Additionally, kinetic
measurements were also performed for AlizCacx/poly[(dA-dT)]> and
AlzCacx/poly[(dG-dC)]2 systems with no significant change in absorbance (not
shown). The Kinetic effect of the AlisCacx complex was also evaluated with
viscosity measurements, no change in viscosity was observed for
AlsCacx/poly(rA)-poly(rU), nor for AlisCacx/ctDNA (not shown). The absence of
a kinetic process suggests that the formation of a complex between Ali3Cacx and
RNA and DNA take place via non covalent binding and it will be studied from a
thermodynamic standpoint.

Similar experiments were carried out at pH = 5, where Al>Cac; is present.
Figure VI.1 shows two Kinetic traces for the Al.Caca/poly(rA)poly(rU) and
Al>Caco/ctDNA systems. The study was also performed by studying the variation
of L/Lo with time, for ctDNA the reaction takes place in the first 40 min, whereas
for RNA the reaction goes to completion after 150 min as shown in Figure VI.2.
The processes have been analyzed by fitting a biexponential equation to the data-
pairs and the rate constants obtained are listed in Table VI.1. For Al>Cac> the
interaction with RNA and DNA takes place via covalent binding. By comparing the
k1 values we can conclude that the interaction of Al,Cac; is faster with DNA than
with RNA. In the studied systems, ko is ascribable to rearrangements inside RNA
and DNA helices.
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Figure VI.1. Slow kinetic in absorbance for (A) Al.Cacz/poly(rA)-poly(rU) system, Cp = 3.4 x 10
M and (B) Al,Cac,/ctDNA system. Cp = 9.9 x 105 M. Cp/Cp = 25, 1. =260 nm, | = 0.1 M (NaClO,),
pH =5and T = 25 °C. No kinetic traces were obtained at pH = 7.
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Figure VI1.2. L/Ly versus t for (A) AlxCacy/poly(rA)-poly(rU) system and (B) Al,Cac,/ctDNA
system. Cp = 2.0 x 10*M, Cp/Cp = 0.5, 1 =0.1 M (NaClOy), pH =5and T =25 °C.

Table VI1.1. Rate constants (ki and kz) for Al,Caca/poly(rA)-poly(rU) and Al,Cac,/ctDNA systems.

I =0.1 M (NaClOy), pH =5 and T = 25 °C.

System

ki, s1 ko, st

Al2Cac2/poly(rA)-poly(rU) 0.05 0.01

Al2Cacz/ctDNA

6.25 0.04

Thermal behavior

a) Thermal reversibility

Heating-Cooling experiments were performed by UV-Vis measurements in

order to check the melting reversibility of DNA and RNA in the presence of the

Ali3Cacyx complex at pH = 7 (Figure V1.3). The values obtained at 25°C, (Table
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V1.2) show the difference, in percentage, between the absorbance of the heating and
cooling processes, Anc (equation [6.1]), where An and Ac stand for the absorbance
values of the heating and cooling processes at a given temperature respectively. For
free poly(rA)poly(rU) and AlizCacx/poly(rA)-poly(rU), the Anc values are
practically equal (9 and 11 respectively). For poly[(dA-dT)]. and
Al>Caco/poly[(dA-dT)]. the difference is slightly higher (13 and 19 respectively).
With these results in mind we can assume that the presence of AlisCacx barely
induces change in the RNA or DNA thermal denaturation reversibility, showing
low or even negligible alteration of the double helix structure. On the other hand, a
similar study was carried out at pH = 5 for AlxCaco/poly(rA)-poly(rU) and
AlyCaco/poly[(dA-dT)]. systems (Figure VI.4). Under these conditions, the
irreversibility of RNA denaturation, induced by the presence of Al.Cac, is greater
than that obtained for AlisCacx (Anc = 16 and 30 for free poly(rA)-poly(rU) and
Al>Caco/poly(rA)-poly(rU), respectively). The same behavior was obtained for
Al>Cacy/poly[(dA-dT)]2; obtaining an increase of the Axc parameter (20.8 and 24.5
for free poly[(dA-dT)]2and Al>Cacy/poly[(dA-dT)]2, respectively), thus resulting in
a decrease in the renaturation process in the presence of Al.Cac,. These results
suggest that the medium acidity not only modify the type of complex at work, but
also the interaction with polynucleotides since the amount of polynucleotide that
can return to free double helix is different at pH = 5. We propose a more specific
interaction of Al,Cac, compared to AlizCacx oligomer, ascribable to its lower size
and, consequently, to its better ability to approach the double helices. Thus, the
irreversibility of the cooling processes at pH =5 as well as the slow reaction kinetics

observed suggest covalent binding as the Al.Cac, mode of binding.
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Figure VI.3. Heating(=)-Cooling(=) profiles for (A) Free poly(rA)poly(rU), (B)
AlzCacy/poly(rA)-poly(rU), (C) Free poly[(dA-dT)]2 and (D) AlizCacy/poly[(dA-dT)]. system. C,
=2.5x 10° M, Cp/Cp = 0.4. Heating: T = 20 — 95 °C, scan rate = 0.3 °C/min, stabilization time = 1
min. Cooling: T =95 — 20 °C, scan rate = -0.3 °C/min, stabilization time = 1 min. A = 260 nm, I =
0.1 M (NaClOg) and pH = 7.
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Ac — Ay

e [6.1]

Apc =

Table VI.2. Auc values, taken at T = 25 °C, for free poly(rA)-poly(rU), free Free poly[(dA-dT)]2,

Complex/poly(rA)-poly(rU) and Complex/poly[(dA-dT)].. Complex stands for AlisCacx and
Al,Cac; at pH = 7 and 5 respectively.

System Auc (pH=7), % Auc (pH =5), %
Free poly(rA)-poly(rU) 9.1 16.8
Complex/poly(rA)-poly(rU) 114 30.9
Free poly[(dA-dT)]2 13.5 20.8
Complex/poly[(dA-dT)]2 19.8 24.5

b) Thermal stability

The thermal stability of RNA and DNA has been tested in the presence of
Al3Cacyx through thermal denaturation experiments (Figure VI.5A and 5B). At
physiological pH, RNA undergoes destabilization when the Al13Cacx concentration
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in the media is raised. We have obtained ATm = -5 °C at the highest concentration
(Cp/Cp =0.7) compared to free RNA. By contrast, ctDNA is almost unaffected by
the presence of AlizCacx, and Tm remains unaltered in all the Cp/Cp ratio range
studied. The influence of the Al,Cac> at pH =5 has also been studied in terms of
thermal stability of polynucleotides as the concentration of the complex is raised
(Figure VI.5C and 5D). The Tm value increases for RNA and DNA in the presence
of Al,Cacz up to Cp/Cp = 0.2 reaching a plateau and no stabilization is longer
obtained. These results are opposed to that obtained under physiological conditions,

in which thermal destabilization was observed.
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Figure VI1.5. Melting temperature, Tm versus Cp/Cp at pH = 7 for (A) AlisCacx/poly(rA)-poly(rU)
system, Cp = 2.5 x 10° M and (B) AlisCacy/ctDNA system, Cp = 1.00 x 105 M, and at pH = 5 for
(C) Al,Cacy/poly(rA)-poly(rU) system, Cp = 2.5 x 10 M and (D) Al,Cac,/ctDNA system, Cp = 2.5
x 10° M. Scan rate = 0.3 °C/min, stabilization time = 1min and | = 0.1M (NaClO,).

Viscosity

Figure VI.6A and B shows the dependence of the contour length ratio (L/Lo)
on the AlizCacx complex concentration, both for RNA and DNA containing
solutions. At pH = 7.0, the relative viscosity decreases, showing that the RNA

double helix undergoes stacking as a consequence of the interaction. Intercalation
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binding mode can be ruled out for these systems at physiological pH whereas only
modest changes were observed for the DNA viscosity. At pH = 5, despite the
thermal stability observed in denaturation experiments, the binding of Al>Cac;
shortens both the RNA and DNA as shown in Figure VI.6C and D, confirming the
covalent binding. The L/Lo ratio decreases as the concentration of Al>Cac: is raised
up to Cp/Cp = 0.1; from these levels Al.Caca/poly(rA)poly(rU) system increases

its contour length in a second step up to Cp/Cp = 0.4.
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Figure VI1.6. L/Lo vs Cp/Cp at pH = 7 for (A) AlsCacy/poly(rA)-poly(rU), (B) AlisCacy/ctDNA
systems and at pH = 5 for Al,Cac,/poly(rA)-poly(rU) and (B) Al,Cac,/ctDNA system. Cp = 2.0 X
104 M, 1 =0.1 M (NaClO,) and T = 25 °C. Samples at pH = 5 were measured after 2 h incubation

due to kinetic effects.

Circular dichroism

Circular dichroism measurements were performed for the four
polynucleotides at both pH values. In the case of pH = 7, for
AlisCacy/poly(rA)-poly(rU) system (Figure VI.7A) the proper band of RNA at A=
260 nm diminishes as the complex concentration is raised over the whole
concentration range studied. Moreover, a new negative band emerges in the ICD

zone at A = 310 nm, whose behavior is similar to that obtained at 260 nm, showing
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a small conformational change of RNA in the presence of AlizCacx. The CD spectra
of the ctDNA circular dichroism bands shows a negligible conformational change,
when adding increasing amounts of AlizCacx (Figure VI.7C) where only the
positive band at 276 nm slightly decreases as the concentration of AlisCacx is raised.
In the case of the poly[(dA-dT)]2 and poly[(dG-dC)]> homopolymers (Figure VI.7E
and 7G respectively), only small changes in the ellipticity were recorded for the
negative band at A = 246 and 252 nm, respectively, when AlisCacx concentration is

raised.

