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Abstract

Apart from double-stranded DNA (dsDNA), a wide variety of alternative
non-canonical DNA structures are well known, such as i-motifs, hairpins,
triplexes or G-quadruplexes (G4). This latter sort of DNA is formed by stacks of
two or more guanine tetrads, which are hold together through hydrogen bonds
and electrostatic interactions. Within the human genome, G4 are mainly located
in telomeres and promoter regions of several genes. Therefore, G4 may play an
essential role in different biological processes, for instance transcription and
expression of genetic information, as well as genomic stability. Consequently,
G4 DNA has been identified as a potential target for antitumour therapy. In this
context, several research groups have sought to design small molecules, known
as G4 binders, with the aim to target G4 DNA in vivo. The typical molecular
structure of potential G4 binders includes a m-delocalised core and positively
charged side chains, enabling the establishment of - interactions with the G-
tetrad, in addition to electrostatic interactions with the negatively charged
phosphate backbone.

The work presented deals with the design of novel polyamine-based
compounds as G4 binders. The central core of the compounds and their side
chains have been systematically modified, aiming to get insight into the
influence of the molecular structure on the G4 affinity. Since the protonation
state of the ligands modulates their interaction with DNA, their acid-base
behaviour have been studied by potentiometric and spectroscopic techniques.
In terms of G4 stabilisation, different G4 topologies have been assessed by
fluorescence spectroscopy, Forster Resonance Energy Transfer (FRET) assays
and circular dichroism. Some of the compounds have proved to be G4 selective
fluorescent sensors, being able to distinguish between G4 DNA and dsDNA.

Those compounds that have demonstrated to be potential G4 binders show a
high positive charge at physiological pH, which may hamper their cell uptake
and consequently their therapeutic effect. In order to overcome this limitation,
they have been encapsulated inside liposome nanoparticles, which act as
delivery vehicles. Furthermore, a specific liposome formulation including an
aptamer has been designed in order to target the cell nucleus. The cytotoxicity
of both compounds and liposomes nanoparticles has been studied in different
tumour cell lines, proving the outstanding antitumour effect of the targeted
nanoparticles. Finally, confocal fluorescence microscopy studies have
confirmed the nuclear uptake of the targeted formulation.
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Introduccio

Es impossible comengar a escriure el marc teoric d’aquesta tesi pel principi,
per que no el té, i si el tingués, estaria perdut en els origens de I'Univers. Aixi
doncs, resulta enormement complicat remuntar-se a eixa época tant llunyana.
Tanmateix, es pot reduir el problema a unes poques molecules. Tots els
organismes coneguts feien, i fan servir, un limitat repertori de blocs de
construcci6 per a emmagatzemar la informacié que permet no sols mantindre,
sin6 també crear un organisme viu. Aquesta informaci6 es troba englobada en
I’ADN (acid desoxiribonucleic), present en tots els organismes cel-lulars i
alguns virus.

I com es troba confinada eixa informaci6 en I’ADN? Aixi com en un sistema
computacional tenim 0s i 1s, 'ADN esta escrit en un codi quimic representat
per 4 lletres de l'alfabet: A (adenina), C (citosina), G (guanina) i T (timina).
Aquests son en definitiva els blocs de construcci6 a partir dels quals sorgeixen
els éssers vius i és precisament per on comencarem la introduccié d’aquesta
tesi.

1.1. - Estructura i funcions biologiques de ’ADN

Malgrat que el descobriment de l'estructura de I'’ADN s’atribueix quasi de
manera exclusiva a James Watson i Francis Crick, aquesta gran troballa
cientifica és el resultat de la recerca d'un bon recull d’'investigadors. El cami va
comengar a 'any 1869, quan Friederich Miescher va identificar per primer cop
el que ell anomenava “nucleina”.[!l Posteriorment, altres cientifics com Phoebus
Levenel?! i Erwin Chargaff3! continuaren la recerca desxifrant el codi quimic
que composa I’ADN.

Cap a I'any 1950 comenga la coneguda com “historia fosca del ADN”.[*l Rosalind
Franklin, experta en difracci6 de raigs X, va obtindre la fotografia 51,41 que
desemmascararia l'estructura de '’ADN. En una epoca en la qual les dones no
eren benvingudes, ni als laboratoris, ni a les sales de reunions, el seu company
Maurice Wilkins, promogut per un sentiment de competitivitat, va compartir
els resultats de Franklin amb Watson i Crick. A I'any 1953, aquests dos ultims
investigadors van publicar el seu model estructural per a I'’ADN en la revista
Nature.[] Després a 'any 1962, Watson, Crick i Wilkins varen ser guardonats
amb el Premi Nobel, i des d’aleshores, Franklin ha passat a ser una icona del
fosc paper que representen les dones en la historia de la ciéncia.[67]
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La descripcié de I'estructura de I'’ADN pot realitzar-se segons tres nivells de
complexitat. En primer lloc, l'estructura primaria, que correspon a una
seqliéncia especifica; després, I'estructura secundaria, la qual té en compte les
interaccions supramoleculars que donen lloc a una topologia concreta; i per
ultim, I'estructura terciaria, que explica com s’emmagatzema ’ADN en un espai
reduit.

1.1.1. - Estructura de 'ADN

En esséncia I'ADN és un polimer de nucleotids, cadascun dels quals esta
composat per un grup fosfat, un sucre (desoxiribosa) i una nucleobase o base
(A, T, G o C). Aixi doncs, una cadena d’ADN esta formada per nucleotids
enllacats mitjancant unions fosfodiéster, en les quals el grup fosfat en posici6 5’
d’un nucleotid queda unit al segiient per I'hidroxil en posicié 3’. Per tant, les
bases queden unides a intervals regulars i es poden considerar com
substituents de la cadena fosfatada (Figura 1.1).18]

71'/0 Base (A, T,GoC)

0]

Il
~rQ0—P—0

|
o)

Fosfat

0
$

Desoxiribosa

Figura 1.1. Estructura molecular d’'un nucleotid. Els nombres en la figura representen la
nomenclatura de I'anell de desoxiribosa adoptada per convencié.

En la Figura 1.2 s’esquematitza I'estructura primaria d’'una cadena curta d’ADN,
formada per unions repetitives de nucleotids. El fosfat en posicié 5 esta
representat en blau fosc i el grup hidroxil en 3’ és l'espai buit. Les bases
corresponen amb els quadrats units a la cadena fosfatada.[®]

a) b)

Base Nucleotid
Fosfat Sucre

05

(] _— (] 3 (] (] ()
Figura 1.2. Esquema de la composicié a) d'un nucleotid i b) d’'una cadena polimerica de ADN.
Imatge adaptada de [9].
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A pH fisiolodgic, els grups fosfats es troben ionitzats i la seua carrega negativa
normalment és neutralitzada per interaccions electrostatiques amb proteines,
ions metal-lics o poliamines.[1% En definitiva, les cadenes d’ADN tenen caracter
hidrofilic amb una direccionalitat (o polaritat) marcada de 5’ a 3’, el que és de
vital importancia en diversos processos biologics on I'ADN és “llegit” i
“interpretat”.

Les bases es classifiquen segons la seua estructura molecular. L’A i la G sén
purines, ja que contenen 2 anells aromatics amb 4 nitrogens, mentre que la C i
la T s6n pirimidines, que sols presenten un anell aromatic amb 2 nitrogens.
Totes elles sén molecules lleugerament basiques, i es troben neutres a pH
fisiologic (Figura 1.3).[11]

Purines Pirimidines

| |
NH, o o NH,
H
N )\/EN> HN | N\> HN | N )j
NZ N HN" N7 N N N

Figura 1.3. Estructura molecular de les bases de I'’ADN, classificades en purines i pirimidines.

L’estructura secundaria en doble helix de I'ADN és el resultat de diverses
interaccions supramoleculars establides entre dos cadenes amb direccionalitat
oposada (antiparal-leles), com ara les que es donen entre les bases. De fet,
existeix una “complementarietat” de les bases, conseqiiéncia de la seua
estructura molecular.['2]

Tal i com es representa en la Figura 1.4, A i T s’emparellen mitjancant dos
enllacos d’hidrogen, mentre que G i C queden unides per tres, originant aixi la
doble hélix. Les interaccions - entre les bases, aixi com les forces de Van der
Waals i dipol-dipol, ajuden a estabilitzar I'estructura helicoidal de la cadena
fosfatada, minimitzant el seu contacte amb les molécules d’aigua del medi
fisiologic.[12]
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a) b)

1114

i i3
2.8A
o H,N
wn N7 XN, §
o= : 04 |>I D
() H kN/ N—"

A NH, 5o

[} ° 7 B
s A 4 N

0 ° PN

O mmmn
294

20X

‘e 5

10.8A

Figura 1.4. a) Esquema de l'estructura helicoidal de 'ADN i b) interaccions supramoleculars entre
les bases corresponents a les dues cadenes. Imatge adaptada de [9].

Existeixen principalment tres variacions estructurals per a 'ADN de doble
cadena: A-ADN, Z-ADN i B-ADN (Figura 1.5).8] Aquesta ultima és la que
normalment predomina en les cel-lules: una doble hélix enrotllada cap a la
dreta que mesura 2.37 nm de diametre, en la qual una volta completa de 3.54
nm conté 10.4 parells de bases en disposici6é coplanar. Els solcs gran i petit,
d’aproximadament 2.2 nm i 1.2 nm respectivament, depenen de la seqiiéncia
especifica de bases.8]

D’altra banda, la conformacié A sol trobar-se en seqiiencies tipus GAGGGA, o bé
en entorns on el nombre de molécules d’aigua es reduit. L’apilament de les
bases en aquest cas no és coplanar i I'hélix posseeix una menor diferencia entre
els solcs, contenint 11 parells de bases per cada volta completa. Pel que fa al Z-
ADN, presenta una conformacié en “zig-zag” que conté parells alternants G-C,
donant lloc a una helix cap a I'esquerra amb 12 parells de bases per volta, que
quasi no presenta solcs. Malgrat que a nivell celllular no sén formes
predominants, es pensa que tant I’A-ADN com el Z-ADN, tenen importants rols
biologics, com per exemple en la unié de proteines a I'ADN o en I'expressi6 i
recombinacié genética.[!3]
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a) A-DNA ¢) Z-DNA

(PDB: 5MVT), b) B-ADN (PDB: 1BNA) i c) Z-ADN (PDB: 6DWT). Representacions realitzades amb el
software PyMOL per Alvar Martinez-Camarena.

Tanmateix, la conformacié de doble cadena, no és I'inica descrita per a I’ADN.
De fet, existeixen un gran nombre de topologies que fan que I’ADN siga una
quasi perfecta forma d’emmagatzematge d’informacié genetica, ja que
cadascuna desenvolupa una funcid especifica en diversos processos biologics
essencials, com per exemple la replicaci6 o la transcripcié d’informacié
genetica.[l415] A més a més, eixes estructures no-canoniques d’ADN poden ser
emprades com a dianes terapeutiques, ja que a més a més estan relacionades
amb certes malalties resultants d’alteracions genétiques com el cancer o
I'Alzheimer.[1¢]

Un petit recull de topologies d’ADN alternatives a la doble cadena es troben a la
Figura 1.6. En primer lloc, es representa una seqiiéncia d’ADN palindrdmica en
forma de forquilla (hairpin).['7l També es mostra el conegut com ADN de triple
cadena o triplex, en el qual una doble helix s’enrotlla amb un fragment de
cadena monocatenari.['8] Altres exemples curiosos que actualment estan
despertant un gran interés sén les conformacions en forma de quadruplex, ja
siguen tetrades de citosines (i-motifs)[1°! o tétrades de guanines (G-quadruplex
o G4). Aquesta ultima topologia sera descrita més en detall al llarg d’aquest
capitol, ja que ha estat triada com a diana terapéutica en aquesta tesi.
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a) Hairpin b) Triplex

ég;*JQ)Q(\
S

¢) G-Quadruplex

Figura 1.6. Visualitzacié de l'estructura de diverses conformacions de ADN no-canoniques: a)
hairpin (PDB: 2LSX), b) triplex (PDB: 1D3R), ¢) G-quadruplex (PDB: 2JSM) i d) i-motif (PDB: 225D).
Representacions realitzades amb el software PyMOL per Alvar Martinez-Camarena.

1.1.2. - Replicacié de 'ADN

Un dels mecanismes que garanteixen l'existéncia de la vida tal i com la
coneguem és I'heréncia de la informaci6é genética, mitjancant la replicaci6 de
I’ADN des de les cel-lules preexistents, a les seues filles. La direccionalitat i la
complementarietat que caracteritza I'estructura en doble cadena de '’ADN sé6n
precisament les forces que regeixen aquest procés. Es diu que la replicacié de
I’ADN és semiconservativa, ja que a partir d'una molecula d’ADN s’obtenen
dues molécules, cadascuna de les quals inclou dues cadenes, una nova i una
altra que prové de I’ADN originari que actua com a motle (Figura 1.7).[20]
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Cadena motlle
5e o o ° ()
AL
/' 0 e o 0

3

e o @ e oFf

5 e e e o o e o o 3
3 e o o e o o o

Doble heélix originaria 3

e o5
No ) o o ) o o ) °
LN EE]
AER AR
3 o e o o e o o e e5

Cadena motlle

Figura 1.7. Sintesi d’ADN en direccié 5’ a 3". Imatge adaptada de [9].

La regi6 cel-lular on té lloc aquest fenomen s’anomena forqueta de replicacio,
en la qual intervenen un gran nombre de diferents enzims (Figura 1.8). En
cél-lules eucariotes, la replicacié s’inicia de manera coordinada en milers de
punts d’inici, el que garanteix una correcta velocitat de duplicacié
cromosomica.[21]

Cadena avangada

%\-’\,\ l

Cadena nova ADN polimerasa

Proteines SSB ARNprimasa «—— ADN helicasa
N — .
59 & T\ . Cadena retardada
’ o I ADN I'I I /\_ .3
Encebador dARN polimerasa 5

Fragment d’Okazaki Cadena nova

Figura 1.8. Forqueta de replicacié simplificada on s’indiquen alguns dels enzims que hi intervenen.
Imatge adaptada de [9].

El primer pas del procés implica l'obertura de la doble helix. Donat que
I'estructura helicoidal és molt estable en el medi fisiologic, és necessaria la
intervencié de diverses proteines, com ara ADN helicases, topoisomerases i
proteines d’'uni6 a ADN monocatenari (proteines SSB). Aixi, s’aconsegueix
separar les dos cadenes d’ADN que actuaran com a motle.
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D’una banda, I'helicasa es desplaca al llarg de ’ADN consumint ATP, provocant
la separaci6 de les cadenes parentals. D’altra banda, les proteines SSB s’uneixen
a cadascuna de les cadenes per tal d’estabilitzar-les. Les topoisomerases
alleugeren les tensions generades. Un cop separades les dues cadenes de la
doble helix, cadascuna d’elles actua com a motle per a la sintesi de dues
cadenes noves. Aquest procés sempre té lloc en direccié 5’ a 3’: s’addicionen
cataliticament nucleotids a I'extrem 3’ de la cadena en creixement per I'accié
de les ADN polimerases.

Tanmateix, és necessari que abans l'enzim ARN primasa sintetitze petits
fragments d’ARN (encebadors) en les cadenes motle, ja que les ADN
polimerases unicament poden afegir nous nucleotids a l'extrem 3’ dels
encebadors. Donada la naturalesa antiparal-lela de I’ADN, la forqueta de
replicacié posseeix una conformacié asimétrica. Es a dir, com que les ADN
polimerases Unicament poden actuar en direccié6 5 a 3’, una cadena de la
forqueta de replicacid és sintetitzada de manera continua (cadena avancada),
mentre que l'altra (cadena retardada) és polimeritzada en xicotets fragments
de nucleotids (fragments d’Okazaki), també en direccié 5" a 3’. La sintesi de
cada fragment en la cadena retardada finalitza quan la polimerasa arriba al
seglient encebador. Després, 'ADN polimerasa substitueix els encebadors per
fragments d’ADN i finalment, I’ADN ligasa uneix tots els fragments donant lloc a
una cadena continua.

L’elevada fidelitat del procés de replicacid i el baix index d’errors (mutacions)
és conseqiiéncia no només de 'especificitat del procés de emparellament de
bases, siné també dels processos de reparacid.?2l La majoria d’ADN
polimerases conegudes presenten també activitat 3’-5’ exonucleasa. Aleshores,
si un nucleotid erroni ha sigut incorporat a la nova cadena d’ADN, s’inhibeix
I'addicié del segiient nucleotid, s’elimina el nucleotid erroni i el procés s’inicia
altre cop (Figura 1.9).

5@ o e e HS' 5 e e
L —J . FRAR

Activitat 3’-5" exonucleasa

o e ° e o o 5 3 e e ° e e ° 5’

Figura 1.9. Representacié de la capacitat correctora d’errors de I'’ADN polimerasa. Imatge
adaptada de [9].
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1.1.3. - Diferencies estructurals entre ’'ADN i '’ARN

Un cop introduides les principals caracteristiques estructurals de '’ADN i el seu
mecanisme de replicacid, és imprescindible dirigir 'atencié cap al segon
material genetic més important en les cél-lules: I'acid ribonucleic o ARN. Aquest
esta present tant en procariotes, com eucariotes i fins i tot, és I'inic material
genetic per a alguns virus.[23]

L’expressi6 de la informacié genetica de I'ADN doéna lloc a les proteines
necessaries per als diferents processos biologics del cicle cel-lular. El
mecanisme d’expressié genética comenca per la sintesi d’ARN, mitjan¢ant la
transcripcié de 'ADN motle. Després, durant el procés de traduccid, 'ARN déna
lloc a les proteines pertinents. Per tant, mentre que la informacié genética es
troba emmagatzemada en 'ADN de forma més o menys fixa, les molecules
d’ARN sén produides i emprades reiteradament per a la produccié de proteines
(Figura 1.10).

-------- A e
~

Aminoacids Enllag peptidic

Figura 1.10. Representacié del cami de transformacié de la informaci6é geneética des de '’ADN a
I’ARN per a obtindre proteines funcionals. Imatge adaptada de [9].
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Aixi doncs, I’ARN es troba no sols en el nucli cel-lular, sin6 també en el
citoplasma i a més a més, té una gran varietat d’estructures i funcions
especifiques. Per exemple, 'ARN obtingut a partir de la traducci6 d’ADN es
coneix com ARN missatger (mARN), el qual normalment és d'una mida reduida
i codifica una proteina en particular. Tanmateix, existeixen altres tipus d’ARN
no codificants, com ara I’ARN ribosomal (rARN) o I'ARN de transferencia
(tARN). D’'una banda, el rARN és el component catalitic dels ribosomes,
encarregats de sintetitzar les proteines a partir del mARN. D’altra banda, el
tARN serveix per a unir aminoacids al mARN, de manera que queden enllagats
covalentment a la cadena polipeptidica que finalment composara la proteina.[24]

Com I'ADN, I'ARN és un polimer de nucleotids, malgrat que l’estructura
molecular de la cadena polimerica és diferent. En primer lloc, el grup hidroxil
en posicié 2’ en I'anell de sucre és una de les caracteristiques distintives de
I’ARN - ribosa en compte de desoxiribosa - que el converteix en una molécula
més reactiva que I’ADN. Pel que fa al contingut en bases, '’ARN conté uracil (U)
en compte de timina (T). Com es pot observar en la Figura 1.11, I'U no presenta
un grup metil en 'anell aromatic. Aixi doncs, en I’ARN U s’uneix a I’A mitjangant
dos enllacos d’hidrogen.

i
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Figura 1.11. Estructura molecular d’un nucleotid d’ARN que conté U com a base. Els nombres en la
figura representen la nomenclatura de I'anell de ribosa adoptada per convenci6.

Com s’ha mencionat anteriorment, I’ARN esta composat per una sola cadena de
nucleotids, el qual li confereix una gran flexibilitat permetent el seu plegament
mitjan¢ant interaccions supramoleculars entre les diferents parts del polimer.
Aquest tipus de forces intramoleculars fan que I'’ARN adquirisca una
conformaci6 dictada en gran mesura per la seua seqiliéncia, que esta
estretament relacionada amb la seua activitat biologica. De fet, 'ARN presenta
sovint conformacions més exotiques que les descrites anteriorment per a
I’ADN. Les forquilles i bucles dins de fragments auto-complementaris sén els
motius estructurals més freqiients en ’ARN (Figura 1.12).(25]
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ARN de transferéncia (tARN)

Figura 1.6. Visualitzacié de l'estructura d'un ARN de transferéncia (tARN) transportant el
aminoacid fenilalanina (PDB: 4TNA). Representaci6 realitzada amb el software PyMOL per Alvar
Martinez-Camarena.

1.1.4. - Expressio genica

Com s’ha mencionat anteriorment, '’ADN regeix la sintesi de proteines
funcionals per a I'organisme, emprant 'ARN com a intermediari. Aixi doncs,
d’alguna manera les 4 lletres que composen ’ADN (A,T,G i C), han de donar lloc
a les 20 lletres que representen als aminoacids que composen les proteines.
L’exacta correspondéncia és el que es coneix com codi genetic. Malgrat que
aquest codi es considerat el dogma central de la biologia molecular, no va ser
desxifrat fins fa uns 60 anys.[26] D’altra banda, el mecanisme mitjancant el qual
la informacié geneética de 'ADN és utilitzat en la sintesi de proteines s’anomena
expressié genica, un procés que es divideix en dues etapes. En primer lloc,
I’ADN és transcriu a mARN en el nucli cel-lular, després aquest mARN és traduit
als ribosomes citoplasmatics per a donar lloc a les proteines.

La transcripcié és duta a terme pels enzims ARN polimerases, que a partir
d’'una cadena d’ADN motle (gen), allarguen les cadenes d’ARN en direcci6 5’ a 3’
addicionant ribonucleotids a I'extrem 3’-hidroxil. El lloc on s’inicia el procés
s’anomena promotor (seqiiencies d’ADN riques en A i T). En aquesta regi6 és
on s’uneix '’ARN polimerasa per a desenrotllar la doble hélix i comencar la
polimeritzacié del pre-mARN. Els triplets de bases (codons) que es troben al
final del gen marquen la terminacié del procés (Figura 1.13).
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Seguidament, el pre-mARN és alliberat i sotmés a una serie de modificacions
quimiques que fan que les regions no codificants (introns) siguen eliminades
per deixar unides unicament les regions codificants (exons). Finalment, el
mARN és dirigeix al citoplasma.[27]

pre-mARN sintetitzat
ADN per transcriure
\ [ 3

é 7 X
ADNmods /

Centre actiu |

Direccié de la transcripci6

Incorporacié d’un trifosfat de ribonucleotid

ARN polimerasa
Figura 1.13. Esquematitzaci6 del procés de transcripcié dut a terme per I'enzim ARN polimerasa.

Un cop en el citoplasma, el mARN s’uneix al ribosoma, una maquinaria
molecular encarregada de catalitzar la sintesi de les proteines. El procés que té
lloc s’anomena traduccié ja que, com s’ha mencionat anteriorment, 'ARN
només presenta 4 tipus diferents de nucleotids, mentre que una proteina esta
composada per 20 aminoacids diferents. En el mecanisme de traduccié intervé
el tARN, que serveix com a adaptador entre els nucleotids del mARN i els
aminoacids. Aixi dons, el tARN posseeix dos llocs d'unié: l'anticodé que
reconeix els codons del mARN i un altre lloc que reconeix 'aminoacid codificat.
D’aquesta manera, el tARN llegeix la informacié genética englobada en el mARN
i incorpora els aminoacids pertinents a la cadena polipeptidica, fins que troba
I'altim codé del mARN. En aquest moment, s’allibera la cadena formada, que
acaba plegant-se per donar lloc a I'estructura tridimensional funcional de la
proteina (Figura 1.14).[28]

1) Unié de tARN carregat 2) Formacio6 d’enllag peptidic 3) Alliberament de tARN descarregat

Cadena polipeptidica
Nou enllag peptidic

2 Nou tARN 1 7 S g 2@ 9
— 2 iod
HoN 1 3 4 carregat HaN a L, 1 5
1 1 | i
i J|
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ISR FTYYTl tARN descarregat s
[eR——— T [ —— N Y 5 ann 3
:/ I \ A
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terminacié [Joc de
polimeritzacié

Figura 1.14. Procés de traduccié dut a terme pel ribosoma. Imatge adaptada de [9].
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Com que cadascun dels 20 aminoacids existents poden ser codificats per
codons diferents, es diu que el codi genétic és redundant, existint 64
combinacions possibles. Cal dir que el procés d’expressié genica resumit en
aquesta secci6 és extremadament més complex i implica la participacié de
gairebé incomptables entitats moleculars. A més a més, actualment nous
descobriments han derivat en I’establiment de mecanismes alternatius, com ara
la transcripcié invertida en alguns retrovirus com el HIV, en la qual una
molécula d’ADN prové d’'una d’ARN.[2°]

1.1.5. - Cicle cel-lular

En esséncia, el cicle cel-lular és el procés mitjancant el qual es garanteix el
creixement i la creacié de noves cél-lules a partir de les preexistents. Es tracta
d’'una serie d’esdeveniments ordenats i regulats que resulten en ultima
instancia en la duplicaci6 del contingut genomic, aixi com en la seua distribuci6
entre dues cel-lules filles. A banda de la informaci6 genetica, la majoria de les
cél-lules també dupliquen els seus organuls i macromolecules, per tal de
mantindre el tamany en cada divisié cel-lular.

En cél-lules eucariotes, el cicle esta dividit principalment en quatre fases
diferents: Gi1 (del anglés gap 1), S (sintesi), G2 (del anglés gap 2) i M (mitosi),
(Figura 1.15). Les tres primeres fases son conegudes com a interfase, i son les
que requereixen més temps: la cél-lula tarda més en créixer i duplicar els
cromosomes, proteines i organuls, que en dividir-se. A més a més, eixe temps
permet monitoritzar les condicions de l'entorn cel-lular i establir si s6n
adequades per a donar un altre cicle.3

En aquest context, és especialment important la fase Gi, que pot mantenir-se
durant un determinat temps o evolucionar fins a la fase Go, on les cél-lules
deixaran de proliferar i esperaran fins que les condicions siguen favorables.
Ambdues fases poden incliis mantenir-se fins que 'organisme mor. Aixi doncs,
les fases G so6n punts de control essencials, que asseguren que totes les etapes
s’han completat de manera correcta abans de prosseguir el cicle. Durant la fase
mitdtica, M, la cél-lula distribueix el contingut genomic de manera que cada
cél-lula filla heretara una copia fidel de tot el genoma. Es tracta d’'una etapa que
engloba diferents processos que impliquen la segregacié del nucli (mitosi) i
finalment, la divisié del citoplasma (citocinesi).
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La regulacié d’aquest cicle cel-lular és duta terme per un conjunt de proteines,
que o bé estan sempre actives, o bé només actuen quan hi ha algun error
durant el procés, assegurant aixi 'adequat creixement i proliferaci6 cel-lular.
Tanmateix, pot donar-se un incorrecte funcionament d’aquests mecanismes de
control, ocasionant inestabilitat genética i donant lloc a una divisié cel-lular
incontrolada: dos aspectes fonamentals en el desenvolupament de cancer.[31]

Figura 1.15. Diagrama simplificat del cicle cel-lular. Les 4 etapes principals es troben
representades en fletxes (Gi, S, G2 i M). Imatge adaptada de [30].

1.1.6. - Cancer: un conjunt de malalties

Segons I'Organitzacié Mundial de la Salut (OMS), el cancer és un terme geneéric
referit a un conjunt de malalties caracteritzades per una proliferacié
incontrolada de cél-lules, que pot afectar gairebé qualsevol part de I'organisme.
Es tracta de la segona causa principal de mortalitat a escala global. L’'OMS
estima que és la responsable de 9.6 milions de morts durant 2018. Els cancers
de pulmd, prostata, colon, estomac i fetge s6n els més comuns en homes,
mentre que els de mama, colon, pulmé, cérvix i tiroides ho sén per a les dones.
Tanmateix, entre el 30% i el 50% podrien ser evitats controlant els factors
principals de risc, com ara el tabac, el sobrepés, l'alcohol o la vida
sedentaria.[3233]
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Com s’ha mencionat anteriorment, les cel-lules normals posseeixen multitud de
gens encarregats de regular la seua divisid i proliferacid. L'activitat d’aquests
depén de nombrosos factors. Per exemple, les cel-lules epitelials son renovades
continuament, mentre que altres, com ara les neurones, no sén gairebé
regenerades. Les mutacions introduides en aquests mecanismes de regulacio es
relacionen directament amb el cancer. Primerament, les cél-lules tumorals
comencen a créixer de manera descontrolada en el teixit on s’originen les
mutacions. Després de cert nombre de divisions successives, generen la
capacitat d’estendre’s cap a altres compartiments cel-lulars i finalment, poden
passar al torrent sanguini o al sistema limfatic, viatjant fins a altres teixits de
I'organisme i formant tumors secundaris (metastasi).[34

Les alteracions genétiques que poden resultar en cancer sén molt diverses,
englobant des de mutacions puntuals, fins a grans aberracions cromosomiques.
Algunes s6n comuns a diferents tipus de cancer, mentre que certs cancers
presenten mutacions més caracteristiques.35! De manera general, podem
distingir tres classes de gens susceptibles de donar lloc a mutacions: proto-
oncogens, gens de supressi6é tumoral i gens de mutacions.

Els proto-oncogens no s6n més que gens que codifiquen proteines relacionades
amb la proliferacié cel-lular, necessaries per al correcte manteniment i
desenvolupament dels teixits. Ara bé, mutacions en aquests proto-oncogens els
converteixen en oncogens, el quals donen lloc a la produccié massiva proteines
que produeixen una divisi6 cel-lular incontrolada.3¢! D’altra banda, els gens de
supressi6 tumoral inhibeixen el creixement cel-lular i les mutacions. Finalment,
els gens de mutacions, s’encarreguen de mantindre l'estabilitat gendmica i
controlar la precisié del procés de replicacié. Quan aquests dos tipus de gens
estan inactivats a causa de mutacions, condueixen a la desregulacié del cicle
cel-lular, a més mutacions, i finalment a I'aparicié de teixits tumorals.[37]

En general es pot considerar que les cél-lules canceroses es caracteritzen per
posseir alteracions en els sistemes que controlen el cicle cel-lular. Un intent de
recopilacié d’aquestes alteracions es troba en els treballs de Hanahan i
Weinberg “The Hallmarks of Cancer”38] i “The Hallmarks of Cancer: The Next
Generation”.[3% L’objectiu que tenen es intentar establir els trets biologics que
poden servir com a base per al tractament del cancer. Particularment, en
aquesta tesi es prenen com a diana terapeutica dos d’eixos trets: la inactivacié
de la telomerasa i la inhibicié de certs oncogens, tot mitjangant la interaccié de
petites molécules amb ADN G-quadruplex (G4).
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1.2. - L’'ADN G-quadruplex

Des del seu descobriment fins I'actualitat, els G4 han anat adquirint cada cop
més rellevancia, degut no tan sols a les seues possibles funcions biologiques,
sin6 també a les seues potencials aplicacions terapéutiques. La primera
evidéncia d’estructures G4 es remunta a fa més d'un segle. L’any 1910, Ivar
Bang va observar que els acids nucleics rics en guanines presentaven
propietats inusuals caracteristiques d'un gel.[40]

Posteriorment, a l'any 1962 Martin Gellert i els seus col-laboradors van
analitzar per raigs X unes fibres similars als gels obtinguts previament per
Bang. Les imatges revelaven un elevat ordre, que va ser explicat en base a
I'establiment d’enllagos d’hidrogen de tipus Hoogsten entre tetrades de G.[1] La
formaci6 de G4 va ser confirmada anys després mitjancant la realitzacid
d’estudis de difraccid de raigs X més exhaustius.[42-45]

1.2.1. - Diversitat conformacional del G4

L’estructura del ADN G4 esta composada per tétrades de guanines (G-tétrades)
que es troben unides per enllagos d’hidrogen de tipus Hoogsten (Figura 1.16).
Cadascuna de les G actua com a dadora i acceptora d’hidrogens, de manera que
adopten una disposici6 plano-quadrada, possibilitant el seu apilament
mitjancant interaccions m-m. A més a més, la preséncia de cations en el canal
central de les G-tetrades proporciona una estabilitzaci6 addicional a
I'estructura, resultat de la interacci6 electrostatica del cati6 amb els grups
carbonil de les guanines.[46.47]

Sovint, els cations que es situen en el canal central sén monovalents i d’'una
clara prevalenca biologica, com ara K* o Na*. D’'una banda els cations Na* solen
situar-se en el pla de les tétrades establint interaccions amb els 4 grups
carbonil de les guanines, mentre que els K*, al ser de major tamany, es troben
desplacats del pla i poden interaccionar fins amb 8 grups carbonil. D’entre
aquests dos, es coneix que el K* déna lloc a una major estabilitzaci6 de
I'estructura G4.[*81 Tanmateix, |'estabilitat també depén de la forga ionica del
medi on es troba el G4.[4°]
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Figura 1.16. a) Possibles tipus els enllagos d’hidrogen que pot formar la guanina, b) estructura
molecular corresponent a una G-tétrada, c) representacié6 d’'un G4 amb algunes caracteristiques
estructurals assenyalades (PDB: 2JSM) i d) visié des de dalt del mateix G4. Representaci6 realitzada
amb el software PyMOL per Alvar Martinez-Camarena.

Cal destacar que I'’ADN G4 no presenta una uUnica estructura, si no que té
associat un elevat polimorfisme. Pel que fa al nombre de les cadenes, els G4
poden estar formats per una (unimolecular), dos (bimolecular) o quatre
(tetramolecular) cadenes de ADN riques en guanines.l>®] També es coneix
I'existencia de G4 trimérics, tot i que es tracta d'una conformacié més exotica,
que requereix de la combinacid de dos duplex.[>!] Segons I'orientacid relativa de
les cadenes que composen el G4 podem tindre una conformacié paral-lela o
antiparal-lela i fins i tot, una barreja d’ambdues. Per exemple els G4
tetramoleculars normalment presenten una conformacié paral-lela, mentre que
els bimoleculars i unimoleculars presenten una major riquesa estructural.
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D’altra banda, atenent al criteri de disposicié dels bucles de les cadenes podem
classificar els G4 en laterals (cadenes adjacents unides), diagonals (cadenes
oposades diagonalment unides) o extrems (cadenes adjacents connectades per
I'extrem exterior).[52] En la Figura 1.17 s’il-lustren tres exemples de topologies
d’un G4 unimolecular depenent de I'orientacid relativa de les cadenes.
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Figura 1.17. Topologies d'un G4 unimolecular: a)paral-lela, b) antiparal-lela i c) hibrida.

Respecte a la conformacié de les guanines, es distingeixen dos configuracions:
syn o anti. El tret distintiu entre ambdues recau en la posicid relativa dels anells
aromatics. En la conformacié syn, el proté H; de la desoxiribosa es troba molt
proxim al prot6 Hg de la G, mentre que en disposicié anti, aquests dos es troben
més distanciats (Figura 1.18).531 Finalment, els G4 presenten quatre solcs que
poden ser de tres tipus diferents: estret, mitja o ample. Tot i que el duplex
sempre presenta un solc major i un menor, els G4 no sempre contenen el
mateix tipus de solcs, ja que depenen en gran mesura de la topologia del G4 en
general i de la conformacié de les guanines. Per exemple, en el cas de G4
paral-lels totes les G es troben en anti, generant quatre solcs mitjans, d’altra
banda els G4 antiparal-lels i hibrids requereixen Gs en conformacions syn i anti
per a possibilitar I'establiment d’interaccions de tipus Hoogsten, el que resulta
en I'aparici6 dels tres tipus de solcs.[54
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Figura 1.18. Representacié de la conformacié de guanina en a) syn i b) anti.
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Recapitulant, el terme G4 fa referéncia a un conjunt d’estructures secundaries
no-canoniques d’ADN que presenten uns trets basics comuns. Tanmateix és
poden donar diferents conformacions tridimensionals que depenen de
multitud de factors: concentracié6 d’ADN, forca ionica, natura dels bucles i els
solcs, modificacions i conformacions de bases en la seqiiéncia, etc.[55-58] Fins a
la data, han sigut resoltes multitud d’estructures tipus G4 que recolzen aquest
fet. Com es pot observar en la Figura 1.19, poden donar-se conformacions
diferents per a una mateixa seqiiencia, com ara la telomerica de tipus
d(TTAGGG).. Aixi doncs, designar una topologia a un G4 en dissolucié pot
suposar un repte, que sovint s’adreca fent Us de diverses técniques
espectroscopiques, com dicroisme circular (DC) o ressonancia magnetica
nuclear (RMN).

Figura 1.19. Visualitzacié de l'estructura de diverses conformacions d’ADN G4: a) paral-lel (PDB:
2188), b) antiparal-lel (PDB: 2MB]J) i c) hibrid (PDB: 2JSM). Representacions realitzades amb el
software PyMOL per Alvar Martinez-Camarena.

En les ultimes décades ha hagut un creixement exponencial del coneixement
respecte a l'estabilitat termodinamica i cinética de les estructures tipus G4 in
vitro.[59-61] No obstant, l'interés actualment és focalitza en dilucidar els
possibles rols bioldgics que aquestes estructures juguen in vivo. Molts treballs
han evidenciat l'existencia dels G4 en cél-lules, demostrant el seu paper
regulador en certs processos biologics i malalties, com ara el cancer: “If G-
quadruplexes form so readily in vitro, Nature will have found a way of using them
in vivo” - Aaron Klug, Premi Nobel en Quimica a I'any 1982.
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1.2.2. - Deteccio de G4 en ceél-lules

Abans de discutir el paper biologic dels G4, és important considerar en quina
regié genomica es pot trobar aquest tipus d’ADN. Donada I'extensi6 del genoma
huma i I'elevat polimorfisme de les estructures G4, preveure la formaci6 de G4
in vivo és una tasca complicada. Malgrat aixo, la bioinformatica ha permes
establir algoritmes dissenyats per a localitzar seqliéncies del genoma amb
potencial per a formar G4 (PQS, de l'anglés Putative Quadruplex-forming
Sequences).[62]

Per exemple, I'algoritme Quadparser, publicat per Huppert i Balasubramanian
busca regions d’ADN que compleixen la “regla de plegament”: seqiiencies de la
forma d(Gz«N1.7 G3+N17 G3.N1.7 G3:+) on N és qualsevol base, incloent la G.[63]
Com a resultat d’aplicar aquesta regla a tot el genoma huma s’obtenen al
voltant de 376000 PQS.[¢4l Utilitzant el mateix algoritme, pero restringit a les
regions promotores de gens reguladors de processos de transcripcio, s’ha
trobat que en més d'un 40% d’aquests pot existir almenys un G4. A més a més,
la probabilitat és maxima en els llocs d’'inici del procés de transcripci6 (TSS, del
anglés Transcriptional Start Site).[64]

Altres algoritmes amb restriccions i condicions addicionals han sigut també
dissenyats amb l'objectiu d’obtenir una estimacié més precisa, com el publicat
per Neidle i els seus col-laboradors, que restringeix el nombre de guanines a un
valor menor de sis.[5]

Tots aquests algoritmes i els seus corresponents resultats es troben recopilats
en bases de dades online, el que ha possibilitat la conciliacié de la informacié
disponible (Taula 1.1). Tanmateix, la realitat és que la formaci6é d’estructures
G4 no sols depén d'un recull de regles senzilles, sind que han de considerar-se
molts altres factors determinants, com ara la intermolecularitat, el tamany dels
bucles, les alteracions en la triada de guanines...

Taula 1.1. Alguns dels programes i bases de dades en relacié amb seqiiéncies G4.

Nom Pagina Web Referéncia
QuadBase http://quadbase.igib.res.in/ [66]
QuadFinder https://omictools.com/quadfinder-tool [67]
QGRS Mapper http://bioinformatics.ramapo.edu/QGRS/index.php [68]
G4IPDB http://bsbe.iiti.ac.in/bsbe/ipdb/index.php [69]
G4Hunter https://bioinformatics.cruk.cam.ac.uk/G4Hunter/README.html [70]
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Avui dia, els algoritmes matematics s6n complementats amb observacions
experimentals per tal d’obtindre una millor aproximaci6 a la realitat, com és el
cas del recentment publicat G4Hunter.[70] No obstant, encara queda un llarg
cami per a poder determinar in vivo i amb precisié exacta els punts concrets del
genoma huma on els G4 no sols poden formar-se, sin6 que de fet, es formen.
Per aquesta rad, existeix una ampli recull de treballs que tenen com ambicids
objectiu la deteccié de G4 in vivo, és a dir en cel-lules. Les téecniques emprades
s6n molt diverses i van des de I'is de molécules, anticossos o proteines que
actuen de sensors, fins a tecniques de seqiienciacié d’ADN.[71]

El primer anticos selectiu per a G4 publicat va ser el Sty49. Aquest va ser
emprat per a detectar la preséncia de G4 en el macronucli de ciliats on abunda
I’ADN telomeric. Altres anticossos, com el BG41[72! 0 el 1H6[73] han sigut utilitzats
en estudis immunofluorescents en diferents linies cel-lulars, tot i que existeix
un gran debat respecte a la seua sensibilitat. De fet, el BG4 es capag de detectar
la formaci6 de G4 en ARN, mentre que el 1H6 no.l[’4 D’altra banda, tot i que
I’ADN telomeric és ric en seqiiencies repetitives de guanines, el BG4 apunta a
que altres regions no telomeriques tenen associat un major contingut de G4
(Figura 1.20).[72]

a) b)

Figura 1.20. a) Detecci6 de BG4 (roig) en zones telomeriques i no telomeériques de cromosomes
metafasics aillats a partir de cél-lules HeLa i b) nucli de cél-lules UO2 (blau) on s’aprecia falta de
colocalitzaci6 entre la proteina d’'unié telomeérica TFR2 (verd) i I'anticos BG4 (roig). Barra d’escala
de 20 uM. El nucli cel-lular esta tenyit amb DAPI.

Com s’ha mencionat abans, altra aproximacié és la utilitzacié de petites
molécules que actuen com a sensors de G4. Aquests sensors hauran de ser
permeables a la membrana cel-lular i la seua citotoxicitat haura de ser minima.
A més a més, hauran de presentar una elevada afinitat i selectivitat pel G4, que
done lloc a una resposta mesurable com un augment de la fluorescencia. Tot i
que soén criteris molt restrictius, han sigut publicats multitud de sensors
fluorescents que evidencien l'existéncia d’estructures G4 en cel-lules.[757¢]
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En la Figura 1.21 es troben les estructures moleculars de dos d’aquests tipus de
sensors. El diiodur de 3,6-bis(1-metil-4-vinilpiridinio)carbazol (Figura 1.21a)
déna lloc a temps de vida de fluorescéncia més llargs quan s’'uneix a ADN G4
que quan interacciona amb ADN duplex en assajos in vitro. Al tractar cel-lules
HeLa amb aquest complex, s’obtenen temps de vida analegs als obtinguts per
interaccié amb G4 i a més a més, es veu modificada I'expressi6 de dos gens que
s6n PQS.[77]

Altra referencia important a citar quan es parla de sensors de G4 és el DAOTA-
M2 (Figura 1.21b), publicat pel grup de Ramon Vilar. Aquest compost també
doéna lloc a un augment considerable del temps de vida de fluorescéncia quan
interacciona amb G4, el qual depén estretament de la conformacié del G4. Els
temps de vida mesurats en ceél-lules U20S després de ser tractades amb
DAOTA-M2 també apunten a la presencia d’estructures G4 in vivo.[78l

a) b)

Figura 1.21. Estructures moleculars de a) 3,6-bis(1-metil-4-vinilpiridinio)carbazol i b) DAOTA-M2.