Conformational changes of the polynucleotide structure induced by Al>Cac:
have also been studied with CD at pH = 5 after 2 h of incubation. As shown in
Figure VI1.7B, the positive band of RNA decreases up to Cp/Cp = 0.5 The results
for RNA at pH =5 are very different from that obtained for pH = 7, since new bands
on the ICD region are absent at this pH. For Al,Cacz/ctDNA system, (Figure
VI1.7D), the changes in the bands of DNA are really small, the change being more
pronounced for the positive band in the Cp/Cp = 0 - 0.5 range. In the case of
poly[(dA-dT)]2, (Figure VI.7F), certain variation of the bands in the presence of
Al>Cac; is observed when comparing with the same experiment at pH = 7. An
isodicroic point appears at A = 280 nm and a positive ICD band emerges at A = 280
nm, showing the formation of a complex between Al>Cac, and poly[(dA--dT)].. For
poly[(dG-dC)]2, structural changes were also observed in Figure VI.7H, but the
interaction is weaker than that obtained for poly[(dA-dT)]2. Therefore, a partial
selectivity towards A-T sequences over G-C is obtained. Moreover, same patterns
were obtained for Adenine containing systems (poly(rA)Poly(rU) and
poly[(dA-dT)]2), where two different behaviors can be observed. The first, from
Cp/Cp =010 0.5, where [0] of the proper positive bands decreases and increases for
poly(rA)-Poly(rU) and poly[(dA-dT)]2, respectively, and then, the inversion of each
trend at Cp/Cp > 0.5. In the case of G-C containing systems (ctDNA and
poly[(dG-dC)]2) the interaction takes places from Cp/Cp =0 to 1.5.
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were measured after 2 h of incubation due to kinetic effects.
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RNA and DNA were titrated by adding increasing amounts of AlisCacy at
pH = 7, after subtracting the DNA contribution from the absorbance, a binding
isotherm is observed (insets of Figure V1.8) The binding constant was calculated
by fitting equation [2.17] to the data-pairs, being K = (1.84 + 0.39) x 10° M and K
= (1.20 £ 0.37) x 10° M for AlisCacx/poly(rA)-poly(rU) and AlizCacy/CtDNA
systems respectively, showing almost the same affinity of Al;zCacx for DNA than
for RNA.

10°ANC,, M

Abs

Al,.Cac /poly(rA)poly(rU)

10°(C,C,/AA +AA/AE)

0.04
] H=7
0.02 4 P
0.00 —— N i 3 . : : r : : .
240 280 320 360 400 3 4 5 5 6 7 8 9 10 11
A, NM 10°C, + Cp), M

0.20

4/ 10°AAIC, M

2] / Al Cac /ctDNA
_;.!/V' pH=7

Abs

0.05

10°%C,C_/AA +AA/AE)

T T T T 1 T T
200 250 300 350 400 2 7 8

3 52: 5 6
1O(CP+CD),M

Figure V1.8. Absorbance spectra with binding isotherm (Inset) and Hildebrand & Benessi fit of (A,
B) AlisCacy/ poly(rA)-poly(rU) A = 330 nm. (C, D) AlisCacy/ctDNA, A = 260 nm. Cp = 2.99 x 10
M, Cp=1.32 x 10°°M. | = 0.1M (NaClQy), pH = 7 and T = 25 °C. Absorbance titrations were not

performed at pH = 5 due to the presence of covalent binding.

V1.5. Conclusions

We have studied the interaction of RNA and DNA with two aluminum
derivative complexes. At pH = 7, the complex is AlizCacy, and interacts with the
polynucleotide via external binding. Even if we have obtained the same order of
affinity of the aluminum complex towards RNA and DNA, the conformational
changes induced upon the interaction are greater in RNA than in DNA as it has been
shown in viscosity and CD measurements. The presence of AlizCacx modifies RNA

140



Capitulo VI

structures, as shown by the different techniques employed, destabilizing the thermal
stability of the double helix of RNA. These results suggest some type of selectivity
for the A-conformation over the B-conformation. By contrast, at pH = 5 the
complex is Al>Cac. and the interaction with DNA and RNA are covalent in nature
as shown by the slow kinetic processes. These mechanisms are confirmed by CD
and viscosity measurements. The influence of these complex over the
polynucleotide structures and thermal reversibility is also observed by the different
hysteresis cycles obtained in the heating-cooling experiments of free

polynucleotides and complex/polynucleotide systems.
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V1I. Efecto en el ADN y actividad citotoxica de
derivados de quinona y sus correspondientes

complejos dinucleares de Ru(ll)

En este capitulo se ha estudiado la interaccion con ADN de dos ligandos
organicos derivados de la quinona: una naftoquinona (Naphthazarin, N) y una
antraquinona (Quinizarin, Q), asi como de sus correspondientes complejos
dinucleares de Ru(ll) Cl.RuzN y CI2Ru2Q (Figura VII.1).

La eleccion de las quinonas se debe a su conocida actividad bioldgica. 1316
Ademas, en el caso de los compuestos de Rutenio, nuestro grupo tiene experiencia
en la investigacion de la interaccion con ADN de distintos complejos
mononucleares de Rutenio*®®1%, Por este motivo se decidid sintetizar complejos
dinucleares conteniendo ligandos con actividad biolégica conocida como son las
quinonas, con el objetivo de establecer una relacion estructura-actividad. Para ello
se han estudiado la interaccion de ADN con los ligandos Ny Q y con los complejos
Cl2Ru2N y CI2Ru2Q y comparado su comportamiento desde los puntos de vista
quimico y biolégico. Estos estudios se han llevado a cabo en colaboracién con el

Profesor Gustavo Espino, del &rea Quimica Inorganica de la Universidad de Burgos

Para la realizacion de este trabajo se han empleado técnicas de sintesis
inorganica y caracterizacion mediante RMN de H y andlisis elemental. La
interaccion de los ligandos con ADN se ha realizado desde un punto de vista
cinético y termodinamico. El estudio se ha realizado empleando espectroscopia de
absorcion, viscosimetria, dicroismo circular y calorimetria diferencial de barrido
(DSC).

Los resultados experimentales se han complementado con simulaciones
tedricas. Se han empleado métodos semi-empiricos con los que se obtienen las
estructuras iniciales de los compuestos. A partir ellas se han realizado estudios por
DFT (B3LYP, M062X y ®B97X-D) y en el caso de los sistemas més complejos se
han empleado calculos QM/MM mediante el método ONIOM para Gaussian 09.

Los resultados reflejan una gran influencia, en cuanto a la interaccién con

ADN, del anillo aromatico extra que tiene Quinizarin respecto a Naphthazarin y sus
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respectivos compuestos dinucleares de Ru(ll). Los ligandos N y Q interaccionan
con ADN mediante intercalacion, siendo mas pronunciada en el caso de
Naphthazarin. Sin embargo, es Quinizarin el que tiene mas afinidad por la doble
hélice de ADN. Los compuestos dinucleares de Ru (11) sufren reaccion de acuacion,
siendo los derivados aquo los que interaccionan con ADN mediante enlace
covalente crosslinking. El resultado es que se crea una “pinza” por unién de cada
centro metalico de Rutenio a los N7 de los residuos de dos Guaninas consecutivas.
La Figura VII.1 muestra que los ligandos N y Q actian como puente entre los

centros metalicos y los N7 de dos Guaninas consecutivas.

Los estudios de citotoxicidad indican una actividad significativa para
Naphthazarin y casi nula para Quinizarin. Comparada con los complejos, la
actividad de CI2Ru2N disminuye respecto a Naphthazarin, mientras que la de
Cl2Ru2Q aumenta respecto a Quinizarin. Los mejores resultados de actividad
antiproliferativa han sido obtenidos para Cl.Ru;N debido a su buen factor de

selectividad (relacion entre los 1Cso en células tumorales y sanas).

A B

R

| o
Figura VII.1. Estructuras y modos de interaccion de (A) Naphthazarin, (B) Quinizarin (C)
[(H20)2RuzNJ** y (D) [(H20).Ru2QJ*".
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Effect on DNA binding and cytotoxic activity of the extra ring of

two quinones and their dinuclear Ru(ll) complexes

VII.1. Abstract

The interaction of ctDNA with Naphthazarin (N, Naphthoquinone), Quinizarin
(Q, Anthraquinone) and their p-cymene di-Ruthenium (1) complexes containing N
(CI2RuzN) and Q (Cl2Ru2Q) as bridging ligands, has been studied experimentally
and theoretically. Free quinones N and Q intercalate into DNA base pairs being the
stacking distance between the ligand and the closest base-pair 3.34A and 3.19A for
N and Q respectively. The experimental part shows that the affinity constant of the
Q/DNA system is two orders higher than that of N/DNA. Computational studies
show that the extra ring of Q increases the rigidity more than N, enhancing the
affinity and the stacking interactions but the intercalation degree is higher in N than
in Q. Cl.Ru2X (X = N or Q) complexes, undergo aquation forming [(H20)2Ru2X]?*,
followed by covalent binding between the two Ru atoms and the two N7 sites of
consecutive Guanines of DNA, the Ru-N7 distances being: 2.44 and 2.50A for
[(H20)2Ru2N]J**/ctDNA system, and 2.37 and 2.39A for [(H20)2Ru2Q]?**/ctDNA
system. Computational simulations support the experimental results, showing that
both [(H20)2Ru.N]** and [(H20).Ru.Q]*" are able to bind to DNA via either
interstrand or intrastrand crosslinking. The decrease in relative viscosity and the
thermal stabilization indicate that interstrand crosslinking prevails, this behavior
being more pronounced for [(H20).Ru-QJ**. The cytotoxic activity of the N
compound is notable, whereas it is negligible for Q. Moreover, among the four
studied compounds the Cl:RuzN complex is the most promising of the four
compounds due to its low resistance factor and good selectivity. The number of rings
of the aromatic moieties and the covalent binding are key to understand the behavior

of the quinones and their Ruthenium derivatives.