La detecci6 de G4 en cel-lules pels métodes anteriorment comentats és
controvertida, ja que la seua correcta visualitzacié depén enormement del tipus
de sensor emprat i les condicions de I’experiment. A més a més, les qiiestions
respecte al paper biologic dels G4 no s’han de respondre basant-se en mesures
de fluorescéncia puntuals, sind més bé des d’'una perspectiva dinamica al llarg
del cicle cel-lular, intentant englobar tot el genoma. En aquest sentit, les
tecniques de seqilienciacié genica resulten d’especial interés. Per exemple, els
metodes in vivo d'immunoprecipitacié de cromatina (ChlP-seq) permeten aillar
fragments determinats d’ADN de les cel-lules, com ’ADN G4, mitjancant la
interacci6 amb anticossos especifics, per a posteriorment detectar-los
mitjancant seqilienciacio.
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En un estudi publicat per Balasubramanian i col-laboradors es va emprar
I'anticds hf2 per a extraure ADN G4 de cel-lules de cancer de mama (MCF-7). Es
va demostrar l'existencia duns 700 G4 estables presents en regions
telomeriques, en zones promotores i en el cos de gens reguladors de la
transcripcié.l’?l  L’anticos BG4, anteriorment comentat, s’ha emprat en
experiments analegs, amb I'objectiu d’aillar ADN G4 present en la cromatina. En
aquest cas, es van trobar unes 10000 PQS, majoritariament en zones
transcripcionalment actives de la cromatina, en regions promotores i en els
extrems 5’ de seqiiencies no traduides corresponents a gens reguladors de la
transcripcié (5’-UTR), que estan molt relacionats amb el cancer.[81 En un altre
experiment de Chl-Seq, els llocs d’ADN danyats al llarg del genoma van ser
detectats després de tractar les cel-lules amb piridostatina (PDS), un lligand
estabilitzador d’estructures G4. En aquest cas, les regions d’ADN danyat
obtingudes coincidien amb les regions PQS estimades en calculs
computacionals. [81]

Altre tipus de tecniques de seqiienciaci6 d’alt rendiment (G4-seq) han sigut
també aplicades en la determinacié de la prevalenca i la distribucié dels G4 al
llarg del genoma huma. Aquestes metodologies estan basades en l'is de
condicions que faciliten la formaci6 de G4. Quan s'utilitzen agents
estabilitzadors de G4 (molécules o ions), ’ADN polimerasa queda estancada en
els llocs on aquests es formen, donant lloc a una senyal que s’associa amb la
seua existéncia.l82] Per exemple, en un estudi G4-seq recent es van identificar
més de 700000 PQS al llarg del genoma huma, trobant una gran densitat de G4
en zones promotores d'oncogens i en regions 5’-UTR, aixi com en gens
reguladors.[83]

Aquesta ultima xifra és tres ordres de magnitud major que l'obtinguda per
ChlP-Seq i casi el doble de la calculada fent iis de metodes computacionals. La
disparitat en les dades es deguda a que la deteccié de G4 és complexa i depén
de molts factors. En les tecniques G4-Seq i ChlP-Seq poden ser identificats G4
que no compleixen “la regla de plegament” establerta als algoritmes
matematics, o bé perqué no contenen 3 guanines consecutives, o bé per la
llargaria dels bucles o la molecularitat. D’altra banda, la diferéncia numerica
entre G4-Seq i ChlP-Seq apunta al paper fonamental que 'entorn cel-lular juga
en la dinamica biologica de formacié dels G4. Per exemple, I'accié de proteines
d’uni6 als G4 o helicases poden modificar en gran mesura 'existéncia de G4 a
nivell cel-lular. A més a més, I'is d’anticossos especifics en ChlP-Seq limita la
selectivitat i sensibilitat del procés. I sense dubte, les variacions en el protocol
experimental influeixen en els resultats obtinguts.
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Malgrat tota aquesta aparent incertesa, el que sembla clar és que els G4, no sols
poden, sin6 que realment es formen a nivell cel-lular, i a més a més de forma no
aleatoria. Resumint i de manera generalitzada, podem concloure que els G4 es
poden trobar en regions telomeriques i en zones promotores de diversos gens i
sobretot oncogens. Per tant, tenen un paper essencial en nombrosos processos
biologics, com ara en el manteniment de la llargaria dels telomers i la regulacié
de la replicacié d’ADN o de I'expressi6 genica (Figura 1.22).[84-89] Seguidament
es presenten alguns exemples rellevants del paper biologic dels G4.

a) ADN Telomeric
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\

b) Traduccié

c) Transcripcié/Replicacié
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I ¢ Aiia
Figura 1.22. Esquematitzacié del paper biologic del G4 en a) I'estabilitat gendmica, b) la traduccié i
c) la transcripcid i replicacio.

1.2.3. - Un petit recull d’exemples del paper biologic dels G4

G4 als telomers

Els telomers sén regions no codificants del genoma que es troben als extrems
dels cromosomes. Aquests s6n en part responsables de l'estabilitat de la
informaci6é genetica, és a dir de mantindre la integritat dels cromosomes i
protegir els seus extrems de recombinacions, fusions i la degradacié per part
d’exonucleases (Figura 1.23).°0]
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Cél-lula

Telomer Fragment monocatenari
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Figura 1.23. Representacid de la localitzaci6 de 'ADN telomeric en una cel-lula eucariota.

L’ADN telomeéric va ser identificat per primer cop en els anys 1930 pel cientific
Hermann Muller.’l] La seua seqiiencia esta composada per una serie de
nucleotids repetitiva i rica en guanines. En eucariotes normalment es tenen
repeticions d(TTAGGG)y, d'una llargaria d’entre 9000 a 15000 bases.

Tot i que 'ADN telomeric es presenta tipicament en forma de duplex, en el seu
extrem 3’ sempre hi ha un fragment d’ADN monocatenari (d’entre 50 a 300
bases de longitud) que sobreix respecte a la seua cadena complementaria.l®2]
Aixi doncs, existeixen maquinaries enzimatiques que poden reconeixer els
extrems telomeérics com ADN danyat i deshibridat, la qual cosa activaria la seua
degradacid.[%3]

Per aquesta ra6, 'extrem telomeéric 3’ es troba doblegat sobre el teldmer, de
manera que es forma una estructura en forma de “bucle-T”.°41 A més a més,
també es troba unit a una série de proteines (TRF1, TRF2, TPP1, TIN2, POT1 i
RAP1 entre altres), que donen a lloc a un complex proteic conegut com
shelterina o telosoma (Figura 1.24).19596] Aquesta estructuracid dels extrems
telomerics pareix ser la responsable de la seua capacitat de garantir I'estabilitat
gendmica.l’7]
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Figura 1.24. Representaci6é esquematica del bucle-T format en el extrem dels cromosomes.
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Malgrat el paper vital dels teldmers en la proteccié dels cromosomes, aquests
s’acurten en cada divisi6 cel-lular degut al “problema de la replicaci¢”, el qual
causa en ultima instancia la mort cel-lular.®8! Tornant al mecanisme de
replicaci6, 'ADN polimerasa requereix d’'un encebador (petit fragment d’ARN
que actua com a iniciador) per a afegir nucleotids a la cadena nova d’ADN. Com
que I'addicié sempre és en direccié 5’ a 3’, una de les dues cadenes es sintetitza
de forma continua (cadena avang¢ada), mentre que I'altra ha de construir-se de
manera discontinua (cadena retardada) amb fragments d’Okazaki, cadascun
amb el seu propi encebador. Al finalitzar, els fragments d’ARN sén eliminats i
substituits per ADN, amb I'excepcié de I'iltim encebador de I'extrem 5’ que no
es reemplacat per ADN. Aquest és precisament el “problema de la replicacié” i
'origen del fragment monocatenari 3’ dels telomers.

Conseqilientment, en cada cicle cel-lular es produeix una pérdua neta de
nucleotids (d’entre 100 a 200 bases).[?] Després d’'un determinat nombre de
cicles, s’assoleix el conegut com limit Hayflick,[100.101] ¢s a dir, la longitud dels
telomers és tan curta que ni es pot formar el bucle-T, ni es pot donar un altre
cicle. En aquest punt la cel-lula té associada una gran inestabilitat genomica i
entra en I'etapa de senescéncia, deixant de dividir-se i finalment donant lloc a la
mort cel-lular.[102103]

Aixi doncs, la llargaria dels telomers s’entén com un marcador d’envelliment:
les cél-lules amb telomers llargs sén considerades joves i poden donar lloc a un
elevat nombre de cicles, mentre que les cel-lules amb telomers curts estan
properes a entrar en estat de senescéncia i morir. De fet, diversos estudis han
demostrat la relacié entre la llargaria telomers i certes doléncies associades a
'edat,[104-107] com per exemple el cancer(108109] malalties cardiovasculars(110.111]
o infermetats neurodegeneratives com I’Alzheimer.[112113]A més a més, una
elevada quantitat de telomers curts ha sigut associada amb aspectes
perjudicials de I'estil de vida,[114115] com ara alts nivells d’estrés[16117] o dietes
insalubres.[118]

Els telomers doncs, susciten un gran interés en el public general. Tant és aixi
que existeixen llibres que proporcionen consells per a mantindre la longitud
telomerica amb el proposit de millorar la qualitat de vida.l119120] Fins i tot, hi
han empreses dedicades a mesurar la longitud dels telomers amb l'objectiu
d’estimar una edat biologica real del pacient, com ara LifeLenght® o
TeloYears®.
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Pero cal dir que “el problema d’escur¢ament telomeric” té solucié: 1'enzim
telomerasa. Es tracta d'una riboproteina responsable del manteniment de la
llargaria dels telomers, capag de sintetitzar ADN a partir d’'un motle d’ARN. El
seu descobriment s’atribueix a Carol Greider, Elisabeth Blackburn i Jack
Szostak, els quals varen ser guardonats amb el Premi Nobel de Medicina I'any
2009.1121]

En realitat, la telomerasa és un enzim complex format per diversos
components: diferents grup proteics (Hsp90, p23..), una proteina de
transcripcié reversa (hTERT) i un motle d’ARN (TERC) complementari de
I'extrem 3’ telomeéric.['22] Com s’ha mencionat anteriorment, la seua funcié és
allargar els telomers en un procés que inclou quatre etapes. A grans trets, el
primer pas és la formacié del complex proteic. Després es produeix el
reconeixement de l'extrem 3’ de I'ADN telomeéric per la seqiiéncia
complementaria d’ARN que es troba en TERT. Seguidament, hTERT catalitza
I'addici6 de nucleotids a I'extrem 3’ del telomer. Finalment, es produeix el
desplagament de la telomerasa al llarg del nou fragment d’ADN sintetitzat per a
que puga continuar el procés d’elongacidé fins que el telomer assoleix una
llargaria adequada.[123]

Cal dir no totes les cél-lules presenten activitat telomerasa i que la seua
regulacidé depén de diversos factors.l124125] Concretament, en cel-lules
somatiques normals hi ha un escurcament progressiu dels telomers, mentre
que en cel-lules mare, embrionaries i de teixits renovables, com les epitelials, la
telomerasa si que es troba activada. Ara bé, es coneix que la telomerasa esta
sobreexpresada en aproximadament el 90% de les ceél-lules tumorals, el que
esta estretament relacionat amb la proliferaci6 incontrolada i la
immortalitzacié dels tumors (Figura 1.25).1126]

ADN telomeric en cél-lules somatiques

Cel-lula L LT L —> Escurcamenten —> Apoptosi
cada cicle cel-lular
ETRN
— Telomer ADN teloméric en cél-lules tumorals
(5. &8 \ 7 ]
\ PSS WS 1 —> Allargament _5 yymortalitzacié
& de 'ADN
N &, Telomerasa
Nucli - Estabilitzaci6 de G4 en els telomers
Cromosoma -~
G-Quadruplex ;:; Inhibicié d
< —> [nhibiciode —3 Apoptosi
L4 x la telomerasa Pop

Figura 1.25. Esquema del paper biologic dels G4 als telomers.
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Es per aquest motiu que la telomerasa es considerada una atractiva diana
terapeutica per al disseny de farmacs antitumorals. Actualment, existeix una
amplia recerca focalitzada en el disseny d’inhibidors de la telomerasa,[127.128]
per exemple mitjancant I'estabilitzacié d’estructures G4 en I'extrem telomeric
3'.[129] Va ser Blackburn la primera que va postular que les repeticions
d(TTAGGG). telomeriques podrien adquirir conformacions G4,[130 i avui dia es
tenen nombroses evidéncies experimentals de la seua formacié in vivo en els
telomers (Seccié 1.2.2).

G4 als promotors de gens i oncogens

Com s’ha mencionat anteriorment, diversos estudis in vitro i in vivo han
demostrat que els G4 existeixen en els promotors de diversos gens i oncogens,
particularment, en zones properes als TSS (Seccié 1.2.2).

Al contrari dels fragments monocatenaris telomerics, els promotors soén
fragments d’ADN amb conformacié de doble hebra, el que fa que siga menys
probable que donen lloc a la formacié d’estructures G4. Tanmateix, els
processos de transcripcié genica requereixen del desenrotllament previ de la
doble hélix, cosa que facilita 'estabilitzacié de G4.[131132] Es precisament per
aquesta rad que els G4 estan lligats a llocs actius transcripcionalment, com és el
cas dels promotors de gens i oncogens.

Fins a la data, han sigut publicats nombrosos treballs relacionats amb la
preséncia de G4 en promotors i les seues corresponents implicacions
biologiques,[88.133.134] com per exemple el factor de transcripcié c-Myc,[135136] els
receptors tirosina-cinasa c-KIT[137.138] g les proteines reguladores mitocondrials
Bcl-2.[139.140] A continuacid, s’analitza en més detall la preséncia de G4 en
aquests promotors.

Pel que fa al c-myc, va ser un dels primers oncogens identificat, el qual
s’encarrega de controlar 'expressi6 de c-Myc. Aquesta proteina contribueix a la
regulacié d’aproximadament el 15% dels gens del genoma huma relacionats
amb I'apoptosi, el metabolisme, la proliferacio i en definitiva, el control del cicle
cel-lular.[141.142] En cas de que c-myc es trobe mutat i sobreexpressat, té lloc una
alteracié d’eixos processos de regulaci6. Com a resultat, es produeix la
sobreexpressi6 de diversos gens associats a diferents tipus de cancers, com ara
de mama, colon o cerebrals.[!43] Aixi doncs, el control de I'expressid de c-Myc és
considerat una potencial diana terapéutica per a al disseny de farmacs
antitumorals.
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Una regid en la part superior del promotor P1 de c-myc (NHE-III) conté una
seqliencia de 27 parells de bases rica en G (Pu27), la qual déna lloc a la
formaci6 de G4 paral-lels en presencia de K+ (Figura 1.26).1144] Es coneix que és
precisament aquesta regi6 la que controla aproximadament el 90% de
'activitat transcripcional de c-myc,[145] i a més a més, que 'existencia de G4
suposa una obstaculitzacié per a la seua transcripcié. Conseqlientment,
I'estabilitzaci6 de G4 per interacci6 amb petites molécules o complexos
dificultaria l'expressi6 de c-myc, inhibint la proliferaci6 de les cel-lules
tumorals.[146-148]

c-myc
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Figura 1.26. Representacié esquematica de la formacié de G4 al promotor de c-myc.

D’altra banda, el promotor de c-KIT presenta dues regions riques en G,
conegudes com c-kitl i c-kit2. Es tracta de seqiiéncies de 22 i 20 parells de
bases respectivament, properes al lloc TSS.[137.138] Ambdues s6n potencialment
formadores de G4, amb topologies que resulten de particular interés. C-kitl té
associada una conformacié paral-lela amb G-tétrades que contenen Gs de la
regié CGCT i un gran bucle estabilitzat per interaccions A-G.[14% En canvi, c-kit2
presenta una topologia paral-lela més convencional, tot i que presenta una
discontinuitat en uns dels eixos de les tétrades i té associada una gran a la
flexibilitat deguda al bucle CGCGT (Figura 1.27).[150]
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Figura 1.27. Representacié esquematica de la formaci6 de G4 al promotor de c-Kit.
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En aquest cas, el gen c-kit codifica a c-KIT, un receptor transmembrana amb
activitat tirosina-cinasa, que estimula la proliferaci6 i la diferenciacié
cel-lular.[51] S’ha demostrat que aquest gen esta estretament relacionat amb
nombrosos tipus de tumors, com ara dels noduls limfatics o de pulmg, i
especialment amb cancer gastrointestinal.[152153] Com que les regions riques en
G del promotor de c-KIT son essencials per a la seua transcripcid,
'estabilitzacié de G4 tindria un paper fonamental en la inactivacié de la seua
expressié en cel-lules tumorals.[153-155]

Per tltim, el gen bcl-2 presenta una regié rica en GC en el promotor P1, la qual
és critica per a la regulacié de la seua expressio. En aquest cas, pot donar lloc a
la formacié de tres G4, sent el G4 central el més estable.[!3%] Es creu que aquest
presenta una conformacié hibrida paral-lela/antiparal-lela que conté tres G-
tétrades i amb tres possibles conformacions que depenen dels bucles (Figura
1_28]_[140,156]

bcl-2
L
5’-CGGGCGCGGGAGGAAGGGGGCGGGAGC-3’
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Figura 1.28. Representacié esquematica de la formaci6 del G4 central al promotor de bcl-2.

El producte proteic de bcl-2, Bcl-2, és una proteina mitocondrial que esta
relacionada amb el control de la mort cel-lular, ja que funciona com a un
inhibidor de 'apoptosi.[!57] S’ha demostrat que existeix una sobreexpressi6 de
bcl-2 en multitud de cancers, com ara de mama, prostata pulmo, colon, cervical
o limfatic.l158] Aixi doncs, I'estabilitzacié de G4 en bcl-2 podria induir I'apoptosi
cel-lular en aquest tipus de cél-lules canceroses.[159.160]

Altres G4 amb importancia bioldgica

Tots els exemples mencionats fins ara corresponen a ADN G4, tot i que 'ARN
també pot donar lloc a G4 en condicions fisiologiques. Com que I'’ARN és
monocatenari, la seua capacitat per a donar lloc a estructures secundaries no-
canoniques in vivo és més elevada en comparaciéo amb ’ADN.[161] A més a més,
els enllacos d’hidrogen intramoleculars que poden formar els grups 2’-hidroxil

40



Introduccio

de 'ARN milloren la seua estabilitat termodinamica.[162] Tanmateix, '’ARN G4
sol presentar una conformacié paral-lela in vitro, probablement conseqiiéncia
del grup 2’-hidroxil, que forga a les G a adoptar una conformacié anti respecte a
I'anell de ribosa.l163]

Com en el cas de 'ADN, també s’han realitzat estudis bioinformatics que han
demostrat I'existéncia de seqiiéncies potencialment formadores de G4 en el
mARN conegudes com PRQS (de l'anglés Putative RNA Quadruplex
Sequences).[1641 Concretament, es troben PRQS en el mARN corresponent a
3000 gens humans, incloent TRF2,[165] bcl-2[166]1 i TERRA.[167] També s’han
realitzat estudis de seqilienciacié (rG4-seq) que indiquen la preséncia
d’aproximadament 13500 PRQS en cél-lules humanes.[168] La inhibici6 de la
traduccié mitjangant I'estabilitzacié d’estructures G4 en el mRNA també sembla
ser una atractiva diana terapeutica. Tanmateix, l'existéncia i estabilitat
d’aquestes estructures in vivo encara genera controversia en la comunitat
cientifica.[169.170]

En resum, nombrosos estudis demostren I'important paper de les estructures
G4 en diferents processos biologics, tot i que els mecanismes exactes i les seues
repercussions encara no estan del tot ben definits. El que si que es déna per
descomptat és que prendre els G4 com a diana terapeutica és un bon punt de
partida per al desenvolupament de farmacs antitumorals.

1.2.4. - G4 com a dianes terapeutiques

Actualment, diversos grups d’investigacié dirigeixen els seus esforgos cap al
disseny de compostos que interaccionen amb G4 (lligands-G4), amb I'objectiu
d’assolir cada cop una millor selectivitat i major afinitat per aquest tipus
d’estructures d’ADN. Aixi doncs, existeixen en la literatura un gran recull de
lligands-G4 estudiats tant in vitro com in vivo.[171-1771 Abans de descriure
breument alguns dels exemples més rellevants, és interessant fer una reflexi6
del tipus de forces que intervenen en la interaccié amb G4, ja que el seu analisi
és primordial per a 'optimitzacié del disseny dels lligands-G4.

Interaccions supramoleculars en el disseny de lligands-G4

Les interaccions intermoleculars no covalents tenen un paper d’essencial
importancia en el reconeixement d’estructures G4. El camp de la quimica que
estudia aquest tipus de forces es coneix com quimica supramolecular: la
quimica més enlla de la molecula (Jean Marie Lehn, Premi Nobel de Quimica en
I'any 1987). Un complex supramolecular s’entén com aquella entitat quimica
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que esta formada per I'associacié de dos o més entitats més menudes unides
mitjan¢ant interaccions no covalents.[178-180] Sovint, s’anomena receptor a
I'entitat de major tamany, mentre que les restants es coneixen com a substrats,
per analogia al terme de receptor biologic de Paul Elrich.[181]

En el cas de que la interaccidé establerta entre el receptor i el substrat siga
selectiva, es diu que hi ha reconeixement molecular. Aquest ultim concepte va
ser introduit per Emil Fischer, amb I'objectiu de donar una explicacié a com el
centre actiu d'un enzim encaixa perfectament amb el seu corresponent
substrat, exactament com ocorre amb un pany i la seua clau.[!82] Tot i que
posteriorment Daniel Koshland va evidenciar que els enzims sén més bé
estructures flexibles, que poden modificar la composici6 quimica del seu
substrat abans d’alliberar-lo.['83] Aixi doncs, el reconeixement molecular es
regit per interaccions supramoleculars, que sén precisament les forces que
modulen nombrosos processos bioldgics tan basics com la replicacio, la
transcripcié o traduccié d’informaci6é genética, presentades a l'inici d’aquest
capitol.

En la Taula 1.2 es recullen les energies corresponents a les interaccions
supramoleculars més comunes. Com es pot observar, totes son
remarcablement més baixes que la corresponent a un enllag covalent. Per
exemple, les interaccions de van der Waals sols suposen uns pocs kJ-mol-1. [180]
Tanmateix, la suma de totes aquestes forces establertes entre el substrat i el
receptor possibiliten un reconeixement especific i selectiu.

Taula 1.2. Energia de dissociacié aproximada de diversos tipus
d’interaccions supramoleculars en comparaci6 amb Ienllag
covalent.[180]

Tipus d’interaccio Energia de dissociacio [k]-mol-1]
Enlla¢ covalent 400 -100
[6-dipol 200-50
Enllag de hidrogen 120 -4
Cati6 - 80-5
Enlla¢ d’halogen 50-10
Anié - 50-5
Dipol - dipol 50-5
Apilament -1t 50-2
Van der Waals <5
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A T'hora d’aplicar aquests conceptes al disseny de lligands que interaccionen
amb G4 (lligands-G4) s’han de tindre en compte diversos aspectes. En primer
lloc, s’entén com a substrat el lligand-G4 i com a receptor el G4. Seguidament,
s’ha de considerar l'estructura del G4 en qliestid, per a dilucidar els possibles
punts d’ancoratge amb el lligand. L’objectiu és maximitzar I'area de contacte
entre ambdds i assolir l'establiment del major nombre d’interaccions
supramoleculars possibles.

De manera general, la topologia del G4 permet el seu reconeixement per
apilament intern o extern, per interaccié amb els bucles i solcs, o bé per una
combinacié d’aquestes (Figura 1.29).

a) Interacci6é amb el solc b) Apilament extern c) Apilament intern
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Figura 1.29. Representacié dels possibles modes de interaccié d’un lligand-G4.

Aixi doncs, tenint en compte la topologia del G4, el disseny molecular del
lligand-G4 haura de focalitzar-se en maximitzar les interaccions
supramoleculars. D’una banda, una superficie aromatica extensa similar en
tamany a la G-tetrada afavorira I'apilament extern per interaccions m-m. En el
cas de que existisca una deficiencia de carrega que es situe en el canal central
del G4, les interaccions electrostatiques milloraran més I’afinitat. D’altra banda,
la preséncia de grups amb tendéncia a protonar-se a pH fisiologic en les
cadenes laterals, com ara amines, possibilitaran I'establiment d’interaccions
electrostatiques amb els grups fosfats dels bucles o solcs. Finalment, grups
lleugerament voluminosos en les cadenes laterals afavoriran la selectivitat per
G4 front a ADN duplex, donat l'impediment estéric que ocasionaria la
intercalaci6 entre els parells de bases en la doble helix (Figura 1.30).

Un cop descrites les premisses a considerar per al disseny de lligands-G4, a
continuacio es recopilen alguns dels exemples més rellevants de la bibliografia.
Aquests es presenten agrupats en dos grans families: petites molécules i
complexos metal-lics. Cal remarcar que tot i la multitud de publicacions en
aquesta area, inicament dos compostos, Quarfloxin(184] i CX-5461[185], es troben
actualment en fase clinica.
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Figura 1.30. Esquema de les caracteristiques estructurals per al disseny d’un lligand-G4.

Alguns exemples de lligands-G4: Petites moléecules

El primer lligand reconegut com inhibidor de la telomerasa és l'antraquinona
2,6-disubstituida BSU-1051.[186] Posteriorment, han sigut publicats diversos
estudis estructura-activitat basats en aquest tipus de derivats, en els quals es
modificaven els substituents en les posicions 1,4; 1,5;1,8; 2,6; i 2,7. En general,
s’obtingueren bones afinitats pel G4, perd una selectivitat limitada front a ADN
duplex.[187-189] Mitjancant estudis computacionals posteriors s’ha establert que
I'anell d’antraquinona doéna lloc a interaccions m-m amb la G-tétrada i que les
cadenes laterals amb grups carregats positivament es situen en els solcs
(Figura 1.31).0190.191]

Lligands-G4 derivats d’antraquinona
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Figura 1.31. Estructura molecular basica de lligands-G4 basats en antraquinones.

D’altra banda, nombrosos derivats d’acridina també han sigut extensament
estudiats. Aquests presenten una caracteristica estructural beneficiosa en
comparacié amb l'anterior familia de compostos: una carga positiva en el cor
central del lligand-G4, que a més a més millora la solubilitat en aigua.[192-195]
Amb I'objectiu d’optimitzar la selectivitat d’aquests derivats es va recérrer a la
modelitzaci6 molecular i es va postular que una acridina trisubstituida donaria
lloc a una major selectivitat pel G4 front a duplex.[1?¢] Es va dissenyar aixi el
compost conegut com BRACO-19, en el qual les dos cadenes amido laterals
interaccionen preferentment amb els solcs del G4 més amples, mentre que la
restant ho fa amb el solc més estret (Figura 1.32).[197.198]
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De fet, aquest ultim compost presenta una clara milloria tant en la selectivitat,
com en l'afinitat pel G4 (Log Kaw4) = 7, Log Kagduplexy = 5). A més a més, estudis
d’expressi6 genica van revelar que BRACO-19 reduia I'expressié6 d’hTERT, la
unitat catalitica de la telomerasa.[19¢]

Lligands-G4 derivats d’acridina

/
0 A 0 H ( > \
./\)I\ P M BRACO-19:
N N N
H H o e Q

Figura 1.32. Estructura molecular basica de lligands-G4 basats en acridines.

Altra familia a destacar en aquest camp son les porfirines. La planaritat,
I'aromaticitat i el tamany de 'estructura macrociclica modulen l'apilament en la
G-tetrada. El lligands pioners classics d’aquesta familia sén coneguts com
TMPyP4 i TMPyP2 (Figura 1.33). Els dos presenten carregues positives en els
extrems del macrocicle, el que augmenta I'afinitat pel G4 com a resultat de les
interaccions electrostatiques amb els grups fosfats de 'ADN. Ara bé, TMPyP2 té
una afinitat remarcablement menor que TMPy4, el que demostra que la posicié
de les carregues a les cadenes laterals no és trivial.[199.200] Perg no tot podien
ser avantatges, malgrat I’elevada afinitat per G4, TMPyP4 és molt poc selectiu
front a ADN duplex.[201] Malgrat aco, nombrosos estudis han demostrat el seu
potencial terapéutic.[202203] A més a més, ha servit de base per al disseny de
nous lligands-G4. Per exemple, s’ha comprovat que reduint el nombre de grups
carregats en les cadenes laterals i introduint-hi grups voluminosos s’obté una
millora en la selectivitat per G4.1204.205]

Lligands-G4 derivats de porfirina
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Figura 1.33. Estructura molecular basica de lligands-G4 basats en porfirines.
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D’altra banda, el lligand neutre Telomestatin (Figura 1.34a) és un producte
natural aillat de I'Streptomyces Anulatuts, que ha demostrat no sols ser
extremadament afi per G4, sind també ser molt selectiu front a ADN duplex.[206]
Aquest esta format per un anell pla que conté oxazolats neutres i metilats, de
tamany adequat per a apilar-se amb la G-tetrada. Diversos estudis biologics han
demostrat les seues propietats antiproliferatives en diferents linies
tumorals.[207.208] Tanmateix, la seua complicada sintesi fa que el seu estudi a
gran escala no resulte viable. No obstant, I'anell base ha servit com a punt de
partida per a la sintesi de nous derivats, com per exemple HXDV (Figura 1.34b),
que posseeix una elevada selectivitat per G4.[209.210]

a) Telomestatin b) HXDV
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Figura 1.34. Estructura molecular dels lligands-G4 a) telomestatin i b) HXDV.

Com a exemples de lligands-G4 amb unitats aromatiques fusionades es tenen
les quindolines.[211212] Particularment, resulten interesants els derivats
substituits amb grups electr6-dadors en posicié 11, ja que afavoreixen la
protonaci6 de l'anell de piridina a pH fisioldogic. Aquesta funcionalitzacié
millora T'afinitat i la selectivitat pels G4, donat que la carrega positiva pot
situar-se en el canal central del G4.[213] S’ha comprovat que aquest tipus de
derivats pot induir la formacié de G4 en la regié6 promotora de c-myc, el que
causa la inhibici6 de la seua expressio en cel-lules hepatiques tumorals.[214]

Lligands-G4 derivats de quindolina
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Figura 1.35. Estructura molecular basica de lligands-G4 basats en quindolines.
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Alguns exemples de lligands-G4: Complexos metal-lics

A banda de molécules purament organiques, els complexos metal-lics també
resulten molt interessants per al disseny de lligands-G4, ja que li poden
conferir propietats addicionals a 'andami organic. En primer lloc, el centre
metal-lic té 'habilitat d’organitzar els lligands que coordina en una geometria i
orientacié especifica, el que pot donar lloc a I'optimitzacié de la interaccié amb
el G4. A més a més, la seua naturalesa electré-acceptora fa que es reduisca la
densitat electronica dels lligands aromatics coordinats, originant sistemes
electronicament deficients que establiran interaccions m més fortes amb la G-
tetrada. Fins i tot, I'atom metal-lic pot posicionar-se en el canal central del G4,
interaccionant amb les guanines de la G-tétrada. Per ultim, mitjan¢ant I’eleccié
del tipus de catié metal-lic es poden modular les propietats lligand-G4.

Entre els primer exemples de complexos metal-lics com a lligands-G4 es troben
les metaloporfirines (Figura 1.36a).[215] D’una banda, el tamany de l'anell de
porfirina resulta apropiat per a 'apilament en la G-tétrada, i d’altra banda, la
coordinacié6 d'un catié metallic afavoreix les interaccions electrostatiques,
millorant I'afinitat pel G4. Mitjancant els estudis realitzats amb aquest tipus de
derivats es va comprovar que la geometria dictada pel metall influia de manera
extrema en la interaccié amb el G4. Amb un derivat de la porfirina TMPyP4 es
van preparar complexos metal-lics de diferent geometria, com ara plano-
quadrada amb Ni(II) i octaedrica amb Mn(Il). Ambdés presenten una elevada
afinitat per G4, tot i que el complex amb dos lligands axials de Mn(II) és molt
més selectiu, presentant una afinitat quatre cops major pel G4 que pel diplex.
Tot apunta a que les aigiies axials d’aquest complex passen a ser labils en
contacte amb el G4 i que dificulten la seua intercalacié en el duplex.[215216] Per
tal de millorar les propietats d’aquests derivats, s’han realitzat estudis en els
quals es modificaven les cadenes laterals del macrocicle introduint carregues
positives o grups voluminosos.[217]

a) Lligands-G4 derivats de metaloporfirines b) Lligands-G4 derivats de metalocorrols

Figura 1.36. Estructura molecular basica de lligands-G4 basats en a) metaloporfirines i b)
metalocorrols.
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Altre exemple curids en relacié a la geometria dels complexos ve donat pels
derivats de metalocorrols (Figura 1.36b), que presenten una estructura similar
a la de les porfirines. En aquest cas, també s’ha comprovat que tot i no ser
plans, els metalocorrols de Mn(II) i Cu(II) s6n remarcablement selectius per G4
front a ADN duplex, molt probablement per I'impediment estéric que suposaria
la intercalacié en la doble heélix.[218-220] Mitjan¢ant estudis de modelitzaci6
computacional s’ha pogut observar que aquest tipus de complexos
interaccionen amb el G4 pels solcs i per apilament m-mt. Com ocorre per a les
altres families de lligands-G4, es poden modular les seues propietats
modificant les cadenes laterals racionalment.[221]

Tanmateix, I'habilitat de certs complexos plano-quadrats per a interaccionar
amb G4 via apilament m extern és innegable. S’han publicat estudis amb
complexos de Pt(I[) amb fenantrolina i bipiridina que presenten una elevada
afinitat per G4 (Figura 1.37a). L’augment de la superficie aromatica i la
funcionalitzacié amb grups protonables en aquest tipus de complexos no sols
millora l'afinitat, siné també la selectivitat.[222223] Pero cal remarcar que
aquests lligands també han sigut utilitzats per a la formacié6 de complexos
octaédrics amb Ru(II) (Figura 1.37b), que tot i no ser plans, mostren una
afinitat per G4 telomeric també molt elevada. D’entre ells, resulta de particular
interés un complex bimetal-lic publicat per J. Thomas i col-laboradors (log Kaca)
~ 7), que déna lloc a un augment de la fluorescéncia d’'una magnitud que depén

de la topologia del G4 estudiat.[224225]
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a) Lligands-G4 plano-quadrats b) Lligands-G4 octaédrics
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Figura 1.37. Estructura molecular basica de lligands-G4 basats en complexos a) plano-quadrats i
b) octaédrics.
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Un altra familia de complexos rellevants en aquest camp so6n els coneguts com
“salphens”, en els quals el cati6 metallic forca al lligand a adoptar una
disposici6 plana (Figura 1.38). El primer estudi amb aquests tipus de lligands-
G4 va ser publicat pel grup de Ramon Vilar, en el qual es demostrava que dos
complexos de Ni(II) amb salphen donaven lloc a una gran afinitat i selectivitat
per G4.[226] Posteriors estudis amb altres metalls, com ara Cu(II), Pt(II), Pd(II),
Zn(I1) i V(IV) demostren com l’elecci6 del catié metal-lic afecta drasticament a
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I'afinitat: els complexos plano-quadrats solen donar lloc a una major
estabilitzacié del G4, tot i que sovint tenen associat un cert sacrifici de
selectivitat.[227] Per ultim, 1’eleccié dels substituents del salphen és crucial, per
exemple, la introduccié de carregues positives o de grups voluminosos pot
millorar la selectivitat.[228]

Lligands-G4 derivats de salphen
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Figura 1.38. Estructura molecular basica de lligands-G4 basats en salphen.

En aquest context, cal destacar un treball publicat recentment a la revista
Chemical Science per V. Rakers i col-laboradors, en el qual es va realitzar la
sintesi in situ de tres complexos de Ni(ll) tipus salphen, emprant un sistema
microfluidic sense necessitat de purificacié posterior.[229 Aixi doncs, es tracta
d’'un sistema de flux continu que permet la sintesi de lligands-G4 de manera
rapida i eficient. A més a més, en aquest mateix treball es presenta per primer
cop un dispositiu que permet una estimacié acurada de 'afinitat dels lligands-
G4 via un assaig FRET-Melting (de I'anglés Férster Resonance Energy Transfer)
en flux continu (Figura 1.39).

Lligand-G4 A7\

Figura 1.39. Representaci6 esquematica del sistema microfluidic dissenyat per a avaluar I'afinitat
de lligands-G4 mitjancant un assaig FRET-Melting. Imatge adaptada de [229].
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1.3. - Disseny de lligands-G4

D’entre totes les possibilitats a 'abast per al disseny de lligands-G4, en aquesta
tesi s’ha escollit la trifenilamina (TPA), trifenilbenzé (TPB) i diversos derivats
poliaminics com a motius estructurals principals. Concretament, el TPA i el TPB
constitueixen el cor central dels lligands-G4, mentre que les poliamines s6n
utilitzades com a cadenes laterals. En aquesta secci6 es descriuen breument els
principals rols bioldgics de les poliamines naturals i la seua relaci6 amb el
cancer. També s’inclouen alguns exemples bibliografics del disseny de farmacs
antitumorals basats en poliamines. Seguidament, s’introdueixen el TPA i el TPB.
Finalment, es recopilen alguns estudis previs publicats en els quals compostos
basats tant en poliamines, com en TPA, han sigut emprats com a lligands-G4.

1.3.1. - Poliamines com a cadenes laterals

Les poliamines naturals s6n molécules petites amb naturalesa basica essencials
per al creixement normal i el desenvolupament de cél-lules eucariotes. La
putrescina, l'espermidina i I'espermina s6n considerades les principals
poliamines en l'entorn cel-lular (Figura 1.40).[230] Tant la seua carrega a pH
fisiologic com la seua flexibilitat fan que siga possible que aquestes molecules
interaccionen amb gran multitud de receptors anionics a nivell cel-lular, com
ara ADN, ARN, proteines o fosfolipids, el que fa que la concentraci6 de
poliamines no complexades en medi fisiologic siga notablement baixa.[231]

Aixi doncs, les poliamines so6n de vital importancia en diferents processos
biologics: 'empaquetament i la replicacié de I'’ADN, la regulacié de I'expressio6
genica, la modulaci6é de canals idnics o la manutencié de la integritat de les
membranes. En definitiva, es pot considerar que les poliamines estan
relacionades amb la regulacié de la proliferacié i 'apoptosi cel-lular.[232] En
condicions fisiologiques normals, la seua concentracié esta modulada per un
conjunt complex de processos biosintetics, catabolics i de transport que avui
dia encara no estan completament descrits.[233] En la Figura 1.40 es mostra un
esquema simplificat del metabolisme de les poliamines en el medi cel-lular. En
primer lloc, 'enzim ornitina descarboxilasa (ODC) catalitza la descarboxilacié
dels aminoacids ornitina o arginina, donant lloc a la putrescina. Seguidament,
mitjangant una serie de reaccions enzimatiques s’obtenen la resta de
poliamines naturals. Aquest procés pot ser inhibit per la unié de la
difluorometilornitina (DFMO) a I'ODC.
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Figura 1.40. Representacié simplificada del metabolisme de poliamines en el medi cel-lular.
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Ara bé, tot i que les poliamines s6n essencials per al correcte creixement
cel-lular, una concentracié intracel-lular elevada esta relacionada amb un
augment descontrolat de la proliferacié cel-lular.[234-236] Aix{i doncs, diversos
estudis han relacionat una elevada concentracié de poliamines amb diferents
tipus de cancer, com ara de mama, colon, prostata o pell. A més a més, es pensa
que existeix una correlacié directa entre la sobreexpressié dels enzims
implicats en la biosintesi de les proteines, com ara ODC, i 'aparici6 de cél-lules
tumorals.[236.237]

Com s’ha mencionat anteriorment, I'aminoacid ornitina (provinent del cicle
d’'urea) es transforma cataliticament a putrescina per accié de I'’enzim ODC.
L’expressi6 d’ODC es troba controlada per un conjunt complex de mecanismes.
Entre ells, el factor de transcripcié c-Myc juga un paper primordial: s'uneix al
promotor de ODC i activa la seua expressid.[2381 A més a més, s’ha demostrat
que les poliamines naturals afecten a la conformaci6 G4 del promotor de c-Myc,
estabilitzant una topologia transcripcionalment activa que afavoreix la seua
sobreexpressid.[239] En definitiva podem dir que estem davant “d’un peix que es
menja la cua”: la biosintesi de poliamines és activada per c-Myc, les poliamines
indueixen la sobreexpressié de c-Myc i tant les poliamines com c-Myc donen
lloc a la proliferacié incontrolada de les cel-lules i processos de tumorgénesi
(Figura 1.41). Per tant, existeix un nexe d'uni6 directe entre aquests dos camins
de desregulaci6 del creixement cel-lular i tumorgenesi.
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Elevada sintesi
de poliamines

Figura 1.41. Representacié esquematica del paper de a) c-Myc en la sobreexpressié d’'ODC i b) les
poliamines en la sobreexpressié de c-Myc.

Una de les estrategies seguides en el disseny de farmacs antitumorals és la
utilitzacié de derivats poliaminics que actuen a nivell metabolic, com per
exemple inhibint 'enzim ODC.[240] D’altra banda, donades les caracteristiques
intrinseques de les poliamines, com ara la seua versatilitat sintética, la seua
basicitat, o la seua facilitada captacio cel-lular, aquestes es consideren andamis
idonis per a l'obtencié de compostos que interaccionen de manera selectiva
amb una topologia concreta d’ADN, detenint aixi la proliferaci6 incontrolada de
les cél-lules tumorals.[241]

En el grup de Quimica Supramolecular de la Universitat de Valencia s’ha
adoptat aquesta ultima estratégia per al disseny de farmacs amb activitat
antitumoral. Durant els ultims anys, han sigut publicats pel grup nombrosos
estudis en els quals s’ha demostrat el potencial de diversos lligands poliaminics
per a interaccionar selectivament amb una topologia concreta d’ADN o
ARN.[242243] Per exemple, el lligand Pytren funcionalitzat amb antracé (PytrenA)
dona lloc a respostes espectroscopiques diferents segons el tipus d’acid nucleic
emprat (Figura 1.42a).[244-246] Aportacions d’altres grups d’investigacié en
aquesta area també han demostrat I'habilitat de les poliamines per a
estabilitzar I'ADN G4, com per exemple certes poliamines lineals
funcionalitzades amb unitats aromatiques (Figura 1.42b).
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Figura 1.42. Estructura molecular de dos derivats poliaminics emprats en estudis d’interaccié amb
ADN'[245724—7]

De manera general, pareix que els compostos poliaminics posseeixen una gran
tendéncia a unir-se a 'ADN. A més a més, s’ha comprovat que la interaccié
depén fortament del grau de protonacié de la poliamina estudiada.[247-251]
Altres estudis més exhaustius han demostrat que concentracions baixes de
poliamines donen lloc a 'estabilitzacié de 'ADN G4, mentre que concentracions
altes produeixen la seua desnaturalitzaci6.[252] Particularment, en aquesta tesi
s'utilitzaran diferents derivats poliaminics com a cadenes laterals en la
construccié de lligands-G4, per tal d’analitzar la influéncia tant del grau de
protonaci6, com del disseny molecular en la interaccié amb G4 (Figura 1.43).
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Figura 1.43. Estructura molecular dels derivats poliaminics emprats com a cadenes laterals en el
disseny dels lligands d’aquesta tesi: a) PX, b) Pic) PY.

1.3.2. - Trifenilamina i trifenilbenzé com a motius centrals

La trifenilamina (TPA) i molts dels seus derivats sén ampliament utilitzats en
aplicacions luminescents, com ara en el disseny de materials fotoelectrics o de
sensors fluorescents.[2532541 Tipicament, el TPA presenta una estructura
helicoidal no plana, degut principalment a les repulsions estériques generades
entre els hidrogens dels anells aromatics (Figura 1.44).1255]
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a) b)

Figura 1.44. Esquema de la conformacié espacial del TPA: a) estructura molecular i b)
representacié espacial realitzada amb el software PyMOL per Alvar Martinez-Camarena.

Es tracta d'una molécula electré6-dadora extremadament flexible, ja que els
grups fenils es troben girant continuament sobre I'eix central de 'amina, rad
per la qual la desexcitacié no radiativa d’aquesta molecula esta afavorida.[256]
Aquest fet és precisament el causant d'una de les propietats més interessants
del TPA: I'emissio6 causada per 'agregacid (AIE, de 'anglés Aggregation-Induced
Emission),[257] de la qual es fa una descripcid detallada al Capitol 5. Pel que fa a
la versatilitat sintética, el TPA resulta un andami estructural molt util, ja que
permet obtindre derivats, mono-, bi- o tri- funcionalitzats de manera més o
menys senzilla. Aixi doncs, es poden dissenyar lligands que continguen un cor
central amb propietats luminescents interessants, modulades segons l'elecci6
de les cadenes laterals.

En la bibliografia es poden trobar exemples de lligands basats en TPA com a
sensors fluorescents d’ADN duplex i G4. La majoria d’aquests sén sistemes
conjugats que en alguns casos donen lloc a un augment de fluorescéncia en
preséncia de G4.[258-261]1 D’entre ells, resulta de particular interés un treball
recentment publicat per Teulade-Fichou i col-laboradors, en el qual dos
derivats de TPA donen lloc a un augment de fluorescencia considerable al
interaccionar amb el solc menor de I'ADN duplex. Utilitzant microscopia
confocal multi-foté es va poder observar com aquests derivats s’acumulaven al
citoplasma de cél-lules HeLa, principalment a les mitocondries. Posteriorment,
al ser excitats amb una longitud d’ona adequada, es relocalitzaven en el nucli
cel-lular ocasionant I'apoptosi cel-lular (Figura 1.45).[262]
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Figura 1.45. Estructura molecular dels derivats de TPA emprats en I'estudi de Teulade-Fichou: a)
TP2Py i b) TP3Bzim.[262]

Tanmateix, fins a la data no han sigut publicats lligands-G4 basats en TPA i
poliamines. Per tant, en aquesta tesi doctoral s’aborda la combinaci6é de les
propietats luminescents del TPA amb els trets intrinsecs de les poliamines.

D’una banda es pretén estudiar I'efecte de la llargaria de les poliamines lineals
(P i PX), aixi com la substitucié d’aquestes per una poliamina macrociclica (PY).
A més a més, en alguns dels lligands sintetitzats es substituira el TPA per
trifenilbenzé (TPB), amb l'objectiu analitzar també el paper del nucli central
(Figura 1.46).

TPA ’ O
mﬁéﬁ\@ ® > ®

Figura 1.46. Estructura molecular dels motius centrals emprats en el disseny dels lligands-G4
d’aquesta tesi: a) TPAib) TPB.
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1.4. - Nanomedicina

Un cop discutit el disseny molecular de lligands-G4, el segiient pas consisteix en
considerar la seua captacié cel-lular, la qual determinara si realment sén actius
biologicament. En aquest context, la regla dels 5 de Lipinski pot resultar molt
util, tot i que va ser inicialment ideada per al disseny de farmacs considerant la
difusi6 passiva com a Unic mecanisme d’entrada a la cel-lula.[263] Segons
aquesta regla, només aquelles molecules que compliren certes premisses
(massa molecular menor de 500 Daltons, coeficient de particié octanol-aigua
amb un valor de Log P < 5, no més de 5 atoms de hidrogen dadors i 10 atoms
d’hidrogen acceptors) tindrien associada una bona permeabilitat cel-lular. Avui
dia, es coneix que la captaci6 cel-lular depén de molts altres factors i pot
ocorrer via diferents mecanismes especifics, com ara aquells que permeten el
pas de macromolécules carregades o proteines hidrofobiques a l'interior
cel-lular mitjangant proteines transmembrana.[264-266]

Per exemple, la difusié passiva de les poliamines naturals a través de la
membrana cel-lular esta dificultada degut a l'elevada energia que seria
requerida per a forcar el seu pas per un medi hidrofobic.[267] No obstant, tenen
I'habilitat de creuar les barreres cel-lulars, donat que la seua entrada esta
mediada per mecanismes de transport especifics.[241264] De fet, en un estudi
publicat per Cohen i col-laboradors als anys 90 es demostrava com un conegut
farmac antitumoral (Clorambucil) tenia associada una major citotoxicitat al ser
funcionalitzat amb espermina, el que es va relacionar amb una millora de la
captacio cel-lular gracies al sistema de transport de poliamines.[268] Tanmateix,
com s’ha mencionat abans, els processos pels quals els farmacs poden ser
internalitzats en les cél-lules depenen de molts factors, dificilment controlables.
Conseqilientment, la captacié cel-lular és en esséncia un parametre a
determinar empiricament.