VI11.2. Introduction

One of the most important research fields in the study of DNA binding drugs
are constituted by metal complexes, which have been widely used in Magnetic
Image Resonance, radiopharmacy, and in arthritis and ulcer therapy as well as

chemotherapy.’%®1©  One such type of metal complexes,, Ru(ll)-arene
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compounds,'’ has attracted attention in anticancer research’>1”® and exhibit low
toxicity compared to cisplatin, [Pt(NHs)2Clz]. The arene group stabilizes the

oxidation state of Ru(ll) complexes'’®

and provides a lipophilic moiety that allows
transportation through plasmatic membrane. Recently, we have reported on the
anticancer properties of several half-sandwich Ru(ll) complexes and the
mechanism of action of most active derivatives®®16"177:178 |n this work, we address
the binding mode of ctDNA and deoxyguanosine monophosphate, dGMP, with
Naphthazarin  (5,8-dihydroxy-1,4-naphthoquinone), and Quinizarin  (1,4-
Dihydroxyanthraquinone), Figure VII.1A and 1B respectively, and their dinuclear
Ru(I1) counterparts, Cl2RuzN and Cl2Ru2Q, Figure VI1.1C and 1D respectively, the
bridging ligands being Naphthazarin (N) and Quinizarin, (Q). The bicyclic
naphthoquinone dye, Naphthazarin, finds application as reactive oxygen species
(ROS) scavenger,'’® due to its ability to form semiquinones.’® The cytotoxic
activity'8! and the ability to inhibit the activity of topoisomerase (1)!#? has been
proven with this family of compounds. Regarding Naphthazarin, its scavenging
activity against DMSO oxidation has been demonstrated.'® This dye is cytotoxic
in human gastric cancer cells, diminishing the cell viability below to 90 % at

SHM.184

Anthraquinones are anthracene derivatives with anti-tumour effect!® and
inhibitory action on topoisomerase (11).2% These compounds have attracted
attention due to the ease to add side-chains to the anthraquinone moiety, altering
their affinity with DNA and G-Quadruplexes.!® Anthraquinones exhibit
antiproliferative and antimetastatic activity in melanoma cells.® Quinizarin is
prone to one- or two-electron reduction*®®%? reacting with molecular oxygen and
superoxide anion to yield ROS,*® which could induce oxidative damage to DNA.
Viscosity measurements have revealed that the interaction of Quinizarin with
ctDNA is intercalative in nature,*®* and can unwind negatively supercoiled DNA.*%®
rendering Quinizarin part of well-known DNA intercalators such as daunorubicin

and doxorubicin.1%
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Figure VI1.1. Molecular structure of (A) Naphthazarin, (B) Quinizarin, (C) [CI;RuzN and (D)
C|2RU2Q.

Dinuclear Ru(ll) compounds have attracted attention due to their
cytotoxic'® and photochemical potential.!®® In this work, dinuclear Ru(ll)
complexes, [(n8-p-cymene). Ruz(O0NO0)(Cl)2] (Cl.RuzX, with (OONOO) the
bridging ligand), have been synthesized from Naphthazarin and Quinizarin,
(CI2Ru2N and Clz2Ru2Q, respectively). The structure of dinuclear Ru(ll)-arene
drugs, with two binding sites, usually presents higher affinity for DNA than
mononuclear complexes,!® and are able to alter the DNA binding mode more
drastically than the corresponding mononuclear complexes.?® Coordination of an
additional bridging ligand to the dinuclear complexes leads to the formation of
tetranuclear metallacages, which can be used as G-Quadruplex stabilizing
agents®®2%% or as encapsulation cages.}’* Specifically, reports on formation of
hexa®® and tetra®® metallacages have been published, the latter showing
antiproliferative activity.’® To the best of our knowledge, the interactions
Cl2Ru2N/ctDNA and Cl2Ru2Q/ctDNA have not been reported before. This work
shows the ability of dinuclear Ruthenium complexes to modify the behavior of its
respective bridging ligand upon interaction with DNA.
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VI11.3. Materials and methods

Calf thymus DNA (ctDNA), was purchased from Sigma Aldrich. Solutions of
ctDNA were prepared by dissolving ctDNA in water and sonicated using a MSE-
Sonyprep sonicator by applying 20 cycles of 10 s to suitable DNA samples (10 mL
CtDNA, 3 x 107 M) with 20s pause between cycles, at 98 um amplitude. The
sonicator tip was introduced directly into the solution, kept in an ice bath to
minimize thermal sonication effects. To keep the integrity of ctDNA, the percentage
of DMSO was kept below 5% in all experiments. Naphthazarin and Quinizarin were
purchased from Sigma Aldrich and Acros Organics, and dissolved in DMSO
without further purification. Henceforth, the polynucleotide will be denoted as P,
Cpr being its concentration, expressed in base-pair molarity (Mgp) and the dye will

be denoted as D, Cp being its concentration.

Spectrophotometric measurements were carried out in a Hewlett-Packard
8453A (Agilent Technologies, Palo Alto, California) photodiode array
spectrophotometer by adding increasing amounts of polynucleotide solutions to the
dye solution in the cell. The sample was not illuminated during the equilibration
period. Titrations were performed at 25 °C and analyzed at A = 517 nm and 489 nm
for Naphthazarin and Quinizarin, respectively. The data were corrected by dilution
(C%/Cp). The binding constants for both systems, N/ctDNA and Q/ctDNA, were
evaluated applying [2.16].

Thermal denaturation studies were performed heating the dye/polynucleotide

system from 20 to 110 °C, at 1 °C/min scan rate and 3 atm pressure.

Circular dichroism measurements were carried out in a MOS-450 BioLogic
(Claix, France) modular equipment at 25 °C by adding increasing amounts of the
dye to the polynucleotide solution. Spectrograms were obtained in the 200 — 800
nm range at 2 nm/s speed. Molar ellipticity (deg-Msp™-cm™) was calculated using
[0] = 100-0/Cp:l, where Cp is the polynucleotide concentration (Mgp) and I is the
cell light path (cm).

Viscosity measurements were performed using a Micro-Ubbelohde
viscometer. The viscosity data were analyzed calculating the relative viscosity

(n/Mo), being n/mo = (Mpp — Nomso)/(e - Nomso), where nep, e and nowmso are the
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viscosity of the dye/ctDNA system, ctDNA/buffer and DMSO/buffer, respectively.
Mean values of six replicated measurements were used to evaluate the sample
viscosity, n, and that of DNA alone, 10.% Calculation of relative viscosity has
allowed us to evaluate the relative contour length ratio L/Lo of the
dye/polynucleotide complex, L, and polynucleotide alone, Lo, through L/Lo =

(mMmo)*>.

Computational simulations were performed in silico for Quinizarin,
Naphthazarin and their analogous dinuclear Ruthenium complexes upon DNA
interaction with Gaussian 09.2°" Previous structural optimization of the four dyes
were carried out by DFT studies applied to both Quinizarin and Naphthazarin, using
B3LYP functional and 6-31G(d) basis set. For Ruthenium atoms, ECP was used
with double-zeta functions (LANL2DZ) to diminish the computational cost and
account for relativistic effects. Gas phase dye optimizations were performed under

at 0 K conditions.

Dye/DNA (Ligand/DNA and Ru(ll) complexes/DNA) interactions were
studied with two different B-DNA structures: 2 poly(G)-poly(C) base-pairs and 2
Final Ru(ll)
complex/DNA structures were obtained following a 5-step procedure: For steps 1-
4, the DNA backbone was studied via AMBER94 force field potential with
electronic embedding within the ONIOM approach?® part. QM part (Ruthenium

poly(GC), base-pairs constructed with X3DNA software.?%

complexes, Guanines and Cytosines), were studied by enhancing theory level in
each step: Hartree-Fock (Step 1) > B3LYP (Step 2) ->MO062-X (Step 3) =
©B97X-D (Step 4), which considers long range interactions,'? such as base-pairs
stacking interactions. In step 5, the full system was studied with ®B97X-D
functional; 6-31G(d) basis set was employed for QM regions throughout.

DNA parameters were analyzed with X3DNA software.?®® As the number
of base pairs is short, dye/DNA interaction was analyzed in terms of three
translational local base-pair step parameters, Shift, Slide and Rise, which represent
the displacement between two consecutive base-pairs moving along X, y and z axes,
respectively. Three local angular base-pair step parameters, Tilt, Roll and Twist,?1°
show the change in the orientation of two consecutive base-pairs around x, y and z

axes, respectively. Graphical description of these parameters can be found in Figure

151



Efecto en el ADN y actividad citotéxica de derivados de quinona y sus
correspondientes complejos dinucleares de Ru(ll)

VIIS.1. In addition, some DNA parameters were calculated for the helix (taking
into account all base-pairs and the resulting DNA conformation), and are labelled
with prefix h- (h standing for helical). Block and stacking representation were
generated with W3DNA.?*! Moreover, the DNA system was increased up to 6 DNA
base-pairs for more accurate description of the studied systems, treating extra bases
with AMBER94. The stability of the dye/DNA system has been analyzed in terms
of the total energy balance with simulated aqueous solvent, AE, applying equation
[7.1], where the subscripts complex, DNA and dye, stands for the dye/DNA system,
the type of free DNA and free dye, respectively.

AE = Ecomplex — Epna — Edye [7.1]

Cytotoxicity ATP Lite assay. Cell culture A2780 and A2780cis cells were grown
in RPMI 1640 medium supplemented with fetal bovin serum (FBS) and 2 mM L-
Glutamin at 4 x 10° cells/well density, 37 °C and 5% CO,. MRC-5 and MCF-7 cells
were grown in EMEM (Minimum Essential Medium Eagle) with 2mM L-Glutamin and
Earle’s BSS with 1.5 g/L sodium bicarbonate, 0.1 mM non-essential aminoacids and 1
mM sodium piruvate suplemented with FBS and 0.01mg/mL bovine insulin at 1x10*
density. Cytotoxicity was assayed by ATPLite (Perkin Elmer) with cells plated in 96-
well plate; after 24 h the drugs were added at different concentrations. After seven days,
100 pL of the reactant were added. Then the plate was incubated under agitation for two
minutes, protected from light and the luminescence was read at 1000 ms (EnSpire,
Perkin Elmer). Experiments were performed in triplicated, 4000 cells each point. The
concentration/response curves were constructed, performing calculation of the growth

inhibitory potency (ICso) by fitting the curves to equation [7.2].