Com que els lligands-G4 estudiats en aquesta tesi soén derivats poliaminics
potencialment protonables a pH fisioldgic, la seua internalitzacié en les
cél-lules podria estar dificultada, reduint aixi la seua possible activitat
terapéutica. Per aquest motiu es va recérrer a la nanomedicina, la qual ofereix
les ferramentes necessaries per al disseny de nanovehicles que possibiliten el
transport del lligands-G4 cap a l'interior cel-lular.
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1.4.1. - La nanociéncia aplicada a la medicina

- “It would be interesting in surgery if you could swallow the surgeon. You put the
mechanical surgeon inside the blood vessel and it goes into the heart and looks
around”-

Aixi es com Richard Feynman en la seua ponencia There’s plenty of room at the
bottom!269] va introduir el que actualment es coneix com a Nanomedicina:
I'aplicaci6 de la nanociéncia i nanotecnologia al tractament, diagnostic i
prevencié de malalties i traumatismes. En aquest camp entren en joc les
nanoparticules, que tenen associades caracteristiques fisicoquimiques molt
diferents als seus corresponents materials macroscopics. A més a més, poden
ser sintetitzades controlant el tamany, la forma i inclas la carrega superficial.
Fins i tot, poden ser funcionalitzades amb diverses molécules, obtenint aixi
materials multifuncionals (Figura 1.47).[270-272]
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Figura 1.47. Representacié esquematica de la versatilitat sintética de les nanoparticules.

Avui dia existeix una amplia investigacié centrada en el disseny de materials
nanoestructurats amb potencials aplicacions biomédiques. D’entre tots els
tipus de nanoparticules estudiades es poden destacar les d’or,[273] de plata,[274-
276] de magnetital277] i de boehmita,[278] aixi com les vesicules polimeriques(279] i
els liposomes.[280]
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De fet, el primer farmac nanoestructurat que va ser aprovat clinicament per al
tractament del cancer, conegut com Doxil®, consisteix en nanoparticules de
tipus liposoma que contenen doxorubicina encapsulada en el seu interior.[281]
En l'actualitat existeixen més de 300 estudis oberts en relaci6 al terme
nanoparticula segons la pagina web ClinicalTrials.gov. Tanmateix, sembla que
per l'enorme volum d’aquesta area d’investigacid, molts pocs sistemes
nanoestructurats aconsegueixen realment passar les probes cliniques per a ser
finalment comerecialitzats.[282]

Una nanoparticula ideal per a aplicacions biomédiques haura de tindre un
tamany d’entre 10 a 200 nm, a banda de presentar una carrega superficial el
més neutra possible.[283.2841 A més a més, s’ha demostrat que la funcionalitzacié
de les nanoparticules amb molécules hidrofobiques, com polietilenglicol (PEG),
fa que aquestes passen desapercebudes pel reticle endoplasmatic i el
fetge.[285286] D’altra banda, existeixen dos estrategies sintetiques per a
aconseguir que les nanoparticules assolisquen la seua diana terapeutica: el
direccionament passiu i el direccionament actiu.[272]

La primera estratégia mencionada fa referéncia als mecanismes pels quals les
nanoparticules tendeixen a acumular-se en els teixits inflamats i vascularitzats,
especialment mitjancat el procés conegut com EPR (de l'anglés Enhancing
Permeability and Retention).[287-289] Aquest efecte és una conseqiliencia directa
de l'aparici6 de porus i la producci6 massiva de vasos sanguinis
(vascularitzaci6) en eixos teixits. L'EPR fa que augmente el transport dinamic
de fluids i conseqlientment, la internalitzaci6 de les nanoparticules que viatgen
pel torrent sanguini. Aixi doncs, la funcionalitzaci6 amb PEG també contribueix
al’efecte EPR, ja que s’afavoreix la recirculaci6 de les nanoparticules. Un cop les
nanoparticules arriben a les célllules patdgenes, existeixen diferents
mecanismes endocitdsics pels quals poden ser internalitzades a traves de la
membrana cel-lular. Aquests depenen de molts diversos factors, com ara el
tipus de cél-lula, el tamany i la forma de la nanoparticula, i a més a més la
flexibilitat i densitat dels seus lligands superficials (Figura 1.48a).[290-292]

L’altra alternativa és el direccionament actiu, més conegut com active targeting,
que consisteix en la funcionalitzaci6 de les nanoparticules amb anticossos,
peptids, acids nucleics o altres molécules que siguen capaces de dirigir les
nanoparticules cap a un receptor especific sobreexpressat en les cél-lules
patogenes.[272.291.293] E] primer antecedent d’aquesta estratégia data del segle
XIX, quan Paul Ehrlich va emprar el terme “bala magica” per a fer referencia a
els farmacs especificament dissenyats per a viatjar cap a les cél-lules diana.[294]
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De fet, sembla gairebé “magic” que una nanoparticula funcionalitzada amb
certa unitat directora siga capac¢ de dirigir-se inicament cap a un receptor
situat en les cél-lules patogenes, sense afectar a la resta de cel-lules. Les
implicacions d’aquest direccionament actiu de farmacs en malalties amb
tractaments agressius, com ara el cancer, sén clares: es minimitzarien els
efectes secundaris en l'organisme i els protocols d’administracié es
simplificarien (Figura 1.48b).[2952%]
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b) Direccionament actiu

Internalitzacid via receptors especifics

Ceél-lules tumorals

\ Efecte EPR
Nanoparticula dirigida
Cel-lules epitelials —>  @» - @ B£= ' o [\ = -
-
Y Py - L L3 L4
= * e ot ' bt . « Flux sanguini
- - - - - - - -

Figura 1.48. Representaci6 dels dos mecanismes de direccionament de nanoparticules a) passiu i
b) actiu. En ambdues s'il-lustra la vascularitzaci6 dels teixits tumorals i 'efecte EPR.

En la literatura existeixen nombrosos exemples de com el direccionament actiu
de nanoparticules déna lloc a una acumulaci6 en el lloc desitjat.[297] Tanmateix,
també existeixen estudis on s’ha obtingut el efecte contrari, és a dir, on no
s’observa diferéncia entre el nanosistema funcionalitzat o no amb la unitat
directora.l298] En definitiva, encara queda un llarg cami per a trobar la “bala
magica” amb la que somiava Ehrlich. El que si que és clar és que la
nanomedicina ofereix nombrosos avantatges respecte a la medicina
convencional. A banda de la multifuncionalitat o del direccionament, també
doéna lloc a una major biodisponibilitat i eficacia terapeutica, aixi com a un
menor nombre d’efectes secundaris. Sense dubte, acd fa que la nanomedicina
siga un camp de recerca molt ampli i actiu.[299]
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Les aplicacions de la nanomedicina sén molt variades (Figura 1.49). Pel que fa a
la terapia, certes nanoparticules poden actuar per elles mateixa com a farmacs,
gracies a les seues propietats fisicoquimiques. Per exemple, les nanoparticules
d’or poden ser emprades en terapia fotodinamica.3%01 D’altra banda, també
poden emprar-se com a nanovehicles per a transportar farmacs a les seues
corresponents dianes terapéutiques, augmentant aixi la seua biodisponibilitat i
captaci6 cel-lular.l?81] A més a més com s’ha comentat abans, és possible
direccionar-les per a que transporten el farmac selectivament a les cél-lules
patogenes. En aquest cas s’utilitzen tipicament nanoparticules basades en lipids
o polimers, malgrat que també sén utilitzades nanoparticules inorganiques com
d’'or o magnetita. Aquest tipus de nanovehicles pot dissenyar-se amb un
avantatge addicional: I'alliberament controlat del farmac com a resposta a un
estimul intern, com un canvi de pH, o un estimul extern, com un feix de llum o
un camp magneétic o electric.[301]

L’aplicacié de la nanomedicina al diagnostic resulta també de particular interés.
Els materials nanoestructurats, ja siga per la seua naturalesa intrinseca o per
estar funcionalitzats, poden ser emprats com agents de contrast en tecniques
tant optiques, com magnetiques o radiatives. El seu Us sovint déna lloc a una
millora de la qualitat de les imatges obtingudes i a més a més, un mateix
nanosistema pot ser dissenyat per a la seua aplicacié en diferents técniques
d’'imatge, obtenint aixi un agent de contrast multimodal. D’aquesta manera, es
reuneix una major quantitat de informacié complementaria durant el
diagnostic, el que sera de gran ajuda a I'hora de planificar el tractament de la
malaltia.[302303]

L’altima aplicacié és la coneguda com nanomedicina teranostica, que es tracta
precisament de la uni6 entre la terapia i el diagnostic. La versatilitat sintética
de les nanoparticules fa possible que el mateix nanosuport puga incloure tant
agents terapeutics, com agents de diagnostic, a banda de vectors directors que
les dirigisquen cap a les corresponents dianes terapeutiques. El gran avantatge
que presenten aquest tipus de nanoparticules és que permeten Ila
monitoritzacié6 de l'acci6 de l'agent terapeutic mitjancant técniques de
diagnostic, el que ajuda a optimitzar els protocols d’administracié i tractament.
Actualment, la recerca centrada en el disseny d’agents teranostics és molt
amplia.[304305] Una de les nanoparticules que més ha atret I'atencié en aquest
camp son les nanoparticules de tipus liposoma, que s6n les que s’empren en
aquesta tesi com a nanovehicles dels lligands-G4.
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Nanomedicina

£

Figura 1.49. Esquematitzacié de les diferents aplicacions de la nanomedicina.
1.4.2. - Liposomes com a nanoparticules teranostiques

La primera referéncia a liposomes data de I'any 1960, quan Alec Bangham va
descobrir un “sistema fosfolipidic ample” mitjangant la visualitzacié de lipids
tenyits negativament amb un microscopi electronic.[3%¢! Avui dia, els liposomes
es defineixen com nanoparticules esfériques de tamany entre 50 nm i 1 uM,
composades per una o més bicapes lipidiques concéntriques amb un interior
aquds. Aquest tipus de vesicules tenen multitud d’aplicacions i es troben en
diferents productes comercials que van des de farmacs,[3°7] com I'anteriorment
mencionat Doxil®, fins a cremes antiedat, com el Reti Age Serum de Sesderma®.

Els components basics dels liposomes sén lipids i/o fosfolipids, ja siguen
naturals o sintetics. Es tracta de molecules amfifiliques, és a dir, que contenen
una part polar (cap hidrofilic) i una part apolar (cua hidrofobica). Quan es
troben en un medi aqués, aquestes molecules s’auto-ensamblen. Aixi es
minimitza el contacte de les cues hidrofobiques amb les molécules d’aigua de
I'entorn i alhora, es maximitza el contacte entre els caps hidrofilics, originant
aixi la forma esferica caracteristica dels liposomes (Figura 1.50).[308]

Cap polar
Bicapa lipidica /

Liposoma

Figura 1.50. Representacié esquematica de la composicié d’'un liposoma.
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El fet de que els liposomes siguen tan interessants en el camp de la medicina
deriva dels avantatges que presenten en comparaci6 amb altres
nanovehicles.3091 En primera instancia, els liposomes son biocompatibles,
biodegradables i biologicament inerts. A més a més, poden transportar
molécules tant hidrofobiques, que es situen en la bicapa lipidica, com
hidrofiliques, que queden encapsulades en el interior aqués. Altre punt a favor
és que poden ser facilment funcionalitzats amb agents de contrast per tal
d’obtindre nanoparticules teranostiques, fent possible el tractament simultani
al diagnostic. Malgrat tots aquest avantatges, els liposomes tenen associada una
limitada estabilitat i una baixa eficiéncia d’encapsulaci6. Per aquesta rao,
actualment s’estan dissenyant els coneguts com liposomes de segona
generacié, amb l'objectiu d’optimitzar els protocols d’encapsulacid i al mateix
temps assolir un alliberament controlat del farmac.[310.311]

Com es discutira en capitols posteriors, alguns dels lligands-G4 sintetitzats
durant aquesta tesi poden presentar una elevada carrega positiva a pH
fisiologic. Amb la finalitat de millorar la seua captaci6 cel-lular i el seu efecte
terapeutic, es realitzara la seua encapsulacié en nanoparticules de tipus
liposoma (Figura 1.51). A més a més, els liposomes dissenyats contindran un
derivat fosfolipidic fluorescent (DPPE-NBD) i un complex de gadolini (Gd-
DTPA-DSA), el que permetra la seua visualitzacié mitjangant microscopia
confocal i ressonancia magnetica d'imatge (RMI). Finalment, els liposomes es
funcionalitzaran amb un aptamer anomenat AS1411,312313] el qual s’uneix de
manera selectiva a la proteina nucleolina. Aquesta proteina es troba
sobreexpresada en les cél-lules tumorals, tant en la membrana citoplasmatica,
com en la nuclear, de manera que actua com a vehicle transportador entre
ambdues. Aixi doncs, es pretén assolir un direccionament actiu cap al nucli, que
és en definitiva on es troba la diana terapeutica dels lligands-G4.

DPPE-NBD

Gd-DTPA-DSA

QO asuan

- Lligand-G4

Figura 1.51. Representacié del disseny dels liposomes dirigits emprats en aquesta tesi.
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Objectives

The design of G4 binders has attracted increasing interest in recent years,
since this sort of non-canonical DNA plays an essential role in different
biological process related to transcription and expression of genetic
information, as well as the maintenance of genomic stability. Therefore, G4
DNA is an appealing target for antitumour drugs. Within this context, the
general objective of this thesis deals with the design, preparation and
evaluation of polyamine-based derivatives targeting G4 DNA structures.
Accordingly, this work has the following specific objectives.

- Design, synthesis and characterisation of novel polyamine derivatives

Taking as starting point the expertise of the Supramolecular Chemistry
Group of the Universitat de Valéncia, novel polyamine-based compounds
will be synthesised and characterised. As a central core, two different -
delocalised moieties will be wused, triphenylamine (TPA) and
triphenylbenzene (TPB), which will be functionalised with both linear and
macrocyclic polyamines.

- Study of acid-base behaviour

The protonation state of the synthesised compounds modulates the
establishment of supramolecular interactions. Consequently, the acid-base
behaviour will be assessed by means of potentiometric measurements and
spectroscopic techniques. Firstly, the protonation constants of each
compound will be calculated, and then the corresponding species
distribution diagrams will be constructed, enabling the determination of the
net charge and the predominant species along the pH.

Furthermore, some photophysical properties, such as Aggregation-Induced
Emission (AIE) or Photo-Induced Electron Transfer (PET) will be further
analysed by means of spectroscopic methods.
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- Study of interaction with DNA

Aiming to explore the capability of the synthesised compounds to
selectively stabilise G4 DNA over dsDNA, their interaction with a wide range
of DNA structures, including telomeric and oncogenic G4, will be assessed.
To this end, compounds will be tested by means of fluorescence and circular
dichroism (CD) spectroscopies, as well as Forster Resonance Energy
Transfer (FRET) melting assays.

- Liposome nanoparticles synthesis and characterisation

The most promising compounds will be encapsulated inside liposome
nanoparticles in order to achieve additional functionalities while enhancing
their cell uptake. Moreover, vesicles will be functionalised with a
fluorescent phospholipid (DPPE-NBD) along with a gadolinium complex
(Gd-DTPA-DSA), enabling their application as diagnostic agents, by means
of both confocal fluorescence microscopy and magnetic resonance imaging
(MRI). Consequently, liposomes will constitute a theranostic platform,
including therapeutic and diagnostic functionalities within the same nano-
scaffold. Furthermore, liposomes will be functionalised with the aptamer
AS1411 in order to enhance their nuclear uptake, where the majority of
genomic material is found.

- Cytotoxicity and cellular uptake assessment

Once having studied the interaction of the synthesised compounds with
different DNA structures, their cytotoxicity will be tested in different
tumour cell lines. Then, liposomes will be studied and compared to their
corresponding free compounds, aiming to prove their delivery potential.
Finally, the cell uptake of the different liposome formulations will be
assessed by means of confocal fluorescence microscopy, in order to explore
the effectivity of the nuclear targeting provided by the aptamer
functionalisation.
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Materials and methods

All commercially available reagents, solvents and materials were purchased
from Sigma Aldrich, Thermo Fisher or VWR. Specifically, oligonucleotides were
obtained from IDT Technologies and lipids from NOF or Avanti Polar Lipids.

3.1. - General methodology

Elemental analysis

The C, H and N elemental microanalysis of the synthesised compounds were
carried out on an EA1108 CHNS-O Carlo-Elba equipment belonging to the
Servei Central de Suport a la Investigaci6 (SCSIE) of the Universitat de Valéncia.
All the experiments were performed in triplicate and the final values are given
as the average of the results.

Electrospray ionisation mass spectrometry (ESI-MS)

The mass spectra of the obtained ligands were registered on an ESQUIRE 3000
ion trap mass spectrometer instrument at the SCSIE.

Nuclear magnetic resonance measurements

In order to obtain the NMR spectra of the compounds, samples were dissolved
in the appropriate solvent. The experiments were run on either a Bruker
Advance DPX 300 MHz or Bruker Advance DPX 400 MHz spectrometers,
operating at 300 MHz and 400 MHz for 'H, and at 75.4 MHz and 100.6 MHz for
13C. Both instruments are located at the SCSIE. In the spectra analysis, either
the solvent or the tetramethylsilane (TMS) signal was taken as reference.

UV/Vis and fluorescence spectroscopy

An Agilent Cary 100 UV/Vis spectrometer, a Varian Cary Eclipse spectrometer
and a modular PTI fluorescence instrument were used to record the UV/Vis
and fluorescence emission spectra, respectively. Generally, the measurements
were performed in solution, thermostated at 298 K, using 1 mL quartz cuvettes
with a path-length of 1 cm.
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3.2. - Study of acid-base behaviour

Supramolecular forces, such as electrostatic interactions, m-m stacking or
hydrogen bonding, play a key role in the interaction between small molecules
and DNA. Despite the relevance of molecular design, the acid-base behaviour of
the compounds also influences in the establishment of this sort of forces. The
synthesised compounds during this thesis contain amino groups which are
susceptible to protonation in a wide range of pH. Therefore, the acid-base
properties of those compounds were studied by means of both potentiometric
and spectrometric methods.

3.2.1. - Potentiometric studies

Background

The determination of the stability constants corresponding to an equilibrium in
solution requires, at least, measuring the concentration of one implied specie,
for instance, H*. Potentiometric titrations allow the registration of the solution
potential, E, upon the addition of a titrant. By using the Nernst equation, the
concentration of H* can be calculated. Finally, the equilibrium constants can be
obtained by fitting the experimental data to a mathematical model.

As a starting point, a generalised acid-base equilibrium is considered as
follows:

H* + L 2 H*L (Equation 1)

The thermodynamic equilibrium constant, K, can be expressed in terms of the
activity coefficient (y) and the concentration of species at equilibrium:

[HtL]  vy+ )
Kthermodynamic = [H][L] : ﬁ (Equation 2)
H

In practical terms, it is assumed that the activity coefficients are constant, since
the temperature is maintained during the experiment and the ionic strength
used is relatively high. This assumption leads to the usual expression of the
equilibrium constant:

[LH*]
[L][H*]

K= (Equation 3)
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The potential of the solution depends on those species for which the electrode
is sensitive (in this case [H*]). Consequently, the relationship between K and
the potential of the solution (E) is given by the well-known Nernst equation:

o RT
E=E"+ F In[H*] (Equation 4)

As mentioned above, E is measured potentiometrically. Therefore, in order to
determine [H*] applying the Nernst equation, it is essential to previously
estimate the value of E”, which depends on the experimental parameters E;,
junction potential, and E.s, asymmetry potential. Hence, a calibration step prior
to measurement is required in order to establish E”. Once E and [H*] are
registered for each experimental point of the titration, the equilibrium
constants of the studied system can be calculated by creating a mathematical
model correlated with the experimental data.

Equipment

The potentiometric system used is detailed in Table 3.1. The titration is
automatically controlled by the PASAT software,[!l which monitors the addition
of the titrant (mL) and compiles the corresponding E data (mV) measured by
the potentiometer. For each titrant aliquot added, ten E values are registered.
The final E value is given as an average, as long as the standard deviation and
difference between the higher and the lower E value do not exceed 0.05 mV.
Otherwise, one more E value is measured, until the parameters are within the
appropriate range. Then, the value of E is recalculated from the last 10 points. If
100 measurements are not enough to satisfy the stabilised conditions, it is
considered that the system has not reached the equilibrium and a new titrant
aliquot is added, starting the calculation procedure once again. The final output
collects the volume of the titrant added (mL) and the corresponding averaged E
(mV).
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Table 3.1. Details related to the potentiometric system.

Component Description
Potentiometer Crison micropH 2002
Automatic burette Crison BU 20 31
Computer PC Pentium Dual-Core E5300
Glass electrode Crison 52 50, Ag/AgCl
Reference electrode Crison 52 40, Ag/AgClin 0.5 M NaCl
Wilhelm salt bridge 0.5 M NaCl
Pyrex cell 70 mL cell connected to a circulation bath
Thermostat Haake EK 51
Stirrer Crison microstirrer 2038

All the experiments were carried out at 298 + 0.1 K under Ar atmosphere, using
NaCl 0.15 M as supporting electrolyte, in order to simulate physiological
conditions. The pH typically investigated ranged from 2 to 11.

Data acquisition and analysis

Regarding the experimental procedure, the first step is the calibration of the
glass electrode, which is performed by titrating a fixed volume of standardised
HCl with a CO,-free NaOH solution. The PASAT software,[!! by applying the
GRAN method,[23! calculates the base concentration, the ionic product of water
(pKw), and E”. This latter value may differ by a maximum of 1% between
replicates to validate the calibration.

Afterwards, the compound under study is titrated with exactly the same CO»-
free NaOH solution used at the calibration. The PASAT softwarelll controls the
titration and compiles the E (mV) and the titrant added volume (mL), as
described above. Then, the dataset is further analysed with the software
SUPERQUADM™ or HYPERQUAD.B! Once having established an initial
equilibrium model, the software applies an iterative algorithm in order to fit
the experimental data to the proposed model, enabling the determination of
the equilibrium constants.

Finally, a distribution diagram of species is plotted as a function of pH, by using
the software HySS.[61 At least two different titrations of each ligand were
performed and analysed together aiming to ensure the accuracy of the
proposed model.
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3.2.2.-UV/Vis and fluorescence spectrophotometric studies

Background

Since the protonation state of the molecules has a remarkable effect on their
photophysical behaviour, it is essential to assess their UV /vis and fluorescence
spectra as a pH function. Therefore, apart from the potentiometric titrations of
the synthesised compounds, both UV/Vis and fluorescence titrations were
carried out. Moreover, in order to gain more insight into the photophysical
properties of the compounds, such as Aggregated-Induced Emission (AIE),
further experiments were performed varying the concentration of the ligand
and the polarity of the solvents.