Emax
1+ ([C%)n [7.2]

y =
where y is the % growth inhibitory effect, Emax is the maximal inhibitory effect
observed, ICsg is the concentration of the compound inhibiting 50% growth, n is the
slope of the fitting, and x is the drug concentration. Nonlinear regression was

carried out by GraphPad Prism, version 2.01, 1996 (GraphPad Software Inc.).
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VI11.4. Results and Discussion

[(n®-p-cymene)2Ru2(0O0NO0)(Cl),] complexes were synthesized by the
procedures adapted from the literature®®°! shown in VI1.6. Supporting Information

section and in Figure VIIS.2.

To assess the effect of Ru(ll) metal on DNA, this piece of work was split into
two parts. First, we study the interaction between N and Q with DNA to secondly
stand comparison with the behavior of DNA in the presence of the dinuclear Ru(Il)
complexes, Cl:Ru:N and CIbRu.Q. Each part is, in turn, subdivided into

experimental and computational studies.

VI1.4.1. Interaction of the ligands Naphthazarin and Quinizarin with ctDNA

Experimental Study

The reaction between ctDNA and Naphthazarin (N) or Quinizarin (Q) can
be represented by equation [2.3] and the binding constants, Kapp, can be obtained
by absorbance titrations. Henceforth, Cp and Cp stand for the analytical ligand and
ctDNA concentration. The spectra obtained for N and Q in the presence of
increasing amounts of DNA are shown in Figure VII.2A and 2C, respectively. In
both systems, the intensity of the maximum absorbance diminishes as the ctDNA
concentration is raised and 10 nm bathochromic shift of the band at A = 465 nm is
observed for the Q/ctDNA system. Figure VI1.2B and 2D show the fitting of [2.16]
to the AA/Cp versus [P] equilibrium concentration. The Kqpp values were obtained
by iteration until convergence, being Kapp = (1.49 + 0.98) x 10° M-* for the Q/ctDNA
system and (2.19 + 0.49) x 10* M* for N/ctDNA. These values reveal remarkably
higher affinity of the anthraquinone derivative to DNA compared to
naphthoquinone. The binding constant for the intercalation process of Q is one order
of magnitude higher than that previously reported in 50 - 50 water-ethanol?*? and

two orders higher than that obtained for negative supercoiled DNA.®
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Figure VI1.2. Absorption spectra of (A) N/ctDNA system and (C) Q/ctDNA system. Binding
isotherm and fitting to equation [2.16] (continuous red line) are plotted in (B) N/ctDNA system and
(D) Q/ctDNA system. I = 6.5 mM (NaClO,), pH=7and T = 25 °C.

The circular dichroism data listed (Figure V11.3) show that Naphthazarin
and Quinizarin are able to induce only small changes in the ctDNA structure,
although the distortion is slightly more pronounced for Q due to its larger size.

10701, deg.cm™™”
10'3[91, deg.c:m'1M'1

250 300 350 400 250 300 350 400
A, Nm A, NM

Figure VI1.3. CD spectra versus Cp/Cp ratio of (A) N/ctDNA system, Cp = 1.4 x 10*M and (B)
Q/ctDNA system, Cp = 5.9 x 10°M. 1 = 6.5 mM (NaClO,), pH =7 and T = 25 °C.

The variation in the relative contour length ratio (L/Lo) for N/ctDNA and

Q/ctDNA was calculated by viscosity measurements (Figure VIIL.4A). L/Lo
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increased as Cp/Cp was raised up to Cp/Cp = 0.2, reaching a plateau; this behavior
Is ascribed to intercalation, with site size n =5, i.e. one ligand unit intercalates every
five base-pairs. The elongation is more pronounced for N/ctDNA than for
Q/ctDNA. The positive values in the initial linear region, 0.27 for N/ctDNA and
0.08 for Q/ctDNA, suggest partial ligand intercalation into DNA, as reported earlier
for Quinizarin.!® The elongation of the DNA double helix by N is three times
greater than that caused by Q); this feature will be explained with the computational
simulation data, showing that the minor and major grooves enlargement induced by

Naphthazarin are greater than those obtained for Quinizarin.

1.0304 A 684 B ]
n
L] | |
1.025 4 674 =
1.020 664
] o
_|o1,o15 >~ 654
~ -
- 1.010 €
- 64
1.005 4
634
1.000
: : : : : : 62 : : : : :
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.0 0.1 0.2 0.3 0.4
C,/C, C,/C,

Figure VI1.4. (A) L/Lo vs Cp/Cp for the systems (m) N/ctDNA and ( A)Q/ctDNA , Cp = 2.3 x 10
M, T =25 °C.(B) Tm Vs Cp/Cp for the systems (m) N/ctDNA and ( A )Q/ctDNA, Cp = 4.0 x 10 M. |
=6.5mM (NaClO4), pH=7and T = 25 °C.

The variation of the melting temperature (Tm) of ctDNA upon addition of N
and Q was studied by DSC measurements. Figure VII.4B shows the Tm versus
Co/Cp for N/ctDNA, Q/ctDNA and free ctDNA. As an example, the DSC curves at
Cp/Cp = 0.2 for N/ctDNA and Q/ctDNA and for free DNA can be found in the
Supporting Information (Figure VI1S.3). The results obtained indicate higher
increase in Tm induced by N than by Q; that is, despite its lower affinity, N induces
a stronger stabilization of ctDNA than Q. Due to the well-known thermal stability
induced in intercalation process, the results concur fairly well with the higher
intercalation degree obtained for N compared to Q in the viscosity experiments.
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Computational study

To stand comparison between computational results obtained for ligands
and Ru(ll) complexes in the presence of DNA, theoretical simulations were
performed with the dyes and G-C base-pairs containing two different
polynucleotide lengths. Two base-pair length polynucleotides to get faster high-
level calculations of dye behavior inside the base pairs, and also six base-pair length
for a more accurate dye/DNA overall structure.

Ligand/poly(G)-poly(C). The optimized structures of N/poly(G)-poly(C)
and Q/poly(G)-poly(C) systems, as well as their block representations from full
DFT studies are available in the Supporting Information in Figure VIIS.4 and
Figure VIIS.5, respectively. The H-bonds between Guanine and Cytosine are kept
in both base pairs in the presence of N or Q. Occupation of the dye molecules in the
empty space between base-pairs, promotes their separation, allowing for the
formation of stacking interactions of each ligand with the upper and lower base
pairs. Therefore, when comparing change of Rise values from free poly(G)-poly(C)
(3.76 A) to N/poly(G)-poly(C) (7.35 A) and to Q/poly(G)-poly(C) (6.83 A) systems,
intercalative behavior is confirmed in both cases. Rise value is highly increased due
to N and Q intercalation and the distance between the base-pair involving
intercalation is larger for N than for Q. DNA parameters values analyzed in this
work, for poly(G)-poly(C) containing systems are shown in Figure VII.5A and 5B,
being Shift, Slide and Rise the displacement between two consecutive base-pairs
over X, y and z axes, respectively, and Tilt, Roll and Twist, angular parameters in
X, y and z axes, respectively (see graphical representation of the DNA parameters,
Figure VIIS.1).

Ligand/poly(GC). Intercalation of Naphthazarin and Quinizarin was also
studied with poly(GC), following the same calculation steps as with
poly(G)-poly(C). No changes were found in the interaction mode with DNA. For
N/poly(GC) (Figure VIIS.6), the conformation adopted by the ligand shows the
rings almost parallel to both Guanines, which undergo reorientation in the presence
of the ligand. A very different conformation was found for Quinizarin (Figure
VIIS.7).
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Figure VIL5. DNA parameter values obtained for (A, B): free poly(G)-poly(C) (—),
N/poly(G)-poly(C) (—) and Q/poly(G)-poly(C) (—) and for (C, D) poly(GC) (—), N/poly(GC) (—)
and Q/poly(GC) (—).

The Rise parameter (Figure VIL5C and 5D) reveal that the base pair
separation due to intercalation is slightly higher for Naphthazarin (8.63 A) than for
Quinizarin (8.17 A). Since the helix torsion change is almost negligible (Twist
parameter), 43.20°, 43.55° and 46.62° for poly(GC), N/poly(GC) and Q/poly(GC),
respectively, we can conclude that the structural change induced by intercalation of

both ligands affects only the helix length.

The interaction energy and the percentage of Rise increment (compared to
free DNA) are shown in Table VII.1. Naphthazarin displays higher affinity with
poly(G)-poly(C) than with poly(GC), whereas the affinity for Quinizarin is
reversed. In addition, the final energy balance is favoured for Quinizarin-containing
systems, rather than for Naphthazarin. The results obtained concur with the binding
constants obtained by absorbance titration and reflect the higher stabilization that
the extra ring exerts in favour of to Quinizarin, thus enhancing of the n-stacking
stabilization compared to Naphthazarin. The intercalation degree has been
estimated by comparing the Rise values of free DNA to its respective Ligand/DNA
systems. For poly(G)-poly(C) and poly(GC), Naphthazarin induces higher Rise
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increments than Quinizarin, (see above in viscosimetry experiments), the size of

Naphthazarin allows better penetration into base-pairs.

Table VII.1. Energy balance and Rise increment obtained for the 2-base-pairs dye/DNA systems.

System AE, kcal/mol % Rise increment
N/poly(G)-poly(C) -13.67 19.55
N/poly(GC) -1.86 22.90
Q/poly(G)-poly(C) -27.58 18.16
Q/poly(GC) -35.14 21.72

To get a more reliable description of the Ligand/DNA systems, a six base-
pair poly(GC) polynucleotide was chosen for theoretical simulations with
Naphthazarin and Quinizarin. The interaction process was carried out placing the
ligands between the third and fourth base pairs. The DFT optimized structures of
Naphthazarin and Quinizarin with poly(GC) are shown in Figure VI1.6. The ligand
interaction with this DNA sequence promotes base-pair separation. In addition, due
to stacking interactions observed for both systems, the ligands tend to adopt a
similar conformation inside the intercalation site in which their aromatic rings are
placed, in a parallel plane to upper and lower Guanines presenting better t-electron
system interaction than Cytosines. Therefore, when comparing change of Rise
values from free poly(GC) (3.01 A) to Naphthazarin/poly(GC) (7.03 A) and to

Quinizarin/poly(GC) (7.02 A), intercalative behavior is confirmed in both systems.

Unwinding is expected to occur upon intercalation due to DNA elongation;
this can be measured by h-Twist parameter, which considers the helix torsion. Once
bound the ligands to poly(GC), h-Twist decreases due to unwinding. At first sight,
due to the similar values of Rise, h-Rise and h-Twist parameters, one can conclude
that Napthazarin and Quinizarin intercalate into poly(GC) to same extent as with
poly(G)-poly(C). Although the behavior of these parameters suffices to clarify the
ligand/DNA interaction, all of them are in fact influenced by the local base-pair and
local base-pair step parameters. Nonetheless, minor and major groove widths
provide full information about DNA elongation change. Therefore, Table VII.2
summarizes groove widths for free poly(G)-poly(C) and Ligand/poly(G)-poly(C).
Minor and major groove enlargements induced by Naphthazarin are greater than for

Quinizarin due to the higher intercalation degree of N. These data are in good
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agreement with the results obtained from the experimental measurements quoted.
The Ligand/DNA system energies have been estimated by applying the energy
balance between products and reactants (equation [7.1]). Quinizarin-containing
systems, rather than Naphthazarin, have proved to be the most stable. The results
reflect the higher stabilization that the extra ring affords with Quinizarin, allowing
for enhanced =n-stacking stabilization (primarily with Guanine molecules),
compared to Naphthazarin. The lower energy of the Quinizarin/DNA systems, are
in good agreement with the binding constants obtained by absorbance titrations. In
summary, computational data support: 1) The affinity of Q is higher than the affinity
of N for DNA and 2) N induces greater elongation and thermal stabilization of
DNA.

Figure VI1.6. Six base-pairs dye/poly(GC) DFT-optimized structures, for (A) Napthazarin and (B)

and Quinizarin.

Table VI1.2. Helical Twist (h-Twist), helical Rise (h-Rise), energy balance (AE), minor and major
groove widths obtained for free six base-pairs poly(GC) and six base-pairs Ligand/poly(GC)

systems.
Svstem h-Twist, h-Rise, Minor Groove Major Groove AE,
y deg A width, A width, A kcal/mol
Free
poly(GC) 41.02 3.01 10.6 14.4 -
N/poly(GC) 34.30 7.03 14.2 21.8 -9.63
Q/poly(GC) 33.74 7.02 13.3 21.0 -17.35
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VI1.4.2. Interaction of the RuzN and Ru2Q complexes with ctDNA

Once performed the study of N and Q with DNA, we address the effect of
Ru(ll) in the CI2Ru2N and Cl2Ru2Q complexes. This section is also split into

experimental and computational parts.

Experimental Study

Agquation of CI2Ruz2N and CIl2Ru2Q

Initially, we study the aquation of Cl.Ru2N and CI.Ru2Q complexes. Since
the chlorido-complexes are insoluble in water, the kinetics of substitution of the ClI
groups by DMSO was performed in DMSO. Figure VI11.7 shows the spectral curves
and the kinetic traces for CIoRu2N and ClRu.Q. The absorbance-time data pairs
were fitted by a biexponential equation; the rate constants obtained, ki and ko,
related to substitution of chloride groups by DMSO molecules through a two-step

mechanism.

Abs
Abs

2 4 638 10 12 14
107t s

300 400 500 600 700 800 900
A, NM

Figure VI1.7. [[DMSO);Ru2X]?* formation from Cl,Ru.X. (A) X = N and (B) X = Q: Absorbance
spectra as function of time. Insets: Absorbance-time plot. Cp = 1.5 x 10°°M, 100% DMSO and T =
25°C.

Figure V11.8 shows the two-step mechanism. The first step, governed by ki,
iIs the substitution of one ClI atom by a DMSO molecule, forming
[(DMSO,CI)Ru2X]* complexes; the second, governed by kp, is related to
substitution of the another chloride groups, yielding the [(DMSO).Ru2X]?
complexes (X =N or Q).
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Figure VI1I.8. Reaction steps for the substitutions of Cl for DMSO and DMSO for H,O for
[(DMSO,CI)Ru:X]*, [(DMSO);Ru,X]*, [(DMSO, H0)Ru>X]*, and [(H20)-Ru.X]** complexes
(X=NorQ).

The ky constant was higher than ko, indicating that substitution of the second
Cl atom is unfavourable due to the presence of a previously substituted DMSO
molecule in the complex (Table VI11.3). This behavior is more evident when Q is
the bridging ligand, showing the key role played on the reactivity of the complex
by the third extra ring. In summary, the two chloride groups in Cl;Ru;N and
Cl.Ru2Q can be replaced in the presence of DMSO, forming the [(DMSO)2Ru2X]%*

complexes.

Table VII.3. Rate constants ki, ko, k1 and k’; for the formation of [(DMSO,CIl)Ru2X]",
[(DMSO0):Ru2X]?*, [(DMSO, H,0)Ru2X]?* and, [(H20)2Ru2X]?>* complexes (X = N or Q). From
Cl,RuX dissolved in pure DMSO (k; and k), and from [(DMSO),Ru.X]?* dissolved in water (k;"
and ko), 1 =6.5mM (NaClOs). pH=7and T = 25 °C.

Reactant  10%ky, st 10%ko, s 10%k;", st 10%ky, st
Cl,Ru,N 0.080+0.001 2.03+0.20 1.26 +0.08 2.2+0.1
CbRuQ 275+0.06 14.8+1.2 031+£0.01 2.73+£0.05

Once the CI2Ru2X complexes are dissolved in DMSO and the
[(DMSO);Ru2X]%* derivatives are formed, both are diluted in aqueous solvent and
the aquation processes are observed. The absorbance-time data-pairs were fitted by
a biexponential equation. Figure VI11.9 shows the kinetic spectral curves and the
kinetic traces obtained for formation of [(DMSO,H.0)RuzX]?* (governed by k1)
and [(H20)2Ru2X]?* (governed by k2" at fixed wavelength (see Figure VI1.9). The

ki” and k2" values are listed in Table V11.3 and can be compared with ki and ka.
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Figure VI11.9. [(H20),Ru,X]?* formation from [(DMSO).Ru,X]?*. (A) X = N and (B) X = Q:
Absorbance spectra as function of time. Insets: Absorbance-time plot. Cp = 2.5 x 10°° M, | = 6.5mM
(NaClOs).pH=7and T = 25 °C.

For N complex, ki and ko are lower than k1" and k2", respectively, whereas
for Ru.Q complex the opposite is true. Thus, the third ring is responsible for the
more favored substitution of Cl by DMSO and inhibits the substitution of DMSO
by H20. In conclusion, the naphthoquinone ligand promotes the aquation faster than
the anthraquinone moiety. Given that diaquo-complexes are water-soluble, they
will be the reactants in the study of the interaction with dGMP and ctDNA.

[(H20)2Ru2N]?*/dGMP and [(H20)2Ru2Q]**/dGMP interaction

To determine the binding mode of DNA with [(H20):Ru2X]?*, the
interaction of these compounds with the nucleotide dGMP has been tested. Figure
VIL.10A and 10B shows the spectrograms and kinetic traces for dGMP +
[(H20)2Ru2N]** and for dGMP + [(H20).Ru>Q]** reactions, respectively. The
absorbance-time data-pairs were fitted by a biexponential function.
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Figure V11.10. (A) Absorbance spectra as a function of time for [(H20),Ru,N]?**/dGMP system, Cp
=5.0 x 105 M. (B) Absorbance spectra as a function of time for [(H20).Ru.Q]?**/dGMP system, Cp
= 2.5 x 105 M. Insets: Absorbance-time plots. Cp/Cp = 10, I = 6.5 mM (NaClO,), pH=7and T =
25°C.

Table VI1.4 shows ki""and k2" values for both systems; ki"" is the rate
constant for the substitution of one water molecule, forming [(H20,dGMP)Ru2X]?*
complexes, and k2" stands for the substitution of the second H.O for dGMP to give
[(dGMP)2RuX]?>" complexes. ki~ was always one order greater k™", indicating
that substitution of H.O by dGMP is affected by the presence of another dGMP
molecule. This trend is also observed with ctDNA (see below). Given that ki and
ko”" are greater for Naphthazarin than for Quinizarin, reactivity with dGMP is
higher for the former.