Experimental procedure

The 10 uM ligand solutions were obtained by further dilution of a 1 mM stock
solution in 10 mL of 0.15 M NaCl (the same ionic strength used in the
potentiometric titrations). The UV/Vis and fluorescence spectra of this solution
were recorded at 0.2 pH intervals, by addition of small volumes of either,
concentrated HCl or NaOH solutions. The obtained data were analysed with the
OriginPro 2017 software, taking into account the addition of acid and base. The
equipment used is described in Section 3.1.

Additionally, the fluorescence spectra of some compounds were explored using
solvents of different polarity. In this case, 10 uM solutions were obtained by
further dilution of the 1 mM stock solution in a wide range of solvents, such as
acetonitrile, water, dichloromethane and tetrahydrofuran (THF). Moreover, in
order to investigate in depth this sort of molecular arrangements, the
fluorescence spectra of 10 uM solutions in THF/water mixtures were also
recorded.

Finally, aiming to corroborate the aggregation processes in alkali medium, the
UV/Vis and fluorescence spectra of the compounds were registered upon
increasing their concentration (from 0.5 pM to 1 mM) at pH = 12 in an aqueous
solution.
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3.3. - Assessment of interaction with DNA

A wide range of biophysical and biochemical techniques are available to study
the binding properties of small molecules to DNA, which are well reviewed at
the literature.l”8] Some of such methods have been utilised in order to achieve
one specific purpose of this thesis: studying the interaction between the
synthesised compounds with different DNA topologies. This section aims to
provide insights into not only the theoretical background, but also the
methodology followed.

3.3.1. - Preparation of buffer solutions

Depending on the aimed DNA structure, a specific buffer is required to ensure
the proper hybridisation of the oligonucleotide sequence, since its stability is
linked to the ionic strength of the medium. Table 3.2 shows the composition of
the buffer solutions used during this thesis.

Table 3.2. Buffer solutions used at the assessment of the DNA interaction.

Buffer solution name | KCl [mM] | NaCl [mM] | LiCl [mM] | LiCac [mM]
1 10 - 90 10
2 - 10 90 10
3 1 - 99 10
4 100 - - 10

Experimental procedure

Two stock solutions, 1 M LiOH and 500 mM HCac, were prepared. Then, the
necessary amount of salts was dissolved in 150 mL of milli-Q water (Table 3.2).
Immediately, 4 mL of the HCac stock solution were added. The pH was adjusted
to 7.4 by adding aliquots of the LiOH stock solution. Finally, the necessary
amount of milli-Q water was incorporated to reach 200 mL.

3.3.2. - Preparation of oligonucleotides for fluorimetric titrations

The unlabelled oligonucleotide sequences tested by fluorescence spectroscopy
and their corresponding molar extinction coefficient are listed in Table 3.3. All
of them were purchased from IDT Technologies as lyophilised stocks, purified
by standard desalting.
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In order to achieve the desired DNA conformation, DNA was reconstructed in
buffer 4 (Table 3.2) and solutions were annealed by heating up to 95°C for 5
minutes and let to cool down gradually until reaching 25°C.

Table 3.3. DNA sequences for fluorimetric titrations.

Name Sequence € [L-mol-1cm-1]
HTelo22-K AGG-GTT-AGG-GTT-AGG-GTT-AGG-G 215000
HTelo22- Na AGG-GTT-AGG-GTT-AGG-GTT-AGG-G 215000
22CTA AGG-GCT-AGG-GCT-AGG-GCT-AGG-G 220400
Bcl-2 GGG-CGC-GGG-AGG-AGG-GGG-GCG-GG 229400
c-Myc TGA-GGG-TGG-GTA-GGG-TGG-GTA-A 228700
CEB25 AAG-GGT-GGG-TGT-AAG-TGT-GGG-TGG-GT 265100
c-kit1 AGG-GAG-GGC-GCT-GGG-AGG-AGG-G 226700
c-kit2 GGG-CGG-GCG-CGA-GGG-AGG-GG 199100
ds26 CAA-TCG-GAT-CGA-ATT-CGA-TCC-GAT-TG 253200

The concentration of DNA stock solutions was calculated by means of UV/Vis
spectroscopy. Prior to measurement, the UV/Vis spectrum of 1 mL of buffer 4
was taken as blank. Then, DNA aliquots of 1 uL were added sequentially,
registering their corresponding absorbance at 260 nm. Finally, the
concentration of the DNA solution was determined using the Lambert-Beer
Law, by combination of the molar extinction value and the measured
absorbance. The oligonucleotide solutions were stored at -20°C until usage.

3.3.3. - Preparation of oligonucleotides for FRET-Melting assays

Alternatively to the above described techniques, the FRET-Melting studies
required doubled labelled oligonucleotides, which were purchased from IDT
Technologies as lyophilised solids purified by HPLC (Table 3.4). Each of the
sequences was reconstituted in milli-Q water at concentration of 100 uM. The
exact concentration was determined spectrophotometrically as previously
described. The buffer solutions used are detailed in Table 3.2. All the labelled
DNA solutions were stored at -20°C until usage.
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Table 3.4. DNA Sequences for FRET-Melting assays.

Name Sequence Buffer (Table 3.2)
HTelo21-K FAM-GGG-TTA-GGG-TTA-GGG-TTA-GGG-TAMRA 1
HTelo21-Na FAM-GGG-TTA-GGG-TTA-GGG-TTA-GGG-TAMRA 2
22CTA FAM-AGG-GCT-AGG-GCT-AGG-GCT-AGG-G-TAMRA 1
Bcl-2 FAM-GGG-CGC-GGG-AGG-AGG-GGG-GCG-GG-TAMRA 4
c-Myc FAM-TGA-GGG-TGG-GTA-GGG-TGG-GTA-A-TAMRA 3
CEB25 FAM-AAG-GGT-GGG-TGT-AAG-TGT-GGG-TGG-GT-TAMRA 1
c-kitl FAM-AGG-GAG-GGC-GCT-GGG-AGG-AGG-G-TAMRA 1
c-kit2 FAM-GGG-CGG-GCG-CGA-GGG-AGG-GG-TAMRA 1
ds26 FAM-CAA-TCG-GAT-CGA-ATT-CGA-TCC-GAT-TG-TAMRA 1

3.3.4. - Preparation of oligonucleotides for CD titrations

The unlabelled oligonucleotides used for CD titrations are listed in Table 3.5.
The preparation, the hybridisation and the calibration of the DNA stock
solutions are analogous to the above described.

Table 3.5. DNA sequences for CD titrations.

Name Sequence € [L'-mol-icm-1]
HTelo22 - K | AGG-GTT-AGG-GTT-AGG-GTT-AGG-G 215000

22CTA AGG-GCT-AGG-GCT-AGG-GCT-AGG-G 220400

c-Myc TGA-GGG-TGG-GTA-GGG-TGG-GTA-A 228700

3.3.5. - Fluorimetric titrations

Background

The interaction between fluorescent molecules and different DNA topologies
can be evaluated by studying their emission upon increasing the
oligonucleotide concentration.[?! Interestingly, the titration of some compounds
with G4 DNA may result in an enhancement of the fluorescence. Consequently,
those molecules may be considered as “molecular sensors”, which are able to
selectively recognise and detect G4 in vitro and even in vivo (Figure 3.1).[10-15]
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Figure 3.1.Example of a fluorimetric titration with G4 DNA showing a light-up effect.

Moreover, the data obtained by fluorimetric titrations may enable to calculate
an equilibrium affinity constant (K.) through a mathematical algorithm. Among
all the available procedures, the values of K, in this thesis have been obtained
applying the Aldrich-Wright model,[1617] one of the most widely used at the
literature. Briefly, this method relies on the fitting of experimental data to a
simplified equilibrium model.

In this context, a 1:1 equilibrium for the interaction between the ligand and the
DNA may be defined according to Equation 5:

L + DNA & L-DNA (Equation 5)
The corresponding affinity constant may be stated as follows:

_ [L-DNA] (Equati
Q= —[L][DNA] quation 6)

Unfortunately, it is not possible to measure neither [L-DNA], [L] nor [DNA].
Thankfully, the concentration of the complex ([L-DNA]) may be indirectly
measured by titration methods. In a typical experiment, the concentration of
the ligand ([L]) is kept constant while being titrated with DNA. The
photophysical response during the titration is monitored and then plotted as a
function of DNA concentration (binding isotherm). The observed modifications
in the emission profile are directly related with the concentration of the
complex [L-DNA].
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The fitting of the binding isotherm to a mathematical model may enable the
calculation of an affinity constant (Ka). The first step to establish the model is
considering the initial and the equilibrium concentrations (Equations 7 and 8),
as well as the molar fraction (Equation 9):

[L]¢=[L] + [L-DNA] (Equation 7)
[DNA]: = [DNA] + [L-DNA] (Equation 8)

[L—DNA] _
fL—DNA = T (Equatlon 9)

Equation 10 is obtained by combining these latter three equations with the
definition of K, (Equation 6):
_ Ka[DNA] .
[L — DNA] = [L]; 1+ [DNA] (Equation 10)

As mentioned before, the [L-DNA] is measured indirectly in the experiment but
it is not possible to determine [DNA]. Consequently, Equation 10, has to be
rewritten as a function of [L-DNA], the total concentrations [L]: and [DNA],
while keeping K, as the unkwnon. Combining Equations 7, 8, 9 and 10, the
mathematical statement 11 is obtained.

[L— DNA] = 7| [DNAJ, + [L]; + 5 — \[([DNA]t +[L], + Ki)z - 4[L]t[DNA]t]

(Equation 11)

In practice, the observed fluorescent changes (y) are plotted against the total
DNA concentration (x). Finally, Equation 11 is simplified as Equation 12. This
latter equation can be implemented at the OriginPro 2017 software. The fitting
procedure relies on the least-squares method and the Levenburg-Marquadt
iteration algorithm. The parameters R, A and B are given by the fitting. The K is
determined by applying the relationship established in Equation 13.

y = % R[x +B+A-){/(x+B+A)?— 4BX] (Equation 12)

B

K. =
¢ A[L];

(Equation 13)
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Experimental procedure

Firstly, a 1 mM stock solution of the ligand under assessment was further
diluted to 10 pM using buffer 4 (Table 3.2). An initial fluorescence spectrum of
1 mL of this solution was registered. Then, aliquots of the DNA stock solution
(Section 3.3.2) were subsequently added. After each addition, the cuvette was
shaken and let to stand two minutes prior to measure the emission spectra.

Slit widths of 5 nm and a power of 750 mV were used for all the experiments.
Alternatively, the excitation wavelength depends on the studied ligand. All
titrations presented in this thesis were performed, at least, in duplicate to
ensure the reproducibility of the data. The values calculated for K, and their
associated error come from averaging the replicates.

3.3.6. - FRET-Melting assays

Background

The Fluorescence Resonance Energy Transfer (FRET) is the basis for some of
the most widespread and useful assays used for studying the ligand interaction
with G4 DNA.[18-21] Some of the appealing features of these methodologies are
their high sensitivity and throughput format, apart from the reduced volume
and concentration required. Several experimental parameters were optimised
by Mergny et al., by carrying out control measurements to establish the proper
conditions under which this assay should be performed.[22]

In a typical FRET-Melting experiment, the oligonucleotide under study is
labelled at the 5 and 3’ ends with two fluorophores, one donor and one
acceptor. The excitation spectrum of the acceptor has to overlap with the
emission spectrum of the donor. Dyes which satisfied this standard are
denominated FRET pairs, such as 6-carboxyfluorescein (FAM) and 5-
tetramethylrhodamine (TAMRA) (Figure 3.2).
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5-Tetramethylrhodamine (TAMRA) 6-Carboxyfluorescein (FAM)

DNA

DNA

Figure 3.2.Molecular structures of the FRET pair FAM/TAMRA.

When the DNA is folded, the FAM/TAMRA pair is spatially close. Therefore, the
donor transfers its excitation energy to the acceptor through a non-radiative
process. As a consequence, the fluorescence of the donor is quenched. Both
fluorophores have to be within a distance of 10 - 80 A, known as a Forster
distance, in order to yield a reasonable energy transfer.[23]

Upon increasing the temperature, the DNA unfolds. Consequently, the distance
between the donor and the acceptor increases, hampering the energy transfer
and restoring the fluorescence of the donor. Following the fluorescence of the
donor, it is possible to determine the melting temperature of the DNA (Twm), in
which the 50% of the DNA is unfolded.
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Figure 3.3.Depiction of the FRET-Melting assay principle.

If the ligand under assessment stabilises the DNA structure, the melting
temperature is supposed to increase (ATn). Typically, a potential G4 binder
gives approximately a ATy, of around 15 - 20°C.[22]
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Furthermore, the selectivity towards G4 DNA over double-stranded DNA may
be evaluated by incorporating an unlabelled duplex competitor. If the ATy
value decreases in the presence of duplex, the interaction between the ligand
and the double-stranded DNA prevails over the interaction with G4 DNA and
consequently, the G4 selectivity of the ligand may be considered to be low.

Experimental procedure of FRET-Melting assays

Several FRET-Melting experiments were carried out following a protocol firstly
set up by Mergny et. al. and optimised by the Vilar's Group at the Imperial
College of London.[22.24]

Solutions of labelled oligonucleotides (0.4 puM) were prepared by further
dilution of the 100 uM stock solutions, by using the appropriate buffer (Section
3.3.3 and Table 3.6). These solutions were annealed by heating up to 95°C for 5
minutes and let to cool down slowly until reaching 25°C.

Table 3.6. Correspondence between buffers and DNA solutions for FRET-Melting assays.

Buffer (Table 3.2) DNA sequence (Table 3.5)
1 HTelo21-K, CEB25, c-kit1, c-kit2, 22CTA, ds26
2 HTelo21-Na
3 c-Myc
4 Bcl-2

Then, 10 puM ligand solutions were prepared using exactly the same buffer as
the oligonucleotide to be tested. Each ligand solution was further diluted to
yield three ligand stock solutions (0.8 uM, 2 uM and 4 pM). Finally, 20 uL of
DNA (0.4 uM) and 20 pL of the appropriate ligand stock solution were added
into the wells of a 96-well plate (Applied Biosystems), obtaining the final
ligand-to-DNA ratios of 0, 2, 5 and 10.

All the experiments were performed with an Agilent Stratagene Mx3005P RT-
gPCR machine (Imperial College of London). The temperature on the well-plate
was increased incrementally at a rate of 0.5°C/min, from 25°C up to 95°C. After
each increase, the emission of the FAM was registered. The fluorescence
emission data were normalised and analysed with the OriginPro 2017
software. The values of the melting temperature (Tm) were calculated by fitting
the data to a bi-dose response equation and determining the midpoint from the
fitted curves. Each experiment was performed, at least, in triplicate and the
errors arise from their average.
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Experimental procedure of FRET-Melting competition assays

For the FRET-Melting competition studies, the DNA sequences were annealed
as described before (Section 3.3.3). The ligand under study was dissolved in the
appropriate buffer to yield a concentration of 4 uM. Then, a master solution
was prepared consisting on 0.4 uM of the G4 under consideration and 2 uM of
the ligand (ratio ligand to G4 of 5). In all the competitive assays, the studied
double-stranded DNA was unlabelled ds26. The ds26 stock solution (Section
3.3.2) was further diluted to prepare 0.4, 1.2, 2, 4, 12, 20 and 40 pM solutions.
To each PCR well, 20 pL of the master solution and 20 pL of the corresponding
ds26 solution were added, obtaining the following duplex-to-G4 ratios: 0, 1, 3,
5,10, 30,50, 100, 150, 300 and 500.

All the measurements were performed with an Agilent Stratagene Mx3005P
RT-qPCR machine. The temperature on the well-plate was increased at a rate of
0.5°C/min from 25°C up to 95°C. The data were normalised and analysed with
the OriginPro 2017 software. The values of the melting temperature (Tm) were
calculated by fitting the data to a bi-dose response equation and determining
the midpoint (0.5) from the fitted curves. Errors arise from the average of the
three repeats.

3.3.7. - Circular dichroism spectroscopy

Background

Circular dichroism is a spectroscopic technique widely used to study chiral
systems.[2526] For instance, the CD spectrum of DNA depends on its topology
due to its specific chiral conformation. Consequently, CD is a useful technique
to get insight into the modifications of the DNA structure by interaction with
small molecules.[26-28] Interestingly, those achiral molecules which interact with
DNA may show Induced Circular Dichroism (ICD) bands, resulting from the
chirality provided by the oligonucleotide conformation.

The CD spectra arise from the combination of both left and right circular
polarised light. When polarised light passes through an absorbing optically
active medium, such as a chiral molecule, the absorption of each light
component is different, making left and right light components become out of
phase. Consequently, a rotation of the polarisation plane in an angle of 6, called
ellipticity, emerges. The plot of the ellipticity (0) versus wavelength gives a CD
spectrum (Figure 3.4).
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Figure 3.4. Depiction of the circular dichroism spectroscopy principle.

Despite the complexity of G4 structures, there are two basic CD profiles
associated to the strands orientation. The CD spectrum of parallel G4 displays a
positive band over 260 nm and a negative band at about 240 nm, whereas the
CD spectrum of antiparallel G4 shows a negative band at around 260 nm and a
positive band at 295 nm. In the case of hybrid G4, features of parallel and
antiparallel G4 are observed simultaneously (Figure 3.5).[29]
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Figure 3.5. CD spectra corresponding to different G4 topologies.
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Commonly, the G4 CD spectrum is associated with the strand orientation.
However, the origin of the chirality arises from the stacking orientation of the
guanines in the G-tetrads. The twists in the columnar structure lead to a chiral
environment, which provides the CD spectrum.[30]

Apart from studying the G4 topology, CD spectroscopy allows the assessment of
the interaction between ligands and G4 DNA through different sort of assays,
such as melting experiments or titrations. This latter one consists in monitoring
the CD spectrum of the oligonucleotide upon increasing the ligand
concentration. The observed modifications are related to either the disruption
of the DNA structure or its reinforcement by the ligand binding.

Experimental procedure of CD titrations

In order to perform CD titrations, 5 uM DNA solutions were prepared by
further diluting the stock DNA solutions using the appropriate buffer solution
(Section 3.3.4). Then, DNA solutions were annealed by heating up to 95°C for 5
minutes and let to cool down gradually to 25°C.

During the titration, aliquots of a 0.5 mM ligand solution were added
sequentially to 500 pL of the annealed G4, obtaining DNA-to-ligand ratios
ranging from 0 to 3. After each addition, the solution was mixed and let to stand
for 5 minutes prior to measurement.

The CD spectrum was measured within the range 220 - 550 nm with a JASCO-
715 spectrophotometer (Imperial College London). The scanning speed was
200 nm-min-! with 1 nm of step size, 2 nm of band width, using 2 s as response
time. The final CD spectrum was the average of 3 scan accumulations. The
buffer contribution was subtracted manually during the data analysis.

3.3.8. - Computational studies

Computational methods are extremely useful in order to get further insight into
the binding mode between small molecules and DNA structures. During this
thesis, Alvar Martinez-Camanera (Supramolecular Chemistry Group of the
Universitat de Valencia) kindly performed Molecular Dynamic (MD) studies
addressed to analyse the interaction between two of the synthesised
compounds and G4 DNA, as well as double-stranded DNA.
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Both assessed compounds were constructed from an already reported
structure of the TPA moiety (CCDC code: 1448378),31] using the software xleap
for the incorporation of the polyamine-based substituents. Regarding the
construction of the DNA models, different approaches have been followed. The
double-stranded model (ds26) was generated by using the NAB molecular
manipulation language, included in the AMBER16 software (Assisted Model
Building with Energy Refinement).321 On the other hand, the G4 DNA model
(HTelo22-K) was taken from the Protein Data Bank (PDB: 2JSM)I[33] and the
potassium cations located in the central G4 channel were included a posteriori.

The approximation of the ligands to the DNA model was performed by means
of the LEaP software. The resulting systems were solvated and neutralised by
the addition of 21098 and 13700 water residues for ds26 and G4 DNA,
respectively. The software used for this aim was TIP3PBOX. Once the systems
were constructed, an energetically minimisation was carried out. After
equilibrating the obtained systems to 300 K, a total of 10 ns Molecular
Dynamics (MD) was performed. The ligands were modelled applying the gaffi34
force field, while the ff14SBI35] was used for the DNA bases. The environmental
conditions were simulated by means of the ionsjc_tip3p field.30]

Finally, those 10 minimal energy conformers selected from the study were
further energetically minimised. The MD simulation trajectory was analysed
using the cpptraj module37! corresponding to the software AmberTools17. The
visual inspection and the design of the molecular graphics were performed
using the PyMOL software.[38!

3.4. - Liposome nanoparticles characterisation

The characterisation of the synthesised liposome nanoparticles is essential in
order to ensure their proper in vitro and in vivo performance. Several
techniques are commonly used to assess different critical parameters, such as
size, morphology and encapsulation efficiency.
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3.4.1. - Dynamic light scattering (DLS)

Background

One of the most widespread methods to characterise particle size distributions
is the Dynamic Light Scattering (DLS), which is based on the light scattering
resulted from the Brownian movement of particles.[39:40]

When a laser beam illuminates a solution containing particles, light scatters in
an angle 6 (scattering angle). The movement of particles causes fluctuations in
this scattered light angle, which are registered as a time function. Such motion
of particles depends on their size, temperature and solvent viscosity.

The DLS instrument correlates the intensity of fluctuations to time by applying
Equation 14:

g,()=1+ Be_ZDTq2T (Equation 14),

where g»(7) is the intensity correlation function, 7 is the delayed time, {8 is the
coherence factor, which depends on the instrument geometry, q is the Bragg
wave vector relative to the solvent refractive index, and Dt is the diffusion
coefficient.[*1] This latter parameter, Dz, is the key point in the determination of
the hydrodynamic radius of the particles, Ru:

kgT
6mnRy

Dt = (Equation 15),
where kg is the Boltzmann constant, T is the temperature and 1 the viscosity of
the medium.[#2]

Equipment

All the DLS measurements were carried out using a Malvern Mastersizer 2000
instrument located at the Institut de Ciéncia dels Materials of the Universitat de
Valencia (ICMUV). All the samples were equilibrated to 25°C, taking into
account the viscosity of the solvent. The particle size distribution diagrams
result from the averaging of three replicates.
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3.4.2. - Cryo-scanning electron microscopy (cryo-SEM)

Background

The cryo-Scanning Electron Microscopy (cryo-SEM) was developed by Jacques
Dubochet, Joaquim Frank and Richard Henderson, which were awarded with
the Chemistry Nobel Prize in 2017. This is one of the most suitable techniques
to imaging biological samples, as well as liposome nanoparticles.[*3:44]

Due to the aqueous nature of liposomes, samples have to be frozen prior to the
imaging process. Alternatively, the vesicles may collapse instantly under the
high vacuum required by the equipment. Therefore, prior to measurement,
samples were instantaneously frozen under liquid N,. Moreover, due to the
non-conducting composition of the particles, it is essential to perform a sputter
coating with Au/Pd, in order to visualize the sample using an electron beam.

A scheme of the cryo-SEM equipment is shown in Figure 3.6. The sample is
scanned with an electron beam in a defined (x,y) area. The registered signal, z,
corresponds to the secondary and retro-dispersed electrons, which allow the
construction of a 3D image (x,y,z).

Imaging Chamber

— Electron Beam Source

|

— Condenser lenses

. —1— Deflection coils

— Objective lenses

"

— Detector
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(
%
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Cryogenic
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Prechamber
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Figure 3.6. Depiction of the cryo-SEM equipment.
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Equipment and experimental procedure

The cryo-SEM instrument (JEOL JSM 5410) used is located at the Servei de
Microscopia Electronica of the Universitat Politécnica de Valéncia. For the
imaging process, one drop of the liposome suspension was deposited onto a
membrane, which was plunged into liquid N, (GATAN cryogenic system). Then,
the sample was transferred into the cryo-SEM pre-chamber at -170°C, where
the sputtering process takes place after the sublimation of superficial water.
Afterwards, the sample was conveyed to the imaging chamber. The electron
beam scans the surface under liquid N, and the detector registers the
secondary and retro-dispersed electrons. Finally, the data were compiled by a
computer resulting in 3D images of the sample surface.

3.4.3. - Inductively-coupled plasma mass spectrometry (ICP-MS)

Background

One of the main techniques for elemental analysis is the Inductively-Coupled
Plasma Mass Spectrometry (ICP-MS), which allows the simultaneous
determination of a wide range of elements with an extremely low limit of
detection.[*3] In this thesis, ICP-MS was used to characterise the gadolinium
content of the synthesised liposomes.

The analytical process implies four different steps. Prior to measurement, the
liposomes sample was digested in nitric acid, in order to disrupt the vesicles.
Then, the obtained solution was transferred into the ICP-MS instrument, where
it was vaporised and conveyed to the plasma, causing its ionisation. The ions
were directed to a quadrupole system and separated accordingly to the
charge/mass ratio. Finally, the detector registered the abundance of each
distinct entity.[46]

Equipment

The quantification of gadolinium in liposome suspensions were carried out in
an ICP-MS-7900 instrument (Agilent Technologies), belonging to the SCSIE. The
measurement of each sample was performed in triplicate.
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3.4.4. - Encapsulation efficiency

Background

The concentration of the encapsulated compound inside liposomes modulates
the cytotoxicity of the nanoparticles. Therefore, quantifying this parameter
before proceeding to test liposomes in vitro is crucial. The methodology
depends on the nature of the cargo and typically ranges from NMR or mass
spectrometry, to UV/Vis and fluorescence spectroscopy.

In the literature, there are an extensive variety of definitions referred to the
“encapsulation capability” of liposomes. However, the most widely used is the
“encapsulation efficiency (EE)”, which corresponds to the ratio between the
encapsulated compound and the total compound used during the synthesis
(Equation 16).[47]

[encapsulated compound]

EE =

[encapsulated compound input] -100 (Equation 16)
Nevertheless, prior to the quantification of the encapsulated compound it is
essential to disrupt the liposome vesicles. One approach to address this aim is
adding a co-solvent with slightly lower polarity than water, such as methanol.
In this medium, the spherical morphology of liposomes is disrupted causing
their collapse, which in turn results in the release of the encapsulated
compound.

Equipment and experimental procedure

Liposomes synthesised during this thesis include the compounds TPA3P,
TPA3PY, TPB3P and TPB3PY. These compounds can be quantified by means of
fluorescence spectroscopy by constructing a standard curve for each ligand.
Therefore, several solutions at increasing concentrations were prepared by
diluting a 1 mM ligand stock solution. The solvent used for the standards was a
water/methanol mixture at the same ratio that the samples of liposomes were
disrupted.

The fluorescence of the standards was recorded using the excitation
wavelength corresponding to each compound. Then, each maximum emission
was plotted against the concentration of the ligand. Finally the data were fitted
accordingly to the least-squares method.
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The release of the encapsulated compound was carried out by adding 20 uL
(for TPA3P, TPB3P and TPB3PY) or 10 uL (for TPA3PY) of the liposome
suspension into 720 pL of methanol. The necessary amount of milli-Q water
was incorporated in order to reproduce the solvent ratio of the standards. The
fluorescence spectra were registered after sonicating the samples for 5
minutes. The excitation wavelength was chosen accordingly to the maximum
absorption of each compound. Finally, the maximum emission of the samples
was interpolated using the corresponding standard curve, allowing to calculate
the compound concentration in the liposome suspension.

3.5. - Biological studies

The in vitro antitumour activity of the synthesised compounds and
nanoparticles was tested using different cell lines. Moreover, the cell uptake of
both, untargeted liposomes and targeted liposomes was further investigated by
means of confocal fluorescence microscopy. This section aims to describe the
experimental procedures and data analysis methods.

3.5.1. - Cell cultures and maintenance

The cell lines used in this thesis correspond to adherent cells derived from
different solid human tumours (Table 3.7). The MCF-7 and HeLa cell lines were
kindly provided by the Servei de Cultius Cel-lulars of the Universitat de
Valencia. The LN229 cell line was generously supplied by Dr. Joan Seoane
(Institut de Recerca Vall d’'Hebron, Barcelona).

Table 3.7. Description of the cell lines used at this thesis.

Cell line name | Tissue | Cell type Disease References
LN229 Brain | Epithelial Glioblastoma [48,49]
MCF-7 Breast | Epithelial | Adenocarcinoma [50,51]

HeLa Cervix | Epithelial | Adenocarcinoma [52,53]

All the cells were grown in Dulbecco’s Modified Eagle Medium (DMEM) High
Glucose, which was supplemented with 10% heat-inactivated Fetal Bovine
Serum (FBS, 30 min, 56°C), 100 U/mL penicillin and 10 ug/L streptomycin. The
cultures were maintained at 37°C in a humidified environment with 5% CO-.
All the operations were carried out in a microbiological safe cabinet with
laminar airflow system (TELSTAR BIO I1A).
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The growth and the proliferation of the cells were exhaustively controlled
using an optical microscope to check out the cell morphology, the adherent
conditions and the absence of contamination.

Subculture and Trypan Blue counting

In order to ensure the proper cell growth, the cultures were subdivided twice
per week before reaching confluence. When passaging cells, it is essential to
assess the culture cell viability. In this thesis, the cell recount was determined
by the Trypan Blue protocol. The Trypan Blue dye is only able to penetrate in
non-viable cells, which cytoplasmic membrane is disjointed. Therefore, after
the staining, it is possible to distinguish between the viable cells and the blue
dyed non-viable cells by using an optical microscope.54]

- Experimental protocol

Firstly, the cell medium was eliminated from a 100 mm? culture plate by using
a Pasteur pipette connected to a vacuum pump. Then, the film of adherent cells
was washed with 1 mL of PBS (pH = 7.4). After removing the PBS, 1 mL of
trypsin-EDTA (25% trypsin-EDTA, pH = 8) was added, and the plate was
incubated at standard culture conditions for 5 minutes.

Immediately after the incubation, 1 mL of complete culture medium was added
neutralising the trypsin effect. The cells were harvested and the resulting
suspension was centrifuged (1000 r.p.m., 5 minutes). The supernatant was
discarded and the pellet was resuspended in 1 mL of complete culture medium.
With the aim to obtain a homogeneous cell suspension, the solution was
subtlety mixed.

Afterwards, 10 pL of the resultant cell suspension and 10 uL of Trypan Blue
(04% in NaCl 0.15M) were gently mixed and transferred to a Neubauer
chamber. The cell density and the estimation of the cell viability were
determined using an optical microscope equipped with a Neubauer chamber
lector. Finally, the appropriate volume of the cell suspension to prepare a
subculture was calculated accordingly to Equation 17. The new cell culture
vessel was prepared by adding new fresh medium. In all the passages, the cell
viability of the suspension was, at least, 95%. The final cell density of each
subculture was adapted to a preconfluence phase, ensuring the proper growth
and proliferation of cells.
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cells/mL in the subculture
cells/mL in the suspension

Cell density = - Vsuspension (Equation 17)

Cryopreservation

Several difficulties are associated to uninterrupted culture growth such as,
contamination, microbial infections or even genetic modifications. Therefore,
frozen stocks were prepared for long-term storage. In this thesis, different seed
stocks were prepared from cell subcultures serving as a source for working
solutions.

The protocol for cryopreservation involves preparing a cell subculture in
complete medium supplied with a cryoprotective agent, for instance DMSO. The
resultant cell suspension is stored in liquid nitrogen. The DMSO ensures a slow
cooling rate, avoiding the crystal formation which may cause the cell death.

- Experimental protocol of freezing

The required volume of the stock suspension to prepare a subculture of 1-10°6
cells/mL was determined by the Trypan Blue counting method as described
above (Equation 17). After centrifugation (1000 r.p.m. 5 minutes), the
supernatant was removed and the pellet was resuspended in 900 pL of
complete culture medium and 100 pL of DMSO.

After subtle mixing, the resulting suspension was transferred into a cryovial,
which was stored in an isopropanol container (Mr. Frosty, Nalgene) at -80°C
during 24 hours. Finally, the cryovial was introduced into a liquid nitrogen tank
(-196°C) until usage.

- Experimental protocol of defrosting

The cryovial was defrosted in a thermostated bath at 37°C. Then, the
suspension was transferred to a 15 mL Falcon tube with 5 mL of complete
culture medium. The resultant solution was centrifuged (1000 r.p.m., 5
minutes) and the supernatant was discarded. The pellet was resuspended in 10
mL of complete cultured medium into a 100 mm vessel. Finally, the plate was
introduced in an incubator at standard culture conditions.
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3.5.2. - Preparation of stock solutions

Aiming to assess the cytotoxicity of the synthesised compounds and liposomes,
several solutions at increasing concentrations of those were needed. Regarding
the compounds, a 1 mM stock solution was prepared and then, it was further
diluted to yield the desired concentrations. In the case of liposomes, the
concentration is referred to the encapsulated compound, which is responsible
of the cytotoxic effect. Therefore, the first step corresponds to the
quantification of the encapsulated compound as described in Section 3.4.4.
Finally, different liposomes solutions at increasing concentrations were
obtained by further diluting the stock liposome suspensions.

3.5.3. - Cell viability assessment by MTT assays

Background

As mentioned above, the cytotoxicity of the synthesised compounds and
liposome nanoparticles was tested in different tumour cell lines (Table 3.7).
The method followed was the MTT assay, firstly described by Mosmann(55] and
still, one of the most efficient and widely used protocols.

The basic principle relies on the capability of metabolic active cells to cleave
the tetrazolium rings of the pale yellow MTT (3-(4,5-dimethyl-2-thiazolyl)-2,5-
diphenyl-2H-tetrazolium bromide), yielding purple formazan crystals. This
reaction corresponds to a cellular reduction involving the cofactors NADH and
NADPH (Figure 3.7).15¢] Consequently, those formed purple crystals are directly
related to living cells. Therefore, the cell viability may be estimated by their
quantification. Usually, this process is carried out spectrophotometrically,
using DMSO to favour the solubilisation of the crystals.
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Figure 3.7. Metabolical reaction corresponding to the MTT tetrazolium ring cleavage.
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MTT protocol

A general scheme of the MTT assay is illustrated in Figure 3.8. Each step is
described during the following paragraphs.

,o==== Step 2 -===~_ ~===- Step 3 ----<

’ N,

o e
| T

Figure 3.8. An illustrative scheme of the MTT protocol.

- Step 1: Plating cells

Firstly, cells were harvested as described above in order to prepare a
subculture of 18 mL (480000 cells/mL). Then, 150 pL of this suspension was
added into the wells of a 96 well-plate, yielding a final concentration of 4000
cells per well. Finally, the plate was incubated at standard culture conditions
for 24 hours, allowing the cells to adhere.

- Step 2: Treatment with compounds or liposomes under study

On the second day of the assay, the medium was removed from the wells. Then,
100 pL of the compounds or the liposome solutions under assessment were
added at increasing concentrations. The plate was further incubated for 48
hours.
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- Step 3: Measurement

A MTT stock solution of 12 mM was prepared by dissolving 5 mg of MTT in 1
mL of PBS (pH = 7.4). Then, the working MTT solution was obtained by further
diluting the stock solution to 1.2 mM, using complete culture medium. The
solution of the wells was replaced with 100 pL of the MTT working solution.
Finally, the plate was incubated for 4 hours.

- Step 4: Absorbance measurement

In order to solubilize the formed formazan crystals, 100 puL of DMSO were
added to each well and the plate was further incubated for 20 minutes. Finally,
the absorbance at 570 nm of each well was registered using an ESPECTRA-MAX
PLUS spectrophotometer located in the Servei de Cultius Cel-lulars of the
Universitat de Valéncia.

Data analysis

In a typical experiment, the first row of the assessed 96 well-plate only contains
complete culture medium and DMSO. The second row is not treated during the
assay and consequently, it corresponds to the 100% cell viability. The following
rows are treated with increasing concentrations of the tested compounds or
liposomes. Each concentration was investigated in triplicate and at least two
independent experiments were carried out (Figure 3.9).
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Figure 3.9. Typical set-up of a MTT experiment.
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The absorbance at 570 nm of the treated wells was referred to the non-treated
wells (100% cell viability), in order to estimate the cell viability associated to
each studied concentration. Finally, the ICso value was calculated. This
parameter refers to the concentration of the drug which causes a 50% decrease
of the cell viability. The software used was OriginPro 2017 and the data were
fitted accordingly to a sigmoidal response.

3.5.4. - Liposomes imaging

Background

With the aim to enhance the cell uptake, some of the synthesised compounds
were encapsulated inside liposome nanoparticles. One approach to assess the
efficiency of these vesicles as delivery systems is determining their cytotoxicity
(Section 3.5.3). Furthermore, since liposome formulations designed in this
thesis include a fluorescent phospholipid (Figure 3.10), it is possible to
visualize them inside the cells by means of confocal fluorescence microscopy.
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Figure 3.10. Molecular structure of the phospholipid DPPE-NBD.

This sort of non-invasive technique is broadly used in life science and offers
better optical resolution than conventional microscopy. The Figure 3.11 shows
a depiction of a confocal microscope.57! A laser beam, used as a light source, is
pointed to the sample by a dichroic mirror and two scanning mirrors. The
emission of the sample passes through back the same mirrors and is focused as
a confocal point on the detector pinhole aperture. The detector registers the
fluorescence, point by point, as the sample is scanned. Finally, the information
is pieced together into an image. The term confocal stems in the fact that the
excitation and emission pathways coincidence.
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Figure 3.11. Depiction of the confocal microscope instrument.

Equipment and experimental procedure

- Step 1: Seeding

A subculture of 3 mL (90000 cells/mL) was prepared (Section 3.5.1). Then, 300
pL of this suspension was added into the wells of an 8 well-plate, resulting in a
final concentration of 9000 cells per well. The plate was incubated at standard
culture conditions for 24 hours, allowing the cells to adhere.

- Step 2: Treatment with liposomes under study

Prior to the treatment, a solution containing 2.4 mL of fresh complete medium
and 24 uL of the liposome suspension was prepared. Afterwards, the medium
of the 8 well-plate was removed and replaced with 300 uL of the previously
prepared solution. The plate was incubated for 24 hours, enabling the cell
uptake of liposomes.

113



Chapter 3

- Step 3: Cell nucleus staining

A staining process with Hoechst 33258 was used to visualise the cell nucleus in
living cells. This dye interacts with AT-rich regions of DNA, resulting in a
remarkable blue emission.[58]

The labelling process was carried out in 2 wells of the 8 well-plate. Firstly, the
medium of the wells was removed. Then, 300 uL of an 8 uM Hoechst solution
were added to the wells. During an incubation of 15 minutes, the dye stained
the cell nucleus. Finally, the staining solution was removed and the wells were
washed three times with PBS.

- Step 4: Cell imaging

The visualisation of the cells was carried out in a confocal microscope
(Olympus FV1000) located at the Departament de Genética of the Universitat
de Valencia, with the kindly collaboration of Maria Sabater and Ruben Artero.
The excitation and emission wavelengths corresponding to the fluorescent
phospholipid (DPPE-NBD) and the Hoechst are summarised in Table 3.8.

Table 3.8. Excitation and emission wavelengths using for cell imaging.

Dye Aex [Nm] Aem [Nm]
DPPE-NBD 463 536
Hoechst 346 460
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Synthesis

This chapter deals with the synthesis and characterisation of eleven novel
polyamine compounds, which are classified within two groups: TPA and TPB
derivatives. First of all, a schematic representation of the structural design of
each compound is presented. Then, the reaction mechanism and the
experimental conditions for the ligand synthesis are briefly described. The
characterisation of the obtained compounds is also included. Finally, the
preparation and functionalisation of liposome nanoparticles, which include
four of these compounds, are detailed.

4.1. - TPA derivatives

As presented in the introduction, TPA is a versatile scaffold which draws the
researchers’ attention in a wide range of fields. In the following chapters, its
geometry, basicity and aggregation appealing properties will be described in
detail. With regards to the synthetic point of view, TPA is a convenient reagent
for obtaining compounds by further functionalisation, since it is affordable and
commercially available. During this thesis, three different ligand families
containing the TPA moiety as a central core have been obtained by varying
both the nature and the number of polyamine substituents (Figure 4.1).
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Figure 4.1. Scheme of the TPA derivatives molecular structure and their classification.
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Concerning the polyamine substituents, the TPA-PX family includes the N,N-
dimethylethylendiamine (PX) as pending arms, whereas TPA-P presents the
N,N-dimethylpropylentriamine (P). Both linear polyamines are commercially
available, which reduces the complexity of the synthetic protocol. Finally, TPA-
PY compounds are functionalised with the 6-(2-Aminoethyl)-3,6,9-triaza-1-
(2,6)-pyridinecyclodecaphane (PY), instead of linear polyamines. This latter
compound was previously described by the Supramolecular Chemistry Group
of the Universitat de Valéncia.[!]

Mechanism of the synthesis

A simple one-pot reaction has been used in order to obtain all the TPA
derivatives. The methodology is based on the well-known synthetic method of
preparing imines, the Schiff reaction, firstly established by the Italian organic
chemist Hugo Schiff.[2]

A schematic representation of the synthetic mechanism for obtaining a TPA
derivative is showed in Figure 4.2. The first step is the condensation of an
aldehyde and a primary amine, which acts as a nucleophile attacking the
carbonyl carbon. Then, the nitrogen is deprotonated resulting in an imine bond
(C=N), with the concomitant formation of a water molecule. The formed imine
is reduced by addition of sodium borohydride, which yields to the final
polyamine derivative. Commonly the crude product is oily, therefore the final
step of the synthesis comprises its precipitation as hydrochloride salt in order
to facilitate its manipulation. [34

TPA R
AN Nucleophilic attack HO, [-\
0 H N-—H
N, \
H N R
&
[\4 H,0
TPA

TPA Derivative

R=PX.PorPY

Figure 4.2. General mechanism for the synthesis of a TPA derivative.




Synthesis

In a typical synthetic procedure, the aldehyde used corresponds to either the
mono-, bi- or tri-aldehyde of TPA, which functionalisation yields to the final
product. Regarding the polyamine substituents either PX, P or PY, would be
used depending on the aimed family, TPA-PX, TPA-P or TPA-PY, respectively.

General procedure

Briefly, 1, 2 or 3 equivalents of the corresponding polyamine substituent were
dissolved in 50 mL of dry EtOH in order to obtain the mono-, bi- or tri-
branched TPA derivative, respectively. As mentioned before, the linear
polyamines corresponding to the TPA-PX and TPA-P families were
commercially obtained. Alternatively, the aza-macrocyclic substituent of the
TPA-PY compounds was synthesised following a protocol previously reported
by the Supramolecular Chemistry Group of the Universitat de Valéncia.[!]

Then, a solution of the TPA mono-, bi-, or tri-aldehyde (1 - 2 mmol) in 150 mL
of anhydrous EtOH was added dropwise to the above mentioned polyamine
solution. The mixture was stirred under nitrogen 12 hours at room
temperature, resulting in the formation of the corresponding Schiff base.

The reduction step was carried out by adding 10 equivalents of NaBH4 and
further stirring during 2 hours. Then, the solvent was removed under reduced
pressure. The resulting residue was treated with H,O (20 mL) and extracted
with DCM (3 x 30 mL). The organic phase was dried over Na,SO; and
evaporated to afford a yellow oil, which was dissolved with anhydrous ethanol.
The final product was obtained as its hydrochloride salt by precipitation with
HCl in dioxane (0.4M).
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4-[5-methyl-(2,5-diazahex-1-yl)]triphenylamine

Molecular formula: C,3H27N3-2HCI.
Molecular weight: 418.41 g/mol.
Yield: 50 %.

Elemental Analysis Calcd (%) for Cz3H27N3-2HCI: C 66.0; H 6.9; N 10.0;
found: C 65.4; H 6.5; N 9.8.

ESI-MS m/z: 346.1 ([M+H]*).

1H-NMR (300.1 MHz, D20): § = 7.22 (d, ] = 6 Hz, 2H), 6.92 - 6.88 (m, 4H), 6.78 -
6.72 (m, 8H), 4.14 (s, 2H), 3.64 - 3.52 (m, 4H), 3.00 (s, 6H).

13C-NMR (75.4 MHz, D20): § = 151.5, 149.5, 133.8, 132.2, 127.2, 125.9, 125.2,
55.1,53.8,46.1,43.7.
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4,4-bis[5-methyl-(2,5-diazahex-1-yl)[triphenylamine

Molecular formula: C,gH39Ns-4HCI-1H-0.
Molecular weight: 609.12 g/mol.
Yield: 58 %.

Elemental Analysis Calcd (%) for C2sH39N5*4HCI-1H20: C 55.2; H 7.4; N 11.5;
found: C 55.4; H7.9; N 11.3.

ESI-MS m/z: 446.3 ([M+H]").

1H-NMR (300.1 MHz, D;0): § = 7.44 - 7.36 (m, 6H), 7.24 - 7.10 (m, 7H), 4.31 (s,
4H), 3.60 (s, 8H), 3.02 (s, 12H).

13C-NMR (75.4 MHz, D20): § = 149.3, 147.2, 131.9, 130.6, 125.2, 124.9, 124.5,
124.1,52.8,51.9,43.8,41.2.
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TPA3PX

N

N

4,4°,4"-tris[5-methyl-(2,5-diazahex-1-yl)[triphenylamine

Molecular formula: C3sHs1N7-6HCI-2H-0.
Molecular weight: 800.12 g/mol.
Yield: 62 %.

Elemental Analysis Calcd (%) for C3sHs1N7-6HCI-2H,0: C 50.0; H 7.5; N 11.9;
found: C 49.1; H8.0; N 11.7.

ESI-MS m/z: 546.4 ([M+H]*).

1H-NMR (300.1 MHz, D;0): § = 7.48 - 7.45 (m, 6H), 7.26 - 7.23 (m, 6H), 4.34 (s,
6H), 3.62 (s, 12H), 3.03 (s, 18H).