Table VI11.4. Kinetic constants k;”" and k,”” obtained for the interaction of [(H20).Ru.X]?" with
dGMP and ks, ks with ctDNA. | = 6.5 mM (NaClO,), pH =7 and T = 25 °C.

ki”, M1s1 k", M1s1
[(H20)2Ruz2N]**/dGMP 302 + 20 3362
[(H20):Ru2Q1?**/dGMP 62+4 7.0+£0.1
ks, Mgt ks, 5t
[(H20)2Ru2N]**/ctDNA 176 £ 24 24+0.1
[(H20)2Ru2Q]?*/ctDNA 463 + 62 06+0.1

[(H20)2Ru2N]?*/ctDNA and [(H20)2Ru2Q]?*/ctDNA interactions

[(H20):Ru2N]** and [(H20).Ru2Q]?** can form complexes with ctDNA
through consecutive reactions mechanism, similar to dGMP. Figure VI11.11 shows
the spectral curves and kinetic traces for the reaction of ctDNA with
[(H20)2RuzN]?* and [(H20)2Ru2Q]?*. As with dGMP, absorbance-time data pairs
were fitted by a biexponential function. The values of ks and ks obtained are shown
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in Table VI1.4; ks is greater than ks, following the same pattern obtained for AGMP.
Nonetheless, contrary to the pattern observed for k’’, where two water molecules
were substituted by two dGMP units, in the presence of DNA both water molecules
are replaced by two Guanine moieties of same ctDNA molecule. One of the Ru(ll)
atoms of the [(H20)2Ru2X]?* complexes binds in a first step to one Guanine of
CtDNA, vyielding the (H20, DNA1)Ru2X complexes (governed by ks) and, in the
second step, the other Ru(ll) atom binds to another Guanine, forming the final
(DNA1,2)Ru2X complexes (governed by ks). DNA1 2 indicate (Ru-N7(G))2 bonds to
consecutive base pairs of ctDNA. These results are supported by computational
calculations. It can be observed (Table VI1.4) that ks is much higher than ks, in

agreement with inhibited formation of the second Ru(l1)-DNA bond.
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Figure VI1.11. (A)Absorbance spectra as time function for [(H20).Ru,N]>*/ctDNA system, Cp =
5.0 x 10 M. (B) Absorbance spectra as time function for [(H20).Ru.Q]**/ctDNA system Cp = 2.5
x 105 M. Insets: absorbance vs time plot. Cp/Cp = 10, I = 6.5 mM (NaClOy), pH =7 and T = 25 °C.

CD spectra for different Cp/Cp ratio are shown in Figure VII1.12 for the
[(H20)2Ru2X]**/ctDNA systems. Sample measurements were performed after
overnight incubation to avoid kinetics effects. The CD spectra obtained for ctDNA
in the presence of [(H20)2Ru2X]?* considerably differs from that obtained for the
ligands (Figure V11.3), showing the influence of Ru(ll) upon DNA interaction with
both [(H20)2Ru2N]?* and [(H20)2Ru2Q]?* complexes.
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Figure VI1.12. CD spectra of (A) [(H20)2Ru2N]?**/ctDNA system, Cp = 6.0 x 10°M, Cp = 1.41 x
10°M and (B) [(H20)2Ru,Q]?*/ctDNA system, Cp = 5.88 x 10°M and Cp = 2.05'x 10°M. 1 = 6.5
mM (NaClO,), pH =7 and T = 25 °C.

The obtained CD spectra of [(H20).Ru.N]**/ctDNA system (Figure
VII.12A) is very different than that of [(H20).Ru.Q]?*/ctDNA (Figure VI11.12B),
showing the key role of the bridging ligands N and Q regarding DNA interaction of
their respective complexes. For [(H20)2Ru2N]**, the negative band at 246 nm
increases and the positive band at 277 nm diminishes as the concentration ratio was
raised. In addition, new positive bands at A = 320 and 380 nm appear in the range 0
< Cp/Cp < 0.8. By contrast, for the same Cp/Cp ratio, addition of increasing amounts
of [(H20)2Ru2Q]?* to ctDNA results in a hypochromic effect as well as two
additional negative bands emerge at 301 nm and 440 nm, showing again the

influence of the ligands in dinuclear Ru(ll) complexes.

Lastly, the behavior of the viscosity measurements (Figure VII.13A) is
ascribable to covalent interstrand crosslinkg (DNAz2)Ru2X that shortens DNA by
forming a junction binding (Ru-N7G)2. This effect is higher when X is N. Due to
the different interaction, the behavior of these complexes differs from that of the
ligands (Table VII.4A). In addition, thermal stability of ctDNA in the presence of
Ruthenium compounds, was studied with DSC in the same way as for Naphthazarin

and Quinizarin.
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Figure VIL13. (A) L/Lo versus Cp/Cp for (m) [(H20):Ru:N]?*/ctDNA system and (A)
[(H20):Ru.Q]?**/ctDNA system, Cp = 2.30 x 10* M and T = 25 °C. (B) Tm vs Cp/Cp for
[(H20)2RuX]?*/ctDNA  systems: (m) [(H20)2Ru:N]?*/ctDNA and (A) [(H20)2RuQ]?*/ctDNA
systems. Cp = 4.04 x 10*M. | = 6.5 mM (NaClOg4) and pH = 7.

Figure V11.13B, shows the variation of melting temperature of ctDNA (Tm)
when Cp/Cp ratio is raised. [(H20)2Ru2N]?* induces modest enhancement of Tr,
(ATm = 1 °C), reaching a plateau for low Cp/Cp ratio, while [(H20)Ru2Q]?*
promotes linear increase in Tm of 10 °C up to Cp/Cp = 0.5. As an example, the DSC
curves at Cp/Cp = 0.1 for [(H20)2RuzN]?*/ctDNA and [(H20)2Ru2Q]?**/ctDNA and
for free DNA can be found in the Supporting Information (Figure V11S.8). This
behavior differs from that obtained for N and Q although both, ligands and
complexes, induce DNA thermal stabilization. The increase in T, is ascribable to
intercalation (see Figure VII1.4B, relative to N and Q free ligands) or crosslink
interstrand covalent binding. Computational simulations will provide evidence for
the possibility of both inter and intrastrand crosslinking between two N7(G) of
DNA and [(H20)2RuzN]?* or [(H20)2Ru2Q]** to give (DNA12)Ru2X.

Computational study

Computational study of the interaction of [(H20)2Ru2X]** complexes were
performed with two free Guanines and ssDNA (single strand of two Guanines). As
with N and Q ligands, we present evidence for the interaction of [(H20)2Ru2X]**
with two base-pair, poly(G)-poly(C) and poly(GC); the calculation was also
upgraded to a six base-pair poly(GC) polynucleotide. [(H20)2Ru2X]?>* complexes
with two Guanines (2G) were studied first, to check the binding mode and the
possibility of double coordination of the bases. Results show that the two Guanine

units interact with the organometallic complexes by covalent binding, forming
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[(H20)2Ru2X]*/2G. The covalent binding to Guanine molecules by the Ruthenium
complexes is confirmed via N7(dGMP)-Ru bonds, as shown in Figure VII.14.
Again, the extra ring of [(H20)2Ru.Q]?" plays an important role to differentiate the
behavior of both complexes. Thus, due to the rigidity induced by the three-ringed
ligands, Guanines remain parallel to each other and orthogonally toward the
bridging ligand. By contrast, [(H20).Ru.N]** is flexible and Guanines bend the
organometallic complex to give a final structure in which Guanines are oriented one
to another and interact through H bonding. Moreover, we could optimize
[(H20)2Ru2X]*/poly(G) systems, Figure VI1I1.15. For both complexes, the Ru(ll)-
N7 bond is preferential rather than other coordinating positions. The presence of
the backbone leads to separation of the two Guanines compared to that obtained for
[(H20)2Ru2X]?*/2G systems and, for [(H20).Ru.Q]?*, upper Guanine rotates
pointing its NH2 moiety to the upper p-cymene group as a consequence of the
rigidity above mentioned.

A B

Figure VI11.14. (A) [(H20)2RuzN]?*/2G and (B) [(H20).Ru.Q]?*/2G DFT-optimized structures.
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Figure VIL.15. (A) [(H20):RuzN]**/poly(G) and (B) [(H20):Ru.Q]**/poly(G) DFT-optimized

structures.

Regarding poly(G)poly(C), the optimized structures for the
[(H20)2Ru2X]*"/poly(G)-poly(C) systems are shown in Figure VIIL16.
[(H20)2Ru2N]?* binds to both Ru atoms through the Guanine N7 sites. The binding
is favored by the flexibility of the Ru-O-C bonds and the reorientation of Guanines
to a position pointing to Ru atoms. Moreover, base-pair interactions are kept, which
contributes to the structure stability. For [(H20)2Ru2Q]?*/poly(G)-poly(C)
complexes, the third ring of the bridging ligand is close to the backbone of the DNA
sequence, instead of the base-pairs, to avoid steric interactions. The schematic
representation (Figure VI1IS.9) shows that the H bonding interaction between
Guanines and Cytosines remains unchanged. Due to DNA interaction, p-cym
groups undergo rotation to leave isopropyl groups aiming to Guanine moities to
minimize steric hindrance and maximize H interactions. The same pattern was
observed for [(H20)2Ru2Q]%*/ poly(G)-poly(C), where the system is not affected by
the inclusion of the third extra aromatic ring located close to the backbone. Due to
DNA interaction, the planarity of the bridging ligands is lost and the rings tend to

stay away from the polynucleotides.
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Figure VII1.16. (A) [(H20)2RuzN]*/poly(G)-poly(C) and (B) [(H20).Ru.Q]**/poly(G)-poly(C)
DFT-optimized structures. Backbone is represented as wireframe for a better visualization.

Figure VIIL.17A displays the DNA base-pair step parameters of free
poly(G)-poly(C), [(H20)2Ru2N]?*/poly(G)-poly(C) and
[(H20)2Ru2Q]?*"/poly(G)-poly(C); both Ru complexes induce inversion from
negative to positive of the base pairs shifts on X axis (Shift). Slide parameters
diminish in the presence of the complexes, leading Guanines to almost overlap with
Cytosines. The base-pairs distance is nearly the same as in the three cases,
discarding DNA elongation. The influence of the [(H20)2Ru2N]?** and
[(H20)2Ru2Q]?** binding is well noticeable analyzing Tilt, Roll and Twist angles
(Figure VI11.17B). Roll parameters undergo inversion to allow N7 sites aim to Ru,
creating the covalent bond. That interaction promotes Tilt parameter to increase as
a result of the G and Ru approximation, diminishing Twist values as well. These
results are in good agreement with the viscosimetry measurements discussed

previously.

Figure VII.17. DNA parameter values obtained for free (—) poly(G)-poly(C), (—)
[(H20)2Ru2N1?*/poly(G)-poly(C) and (—) [(H20)2Ru2Q]%*"/poly(G)-poly(C). (A) Shift, Slide and
Rise and (B) Tilt, Roll and Twist.
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To determine the preference of these compounds for inter or intrastrand
crosslinking, the interaction of the Ru complexes was studied with two base-pair
poly(GC) as well, with the same procedure as with poly(G)-poly(C). We chose two
base-pair of poly(GC) in which Guanines and Cytosines of the same strand
alternate. The optimized structure of the [(H20)2Ru2N]?**/poly(GC) and
[(H20)2Ru2Q]*/poly(GC) systems are depicted in Figure VII.18A and 18B,
respectively.

Figure VI11.18. (A) [(H20)2RuzN]**/poly(GC) and (B) [(H20).Ru.Q]?*/poly(GC) DFT-optimized
structures. Backbone is represented as wireframe for a better visualization.

The binding of both Ru atoms induce strong variation of the base pair
conformations (Figure VI1S.10A and 10B), centering Guanine units to an eclipsed
position. This modification shows the high affininity of the N7 atoms with Ru, even
being able to significantly distort the DNA. Hydrogen bond interactions between
Guanine and Cytosine remain unaltered. For [(H20)2Ru2Q]?*/poly(GC), the overall
final structure is similar to that obtained with [(H20)2Ruz2N]?*. Regarding poly(GC)
interaction, it is possible to study the influence of each compound by analyzing the
modification of DNA parameters. Thus, base-pair displacement along cartesian axis
are depicted in Figure VIL.19A. [(H20)2Ru.N]** promotes inversion of Shift
parameter compared to free DNA from negative to positive value, whereas
[(H20)2Ru2Q]%* remains negative.
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Figure VIIL.19. DNA parameter values obtained for (—) free poly(GC), (—)
[(H20)2Ru2N1?*/poly(GC) and (—) [(H20)2Ru2Q]**/poly(GC). (A) Shift, Slide and Rise and (B) Tilt,
Roll and Twist.

We present the binding energies calculated for each system (Table VII.5).
The  binding  energies  of  [(H20)2Ru2N]*/poly(G)-poly(C)  and
[(H20)2Ru2Q]*"/poly(G)-poly(C) are slightly lower than those obtained for
poly(GC), the intrastrand crosslinking interaction inducing slightly better
stabilization. Nonetheless, as the difference between inter and intrastrand
crosslinking is negligible, it is reasonable to consider a competitive process between
intra and inter crosslinking. The stabilization induced by [(H20)2Ru2Q]?* is greater
than that of [(H20)2Ru2N]*".

Table VIL5. Total energies obtained from full DFT optimization (0B97X-D/6-31G(d)) for
[(H20)2Ru2N1?*/poly(G)-poly(C), [(H20)2RuzN]?*"/poly(GC), [(H20)2Ru2Q]**/poly(G)-poly(C) and
[(H20)2Ru,Q]**/poly(GC), in aqueous phase.

System E, kcal/mol
[(H20)2Ru2N]%*/poly(G)-poly(C) -4.08
[(H20)2Ru2N]?*/poly(GC) -4.08
[(H20)2Ru2Q]?*/poly(G)-poly(C) -4.18
[(H20)2Ru2Q]?*/poly(GC) -4.18

The computational study of [(H20).Ru2N]?* and [(H20)2Ru.QJ*" upon
DNA interaction was also upgraded to six base-pair poly(GC) polynucleotides. Due
to the high computational cost, the functional applied was B3LYP, with 6-31G(d)
basis set for light atoms (C, H, N, Na, N, P and S) and ECP for Ru atoms with
LANL2DZ basis set. As depicted in Figure VII.20, [(H20)2Ru2N]** and
[(H20)2Ru2Q]?** bind to DNA via covalent binding through two N7 atoms of

consecutive base-pairs. In the resulting dye/DNA complex, p-cymene groups of the

171



Efecto en el ADN y actividad citotéxica de derivados de quinona y sus
correspondientes complejos dinucleares de Ru(ll)

Ruthenium complexes are positioned close to the backbone of the double helix.
These conformations leave the bridging ligands outside and in front of the base-

pairs to which Ru atoms are bound.

Figure VI1.20. DFT-optimized structures, for (A) free poly(GC) (B) [(H20).RuN]?*/poly(GC)
and (C) [(H20)2Ru.Q]**/poly(GC).

Bending of DNA occurs due to the double covalent binding between the
Ruthenium compounds and DNA; [(H20)2Ru.N]*" and [(H20).Ru-Q]*" approach
to DNA from the major the groove side; due to the size of the metal complexes,
reorientation of the overall structure sets in and DNA major groove increases to let
[(H20)2RuzN]?* and [(H20)2Ru2Q]?* enter between third and fourth base-pairs of
the studied polynucleotide. Consequently, minor groove bends diminishing its
width, as shown in Table VII.6. In addition, local base-pair step parameters were
analyzed for the base-pair, in which Ru compounds are bound. Thus, Tilt parameter
(base-pairs aperture when fixing yz axis) shows different behavior for
[(H20)2Ru2N]?** and [(H20)2Ru2Q]?*. On one hand, [(H20),Ru2N]*" promotes Tilt
inversion compared to free poly(GC), leaving third and fourth base-pairs nearly
parallel to each other. On the other side, the third extra ring of the bridging ligand
in [(H20)2Ru2QJ?" increases Tilt value from 2.17 A to 2.9 A. Same pattern was
observed for Roll; [(H20)2Ruz2N]?* decreases Roll value, whereas [(H20)2Ru>Q]**
it increases. In addition, covalent binding of [(H20)2RuzN]?* and [(H20)2Ru.Q]?*
promotes helix elongation (h-Rise) and unwinding (h-Twist) of the helix. These
values are ascribable to bending of the DNA to create a space in which the

[(H20)2Ru2X]?** can accommodate.
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Table VI1.6. Selected local base-pair step parameters (Tilt and Roll), local base-pair helical
parameters (h-Twist and h-Rise), Minor and Major Groove widths, selected for free poly(GC),
[H20)2Ru2N]?*/poly(GC) and [(H20)2Ru.Q]?*/poly(GC) systems.

system Tilt, Roll, h-Twist, h-Rise, Minor Groove cgﬂrijc;?/ré

deg  deg deg A width, A width, A

Free poly(GC) 217 -7.44 4142 363 11.30 16.60
2+

[(H20)RWNI/pOl 547 947 3872 4.06 10.80 23.80
y(GC) "

[(H20):RUQI*/pol 5 g7 375 3986  4.84 11.00 24.50

y(GC)

VI11.4.3. Cytotoxic Activity

The cytotoxicity of the ligands and the corresponding Ru(1l) complexes was
evaluated in tumour cells, MCF-7 (human breast cancer), A2780 (human ovarian
carcinoma), A2780cis (human ovarian cisplatin resistant carcinoma) and in a
healthy cell line (MRC-5, human lung fibroblast). The results obtained are
expressed as ICs, i.e. the concentration of drug required to inhibit by 50% the cell
proliferation. The 1Cso values, the resistance factors (RF) and the selectivity factors
are collected in Table VIL7. The cytotoxic activity of CI.RuzN versus several
cancer cell lines has been previously reported with poor results except against
Co0l0320 (ICso = 12.95 uM), and A549 (ICso = 18.05 uM).2¥3215 The dinuclear
Ru(Il) complex is more cytotoxic than the bridging ligand for the Cl:Ru2Q. By
contrast, for Cl2RuzN, the cytotoxic activity of the ligand is reduced when bridging
between the metal centers. It should be noticed that the Ru(ll) complexes exhibit
lower resistance factor (RF) than cisplatin and the calculated selectivity factors (SF)
are comparable to cisplatin. Therefore, CI2RuzN is the compound that displays the
best results, lowest RF and highest SF values compared to Naphthazarin and
cisplatin.
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Table VIL7. ICso (uM, 96h, 37 °C)? values for ligands Naphthazarin and Quinizarin and for the
binuclear CI;RuzN and CI;Ru,Q complexes in the cell lines MCF-7, A2780, A2780cis and MCR-5.

d
Dye MCF-7 A2780cis ~ A2780 MRC-5 RF* MCF§7EA2780
Naphthazarin ~ 1.39+005 0.62+001 015+001 092+001 41 07,15
Quinizarin - 720+ 9 - -
ClRuzN 16+1 2214006 254+0.07 141 0.9 0.9,55
CLRU:Q 72045 21+1 12+1 71041 18 1.0,6.0
Cisplatin® 1842 506+013 074+001 519+042 68 0.3,7.0

2Cso values are expressed as mean * standard deviation from at least three independent experiments, as
obtained by the MTT assay using 96h exposure times at 37 °C.

b|Cso value extrapolated by the software might not be correctly estimated due to lack of maximum inhibitory
effect at tested concentrations.

°RF (resistance factor) = ratio of 1Cso for A2780cis/ICso for A2780; the lower the RF value, the better.
dSF(selectivity factor) = ratio of ICso for MRC-5/ICso for either A2780 or MCF-7. MRC-5 fibroblasts are
usually chosen as models for healthy cells to evaluate the selectivity of chemotherapeutic drugs. The higher the
SF value, the more selective the activity.

eValues taken from Justin et al.?1

VI11.5. Conclusions

Naphthazarin and Quinizarin interact with ct-DNA in a one-step reaction which,
in light of the experiments and DFT calculations performed, occurs via
intercalation. The good agreement between absorbance titrations and the calculated
energies suggests higher affinity of DNA with Quinizarin than with Naphthazarin.
This feature could be explained by the third extra ring of Quinizarin, which enables
easier m-stacking stabilization. Nonetheless, affinity is not straightforwardly related
to intercalation extent, as deduced from the computational data. From the Rise and
Twist parameters, we deduce that Naphthazarin is able to intercalate into ctDNA to
a larger extent than Quinizarin, the intercalation extent being related to the thermal
stability and viscosity increase rather than the apparent binding constant. Regarding
the CI2Ru2X/dGMP and Cl,RuX/ctDNA interactions, once the [(H20)2Ru2X]**
complexes are formed the interaction with dGMP and ct-DNA occurs by a two-step
mechanism, leading to the covalent [(dGMP).Ru2X]?* and (DNA12)Ru2X (X = N
or Q) complexes, respectively. For the CloRuxX/ct-DNA systems, viscosity
diminished and melting temperature increased, indicating that interaction by means
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of interstrand crosslinking is feasible. All the experimental results were confirmed
computationally. The interaction between [(H20)2Ru2X]?* complexes and DNA is
shown to occur via two Ru-N7 bonds of consecutive Guanines, yielding an inter
strand crosslinking able to bend the double helix and host the entering complexes.
As to the cytotoxic activity, Naphthazarin is the most cytotoxic but the least
selective compound towards tumour cells, while Quinizarin is non cytotoxic, the
extra ring of Quinizarin can be related to the absence of cytotoxicity. On the other
hand, the Ru(l1l) metal centers enhance the cytotoxic activity of Quinizarin, whereas
it decreases that of Naphthazarin. In any case, the dinuclear complexes reduce the
resistance factor and increase the selectivity toward tumour cells of both bridging
ligands. It should be highlighted here that CI2Ru2N is the most promising compound

in terms of cytotoxic activity due to its low resistance factor and good selectivity.

VI1.6. Supporting Information

3
z 5’
A A
-—— ::j' y- i
| %J ,“ Coordinate frame
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Rise (Dz) Twist ()

Figure VIIS.1. DNA local base-pair step parameters representation. Shadowed sides represent

view from minor groove. Image taken from X3DNA publication.?%

Synthesis of [(n®-p-cymene)2Ru2(00NO0)(Cl)2] complexes.

[(m8-p-cymene)2Ru2(5,8-dihydroxy-1,4-naphthoquinonato)(Cl)2], Cl2RuzN: In
a Schlenk flask [Ru(p-cym)Cl.]2 (0.236 mmol) and Naphthazarin (0.236 mmol)
were added to 10 mL of deoxygenated ethanol under N2 athmosphere, giving a red-
coloured solution. Then, Sodium Acetate (NaAcO, 0,472 mmol) was added to the

previous solution. The mixture was stirred and heated under reflux overnight,
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giving a brown suspension which was filtered, obtaining a brown solid. Then, the
solid was washed with ether (3x10 mL) and hexane (3x10 mL) and dried under
vacuum to yield the final product. The reaction is outlined in Figure VIIS.2A.
Characterization: *H NMR (400 MHz, CDCls, 25°C): § 8.35 (dd, J = 6.0, 3.3 Hz,
2H), 7.62 (dd, J = 6.0, 3.4 Hz, 2H), 7.02 (d, J = 0.8 Hz, 2H), 5.55 (dd, J = 17.6, 5.7
Hz, 4H), 5.32 — 5.23 (m, 4H), 2.95 (dt, J = 13.9, 6.9 Hz, 2H), 2.26 (s, 6H), 1.59 (s,
3H), 1.42 — 1.32 (m, 13H). Elemental analysis calculated for C3oHz204Cl2Ruz: C,
49.39; H4.42; N, O,and S, 0%.

[(m8-p-cymene)2Ru2(1,4-dihydroxyanthraquinonato)(Cl)2], ClRu2Q: in a
Schlenk flask [Ru(p-cym)Cl2]2 (0.326 mmol) was added to 30mL methanol. Then,
Quinizarin (0.326 mmol) and NaAcO (0.652 mmol) were added under N2
atmosphere to the previous solution. The reaction was stirred overnight at room
temperature, giving a green suspension which was filtered, giving a green solid
which was washed with CH2Cl, hexane and dried under vacuum, yielding the final
product, Figure VIIS.2B. Characterization: *H NMR (400 MHz, CDCls, 25 °C): §
6.95 (s, 4H), 5.49 (d, J = 6.1 Hz, 4H), 5.23 (d, J = 6.0 Hz, 4H), 2.92 — 2.80 (m, 2H),
2.22 (s, 6H), 1.31 (d, J = 6.9 Hz, 12H) ppm.). Elemental analysis calculated for
Cs4H3404CI2Ru2: C, 52. 38; H,4.4; N, O and S,0%.
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/k@ [e) OH O| (e}
ClL, LS EtOH, 2NaAcO
Ri. R N ‘O ance ‘O +2NaCl + 2AcOH
GACIRS A ,24h
’ |
(e} OH O, O
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Figure VI1S.2. Synthesis of (A) Cl:RuzN and (B) Cl:Ru2Q from [Ru(p-cym)Cl,]. and Naphthazarin
and Quinazarin, respectively.

177



Efecto en el ADN y actividad citotéxica de derivados de quinona y sus
correspondientes complejos dinucleares de Ru(ll)

25 28
24 A 271 B
234 264
° % o 25
21
E E 2
- 20 - 2
SR =
On. 18] OO- 22
< 17 < 214
16 20
15 T T T T T 19 A .
50 55 60 65 70 75 80 40 45 50 55 60 65 70 75 80 85 90
o o)
T,°C T, °C
18
C
17
g 16
~~
ERRLE
o
O 14
<
13

40 4'5 5'0 5'5 éO 6'5 7b 7'5 8b 8'5 90
T,°C
Figure VI1S.3. DSC curves for (A) free ctDNA, (B) Naphthazarin/ctDNA system at Cp/Cp = 0.2

and (C) Quinizarin/ctDNA system at Cp/Cp = 0.2. Cp = 4.04 x 10 M, scan rate:1 °C/min | = 6.5
mM (NaClOs) and pH = 7.

Figure VI11S.4. (A) N/poly(G)-poly(C) DFT-optimized structure. (B and C) Schematic view of base-
pairs and backbone conformation from minor groove view and top view, respectively. Green and

yellow stand for Guanine and Cytosine molecules, respectively.
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Figure VIIS.5. (A) Q/poly(G)-poly(C) DFT-optimized structure. (B and C) Schematic view of base-
pairs and backbone conformation from minor groove view and top view respectively. Green and

yellow stand for Guanine and Cytosine molecules, respectively.

Figure VI11S.6. (A) N/poly(GC) DFT-optimized structure. (B and C) Schematic view of base-pairs
and backbone conformation from minor groove view and top view respectively. Green and yellow

stand for Guanine and Cytosine molecules, respectively.
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Figure VIIS.7. (A)Q/poly(GC) DFT-optimized structure. (B and C) Schematic view of base-pairs
and backbone conformation from minor groove view and top view respectively. Green and yellow
stand for Guanine and Cytosine molecules, respectively.
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Figure VIIS.8. DSC curves for [(H20):RuX]**/ctDNA systems. (A) Free ctDNA, (B)
[(H20)2RuzN]?*/ctDNA, Cp/Cp = 0.1, (C) [(H20)2Ru2Q]?*/ctDNA. Cp/Cp =0.1. Cp = 4.04 x 10* M,
scan rate:1°C/min, | = 6.5 mM (NaClOg4) and pH = 7.
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Cci

T o2

Figure VIIS.9. (A)and (B)Schematic view of base-pairs and backbone conformation from minor
groove view and top view respectively for [(H20)2RuzN]?*/poly(G)-poly(C). (C)and (D): Schematic
view of base-pairs and backbone conformation from minor groove view and top view respectively
for [(H20)2Ru,Q]%**/poly(G)-poly(C). Green and yellow stand for Guanine and Cytosine molecules

respectively.

y

Figure VI11S.10. (A) and (B) Schematic view of base-pairs and backbone conformation from minor
groove view and top view respectively for [(H20).Ru;N]?*/poly(GC). (C) and (D) Schematic view
of base-pairs and backbone conformation from minor groove view and top view respectively for
[(H20)2Ru,Q1?*/poly(GC). Green and yellow squares stand for Guanine and Cytosine molecules

respectively.
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Conclusiones Generales

A lo largo de la tesis doctoral se ha estudiado la interaccion de seis ligandos
diferentes con ADN y ARN. Para ello, se han empleado métodos experimentales y
tedricos de la Quimica, los cuales se complementan a la hora de proponer el

mecanismo de la reaccion.

Los resultados obtenidos en esta tesis dependen de la naturaleza, organica o

inorganica, de los ligandos y del tipo y nimero de hebras del polinuclettido.

En el caso de los ligandos orgénicos hemos determinado las constantes de
afinidad de los complejos intercalados  Tionina/poly(rA)-poly(rU),
Naphthazarin/ADN y Quinizarin/ADN, siendo del orden de 10° 10* y 106 M
respectivamente. Si comparamos los sistemas conteniendo ADN comprobamos que
el tamafio de los ligandos, entendido como el nimero de anillos aromaticos que
posee la molécula, juega un papel determinante en la afinidad. Por otro lado, la
interaccién de Tionina con ARN en conformacion de hélice sencilla, doble y triple
ha mostrado que la gran afinidad por la doble hélice conlleva una desnaturalizacion
isotérmica de la triple hélice a 25 °C. Este comportamiento es muy poco frecuente

ya que los procesos de desnaturalizacion ocurren a altas temperaturas.

Por el contrario, los complejos con metales (Al(I11) y Ru(ll)) estudiados,
han demostrado unirse covalentemente a la doble hélice de ADN y ARN en el
primer caso y a la doble hélice de ADN en el segundo caso. La capacidad de
interaccidn esta determinada por el tipo de metal y complejo, como se demuestra
en la imposibilidad del oligbmero AlizCacx de unirse a ADN o ARN, mientras que
el complejo AlCac; se une covalentemente tanto a ARN como ADN vy provoca
estabilizacion térmica de los polinucledtidos. Los compuestos de [(H20)2RuzN]J**y
[(H20)2Ru2Q]?*, se unen por enlace covalente, tipo crosslinking, a dos N7 de
Guaninas consecutivas, obteniéndose en ambos casos un enlace que deforma la
doble hélice, aumenta la estabilidad téermica del ADN e inhibe la capacidad

intercalante de sus ligandos puentes, Naphthazarin y Quinizarin respectivamente.
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