13C-NMR (75.4 MHz, D;0): § = 148.6,131.7,125.3,125.1, 52.8, 51.6, 43.8, 41.4.
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4-[10-methyl-(2,6,10-undecaphan-1-yl)]triphenylamine

Molecular formula: C,7H36N4-3HCI-1H-0.
Molecular weight: 543.99 g/mol.
Yield: 53 %.

Elemental Analysis Calcd (%) for Cz7H3¢N4*3HCI-1H20: C 59.6; H 7.6; N 10.3;
found: C 60.2; H8.3; N11.7.

ESI-MS m/z: 417.0 ([M+H]").

1H-NMR (300.1 MHz, D20): § = 7.24 (d, ] = 9 Hz, 2H), 7.05 - 7.00 (m, 4H), 6.89 -
6.84 (m, 8H), 4.09 (s, 2H), 3.32 - 3.27 (m, 2H), 3.22 - 3.14 (m, 6H), 2.95 (s, 6H),
2.26 - 2.14 (m, 4H).

13C-NMR (75.4 MHz, D20): § = 149.1, 147.4, 131.5, 129.9, 125.1, 124.0, 123.1,
54.6,51.2,45.1,44.9,44.2,43.2,23.1, 21.7.
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4,4’-bis[10-methyl-(2,6,10-undecaphan-1-yl)]triphenylamine

Molecular formula: C36Hs7N7-6HCI.
Molecular weight: 806.23 g/mol.
Yield: 61 %.

Elemental Analysis Calcd (%) for C3¢Hs7N7*6HCl: C 50.8; H 13.9; N 11.2;
found: C 53.6; H7.9; N 12.1.

ESI-MS m/z: 588.3 ([M+H]").

1H-NMR (300.1 MHz, D20): § = 7.43 - 7.37 (m, 6H), 7.24 - 7.16 (m, 7H), 4.24 (s,
4H),3.33 - 3.18 (m, 16H), 2.95 (s, 12H), 2.26 - 2.13 (m, 8H).

13C-NMR (75.4 MHz, D20): § = 148.9, 147.2, 131.6, 130.2, 126.0, 124.9, 124.1,
54.6,51.1,45.1,44.9,44.1,43.2, 23.1, 21.6.
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4,4°,4”-tris[10-methyl-(2,6,10-undecaphan-1-yl)[triphenylamine

Molecular formula: C4sH73N10-9HCI-8H,0.
Molecular weight: 1231.33 g/mol.
Yield: 72 %.

Elemental Analysis Calcd (%) for CssH7gN19-9HCI-8H:0: C 43.9; H 8.4; N
11.4; found: C 45.7; H 10.9; N 11.6.

ESI-MS m/z: 759.53 ([M+H]").

1H-NMR (300.1 MHz, D,0): § = 7.45 (d, ] = 10 Hz, 6H), 7.24 (d, ] = 9 Hz, 6H),
4.27 (s, 6H), 3.33 - 3.20 (m, 24H), 2.95 (s, 18H), 2.28 - 2.13 (m, 12H).

13C-NMR (75.4 MHz, D;0): 6 = 148.5,131.7,125.7, 125.0, 54.6, 51.2, 45.1, 44.9,
44.2,43.2,23.1, 21.6.
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4-{4-[3,6,9-triaza-1(2,6)pyridinecyclodecapha-6-yl]-2-azabutyl}triphenylamine
Molecular formula: C3;H3gNe-3HCI-2.5H>0.
Molecular weight: 660.21 g/mol.

Yield: 23 %.

Elemental Analysis Calcd (%) for C3:H3sNe-3HCI-2.5H20: C 58.2; H 7.0; N
12.7; found: C 58.0; H 7.5; N 12.7.

ESI-MS m/z: 507.3 ([M+H]").

1H-NMR (300.1 MHz, D;0): § = 7.88 (t, ] = 8 Hz, 1H), 7.38 (d, ] = 8 Hz, 2H), 7.22
(d,] = 8 Hz, 2H), 7.00 (t,] = 15 Hz, 4H), 6.82 (d, 8H), 4.57 (s, 4H), 4.08 (s, 2H), 3-
29 - 3.15 (m, 6H), 3.04 - 2.96 (m, 2 H), 2.88 - 2.78 (m, 4H).

13C-NMR (75.4 MHz, D20): § = 149.2, 147.5, 140.2, 131.6, 129.9, 125.1, 124.1,
123.1,122.6,51.4,50.8,49.9, 46.3, 30.6.
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4,4’-bis{4-[3,6,9-triaza-1(2,6)pyridinecyclodecapha-6-yl]-2-
azabutyl}triphenylamine

Molecular formula: C4cHe1N11-5HCI-6.7H-0.
Molecular weight: 768.07 g/mol.
Yield: 47 %.

Elemental Analysis Calcd (%) for C46He1N11-5HCI-6.7H20: C 51.6; H 7.5; N
14.4; found: C51.9; H 7.8; N 14.3.

ESI-MS m/z: 384.0 ([M+2H]*2).

1H-NMR (300.1 MHz, D;0): § = 8.00 (t,] = 8 Hz, 2H), 7.51 - 7.40 (m, 11H), 7.27
- 7.19 (m, 7H) 4.68 (s, 8H), 4.29 (s, 4H), 3.41 - 3.30 (m, 12H), 3.16 - 3.10 (m,
4H), 2.99 - 2.95 (m, 8H).

13C-NMR (75.4 MHz, D;0): 6 = 151.8, 151.5, 149.8, 142.7, 134.2, 132.8, 128.6,
127.5,126.6,125.1, 54.0, 53.8, 53.4, 52.4, 48.8, 45.5.
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4,4°,4"-tris{4-[3,6,9-triaza-1(2,6)pyridinecyclodecapha-6-yl]-2-
azabutyl}triphenylamine

Molecular formula: C60H84N16'9HC1'11H20.
Molecular weight: 1556.20 g/mol.

Yield: 22 %.

Elemental Analysis Calcd (%) for CeoHgsN16-9HCI-11H:0: C 46.3; H 7.4; N

14.4; found: C 46.8; H 7.8; N 14.0.

ESI-MS m/z: 1030.4 ([M+H]").

1H-NMR (300.1 MHz, D;0): § = 7.98 (t, ] = 8 Hz, 3H), 734 - 7.28 (m, 12H), 7.22
(d,] = 9 Hz, 6H), 4.66 (s, 12H), 4.31 (s, 6H), 3.42 - 3.29 (m, 18H), 3.19 - 3.08 (m,

6H), 3.12 (m, 6H), 3.02 2.98 (m, 12H).

13C-NMR (75.4 MHz, D20): § = 149.5, 148.8, 140.4, 131.9, 126.1, 125.2, 122.8,

51.7,51.5,51.1,50.1, 46.5, 43.3.
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4.2. - TPB derivatives

Aiming to modify the hydrophobicity and aromaticity of the compounds above
described, the TPA central moiety was substituted by the scaffold 1,3,5-tris(4-
formylbenzyl)benzene (TPB-3CHO). Since tri-branched derivatives were
expected to show the most promising properties due to their possibility to
accommodate high positive charge at physiological pH, two additional tri-
branched compounds were synthesised containing the TPB moiety as a central
core, TPB3P and TPB3PY, which are analogous to TPA3P and TPA3PY,
respectively (Figure 4.3).

&
oo

TPB
=CHO
@
N
HN NH
SNTTNTSNH, \/N\/
N .
NH,
P PY
N
H H | HN NH
N~ NaoNG \—NJ
- -
s 0 NN YN ®
i NN ® NT Y N
TPB3P TPB3PY (NI\I)é

Figure 4.3. Scheme of the TPB derivatives molecular structure and their classification.

Mechanism of the synthesis

The synthetic pathway for the TPB-3CHO formation relies on the thoroughly
studied Suzuki cross-coupling reaction (Figure 4.3).56] The first step is an
oxidative addition of the organohalide to a Pd (0) complex, yielding to a Pd (II)
complex. The next step is the transmetalation between the organoborane and
the Pd (II) complex, under basic conditions. Finally, a reductive elimination
takes place yielding to the desired product, followed by the regeneration of the
initial Pd (0) complex.
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Figure 4.3. Mechanism of the Suzuki cross coupling reaction for the TPB-3CHO synthesis.

General procedure

Firstly, 1,3,5-tribromobenzene (1.0 g, 3.2 mmol), 4-formylphenylboronic acid
(1.5 g, 95.3 mmol) and bis(triphenylphosphine)palladium (II) dichloride (300
mg, 0.4 mmol) were added into a 1 L round-bottom flask, which was evacuated
and backfilled with nitrogen three times. After incorporating 200 mL of
degasified THF, the mixture was heated to reflux 12 hours under nitrogen.
Then, the solution was extracted with DCM (3 x 50 mL). The organic phase was
dried over Na,;S0O. and evaporated under reduced pressure. The crude product
was recrystallized from acetonitrile, obtaining white crystals (TPB-3CHO).["]

The functionalisation of the TPB moiety is analogous to the described for the
TPA scaffold. Particularly, a solution of 1 equivalent of TPB-3CHO in anhydrous
DCM was added dropwise to an anhydrous EtOH solution of 3 equivalents of
either P or PY. Then, the mixture was stirred for 12 hours under nitrogen. The
solvent was removed under reduced pressure and the resulting crude product
was treated with water (25 mL) and extracted with DCM (3 x 40 mL). The
organic phase was dried over Na,SO, and evaporated to afford a yellow oil.
Finally, the oily product was dissolved in anhydrous ethanol and precipitated
with HCI in dioxane (0.4 M), yielding the hydrochloride salt of TPB3P or
TPB3PY.
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1,3,5-tris(4-formylphenyl)benzene

Molecular formula: C27H1303'1H20.
Molecular weight: 408.13 g/mol.
Yield: 53 %.

Elemental Analysis Calcd (%) for Cz7H1803-1H20: C 79.4; H 4.9; found: C
79.8; H5.9.

ESI-MS m/z: 309.1 ([M+H]").

1H-NMR (300.1 MHz, CDCls): & = 10.10 (s, 3H), 8.04 (d, ] = 8 Hz, 6H), 7.91 (s,
3H), 7.87 (d,] = 9 Hz, 6H).

13C-NMR (75.4 MHz, CDCl3): 6 = 191.8, 146.3, 141.6, 135.8, 130.4, 128.0, 126.5.
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1,3,5-tris{4-[10-methyl-2,6,10-triazaundecphan-1-yl|phenyl}benzene

Molecular formula: Cs;HgiNo-9HCI.
Molecular weight: 1148.41 g/mol.
Yield: 66 %.

Elemental Analysis Calcd (%) for CsiHgiNo-9HCl: C 53.3; H 7.9; N 10.9;
found: C 53.5; H 8.1; N 10.5.

ESI-MS m/z: 820.6 ([M+H]*).

1H-NMR (300.1 MHz, D20): & = 7.85 (s, 3H), 7.78 (d, ] = 7 Hz, 6H), 7.54 (d, ] = 7
Hz, 6H), 4.27 (s, 6H), 3.21 - 3.07 (m, 24H), 2.17 - 2.04 (m, 12H).

13C-NMR (75.4 MHz, D20): § = 141.3, 130.5, 130.0, 127.9, 125.2, 54.2, 51.0,
44.7,44.5,44.0,42.8,22.7, 21.2.
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1,3,5-tris{4-[3,6,9-triaza-1(2,6)pyridinecyclodecaphan-6-yl]2-azabutyl}benzene
Molecular formula: CecHg7N15-9HCI-2H;0.
Molecular weight: 1419.03 g/mol.
Yield: 52 %.

Elemental Analysis Calcd (%) for CesHs7N15-9HCI: C 55.8; H 7.3; N 11.7;
found: C56.2; H7.6; N 11.4.

ESI-MS m/z: 1090.8 ([M+H]").

1H-NMR (300.1 MHz, MeOD): § = 7.98 (t, ] = 15 Hz), 7.81 - 7.68 (m, 12 H), 7.54
- 7.44 (m, 9H), 4.67 (s, 12H), 4.41 (s, 6H), 3.45 (s, 12H), 3.25 (s, 24H).

13C-NMR (75.4 MHz, MeOD): 149.4, 139.2, 130.7, 127.4, 127.3, 126.9, 121.6,
51.5,50.6,50.2,49.3,45.7.
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4.3. - Liposome preparation

Some of the compounds synthesised during this thesis have been encapsulated
inside liposome nanoparticles. The liposome preparation is based on the
intrinsic amphiphilic character of phospholipids, which causes their self-
assembly into spherical vesicles in an aqueous medium (Chapter 1).

Among all the synthetic available techniques, the conventional lipid film
hydration has been used due to its simplicity and relatively low cost. This
method involves five basic steps: mixing the phospholipids in an organic
solvent, the formation of a lipid film onto a substrate, the hydration of the film
by adding an aqueous solution containing the to-be-encapsulated compound
and finally, the sonication of the suspension followed by its purification.[8-11]

Regarding the liposomes design, different amphiphilic moieties were included
at the formulations, aiming to obtain multifunctional nanoparticles. Specifically,
a fluorescent phospholipid (NBD-DPPE) and a gadolinium complex (Gd-DTPA-
DSA) were used conferring diagnostic capabilities to the vesicles, by means of
not only confocal microscopy, but also Magnetic Resonance Imaging (MRI)
(Figure 4.5).

a) Gd - DTPA - DSA
b) DPPE - NBD

Figure 4.5. Molecular structure of a) Gd-DTPA-DSA and b) DPPE-NBD.

Apart from imaging applications, the composition of the different liposome
formulations allows their application as therapeutic agents, since four of the
synthesised compounds (TPA3P, TPA3PY, TPB3P and TPB3PY) were
encapsulated within the vesicles. This specific design provides nanoparticles
with theranostic properties, combining in the same system both therapy and
diagnostic functionalities. Furthermore, nanoparticles were functionalised with
the aptamer AS1411, aiming to target the nucleolin overexpressed in cancer
cells (Figure 4.6).
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Figure 4.6. Representation of the liposome formulations designed during this thesis.

General procedure

- Step 1: Solubilisation of the membrane components
All the components of the liposome bilayer were dissolved in 5 mL of CHCl3 in

order to ensure a complete and homogenous mixing. The formulation used in a
typical synthesis was 80% POPC, 6% mPEG2000-DSPE, 2% NBD-DPPE, 5% Gd-
DTPA-DSA and 7% Tween 80.

- Step 2: Solvent evaporation

The removal of the organic solvent was carried out by heating up to 65°C
continuously stirring, yielding the formation of a thin lipid film. Then, the film
was further dried at high vacuum overnight.

- Step 3: Hydration of the lipid film

Once the lipid film was completely dried, 4 mL of a 10 mM solution of either
TPA3P, TPA3PY, TPB3P or TPB3PY in PBS were added. In the case of targeted
liposomes, 250 uL of 21.8 uM AS1411 solution were also included. The solution
was swirled with a bath sonicator until all the lipids were incorporated to the
solution. The resulting suspension contained multilamellar liposomes, which

inner aqueous core included the desired compound.
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- Step 4: Sonication of the suspension

The following step was the disruption of the multilamellar vesicles by probe
sonication, yielding unilamellar nanoparticles with diameters ranging from 80
to 120 nm, depending on the formulation. The process comprises three cycles

of 15 minutes sonication.

- Step 5: Purification
The suspension was centrifuged (3200 r.p.m., 10 minutes) in order to remove

the metal particles from the tip of the sonicator probe. Finally, unencapsulated
compounds were removed by thorough dialysis in PBS.

U é@% @

Solubilisation of the . Hydration of - Unilamellar
Solvent evaporation L Sonication :
membrane components the lipid film liposomes

Figure 4.7. Representation of the lipid film formation process.
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Acid - base behaviour

Polyamine derivatives may be protonated depending on the pH range,
therefore their net charge may vary from one pH value to another. The
protonation degree of these compounds plays a key role in both their
photophysical properties and their electrostatic interactions with other
substrates. Consequently, this chapter describes the acid-base behaviour of the
synthesised ligands. Several techniques have been used to address this study,
such as potentiometric or spectroscopic titrations. The data obtained enabled
the determination of the protonation constants and the construction of the
distribution diagrams of species, within a specific pH interval. Moreover, some
of the compounds present striking aggregation properties, which were further
investigated by means of both UV/Vis and fluorescence spectroscopy.

5.1. - TPA derivatives

Background

The molecular structure of the TPA derivatives is depicted in Figure 5.1. The
families of compounds differ from each other by the substituents. The branches
of the TPA-PX and TPA-P families are linear polyamines (PX and P,
respectively), while the pending arms of the TPA-PY family correspond to PY
macrocycles.

Figure 5.1. Depiction of the synthesised TPA derivatives: TPA-PX, TPA-P and TPA-PY.
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Prior to analyse the acid-base behaviour of these compounds, it is crucial to
consider which amino groups are susceptible for protonation. Each ligand
includes secondary and tertiary amines, which may be protonated. However, it
is well-described in the literature that the basicity of the TPA amine is
remarkably low due to the delocalization of the electron lone pair throughout
the aromatic structure.l’-¢l Consequently, it was not amenable to analysis at the
pH range investigated (pH =2 - 11).

Aggregation-Induced Emission (AIE)

The definition of luminescence, either fluorescence or phosphorescence, is
referred to the emission caused by the radiative de-excitation of an electronic
state after absorption of light (Figure 5.2).78] Although this concept dates back
to 1900s, the design of fluorescent molecules still remains a hot topic in the
scientific research.

S, S
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Figure 5.2. Jablonski’s diagram illustrating possible transitions between electronic states.

Indeed, emissive compounds are particularly intriguing in life sciences and
medicine, since they may provide relevant insights into biological processes
and moreover, they may serve as helpful sensors for developing targeted
therapies. However, some probes usually display a notably detrimental
counterpart, since as their concentration increases, the emission may be
partially or completely reduced.
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This phenomenon is known as Aggregation-Caused Quenching (ACQ).
Typically, spatially close aromatic planar molecules display m-mt stacking. The
de-excitation of the corresponding aggregates often occurs via radiative
pathways from the excited state to the ground state, for example through
excimer formation.[9.10]

For instance, perylene is highly emissive when dissolved in “good solvents”,
such as water. However, as the content in “poor solvent” increases, the
molecules tend to aggregate, establishing m-m interactions. This fact promotes
the formation of excimers, which cause the quenching of the fluorescence
(Figure 5.3).011

Non-aggregated state

Aggregation-caused Quenching (ACQ) Aggregated State

Water fraction (vol %) Perylene
0 10 20 30 40 50 60 70 80 90

Figure 5.3. Images of 20 uM perylene fluorescence in different THF /water mixtures. At high water
content, the ACQ effect is observed due to m-m stacking at the aggregates. Adapted from [11].

Nevertheless, there are other probes that show the exactly opposite effect to
ACQ, the Aggregation-Induced Emission (AIE). Commonly these fluorescent
molecules, despite containing aromatic units, are non-planar due to steric
restrictions. In the aggregate state, their highly twisted conformation hampers
the formation of strong m-m staking interactions. Several hypotheses have been
proposed in order to elucidate the mechanistic pathway of the AIE effect.[1?]
Among them, the restriction of intramolecular rotations (RIR) has provided
solid insights into the understanding of AIE.[13]

The hexaphenylsilole (HPS) is an illustrative example of the AIE effect. This
propeller-shaped molecule undergoes dynamic intramolecular rotations when
dissolved in “good solvents”, which allows its non-radiative de-excitation.
Nonetheless in a “poor solvent” solution, HPS molecules tend to aggregate
(without stablishing robust m-m interactions owing to its propeller
conformation), leading to the restriction of intramolecular rotations (RIR).
Consequently, for the aggregate state the non-radiative pathway is blocked,
providing a remarkable fluorescence (Figure 5.4).[13]
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Non-aggregated state Aggregated state
O Q Aggregation-induced Emission (AIE)
Water fraction (vol %) HPS 1
/ \ O 0 10 20 30 40 50 60 70 80 90
O 2 f |

Figure 5.4. Images of 20 uM HPS fluorescence in different THF/water mixtures. At high water

content, the AIE effect is observed due to the restriction of intramolecular rotations (RIR effect).
Adapted from [11].

TPA moiety: a versatile AIE luminogen

Currently, several efforts have been addressed to develop novel AIE probes. In
this context, the triphenylamine (TPA) is considered as a fascinating building
block for the design of light-up probes, owing to its easily functionalisation and
outstanding AIE effect.[14-16]

The TPA moiety shows a D3 propeller shape geometry with twisted bonds
around the central nitrogen, resulting from the steric hindrances caused by the
hydrogens of the phenyl groups.['”] This twisted molecular conformation
favours the intramolecular rotations, which not only helps in dissipating the
excitation energy in the solution state, but also prevents the formation of m-n
interactions in the aggregated state. Thereby, the phenyl groups rotate
continuously in dilute solutions, annihilating the excited state through non-
radiative relaxation. Conversely, aggregated TPA molecules are firmly packed
without stablishing m-m interactions, which hampers the intramolecular
rotations (RIR effect) and restores the emission (Figure 5.5).

Aggregation-induced Emission (AIE) of TPA moiety

Non-aggregated state Aggregated state
N N@
Intramolecular rotations RIR and weak n-w interactions
QUENCHING FLUORESCENCE

Figure 5.5. Illustration of the AIE effect for the TPA moiety. The RIR and the reduced m-m
interactions at the aggregates result in the enhancement of the emission.
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As well as other photophysical properties, the AIE effect strongly depends on
the protonation state of the considered molecule, since the establishment of
supramolecular interactions are subjected to the net charge. In this chapter the
AIE effect showed by some of the TPA derivatives is explained by means of
spectroscopic studies, taken into account the protonation state of the
compounds.

5.1.1. - TPA-PX derivatives

The family of TPA-PX comprises three ligands which include the TPA moiety as
a central aromatic core and one, two or three PX linear chains as substituents
for TPA1PX, TPA2PX and TPA3PX, respectively (Figure 5.1).

The logarithms of the stepwise protonation constants obtained by means of
potentiometric titrations are shown in Table 5.1. The compound TPA1PX
displays two, TPA2PX four and TPA3PX six measurable protonation steps in the
studied pH range, which correspond to the number of secondary and tertiary
amines in the substituents of each ligand. The Figures 5.6, 5.7 and 5.8 include
the distribution diagrams of species obtained from the protonation constants,
as well as the absorbance and emission spectra of the TPA-PX compounds as
pH function.

As mentioned before, the extremely low basicity of the TPA core prevents the
determination of its protonation constant. Furthermore, some precipitation
due to aggregation processes was observed at high pH values, which
complicated the analysis of the obtained data.

Table 5.1. Logarithms of the stepwise protonation constants of the three TPA-PX ligands
determined by potentiometric titrations.la-<!

Reaction TPA1PX TPA2PX TPA3PX
H+L= HL 8.23(2) 9.16(2) 9.881(7)
H + HL 2 HoL 6.28(2) 9.03(1) 9.020(8)
H + HzL 2 HsL 6.60(2) 8.930(6)
H + HsL 2 HaL 5.72(2) 6.86(1)
H + HaL 2 HsL 5.87(1)
H + HsL 2 HeL 5.50(1)
log B 14.51(2) 30.52(2) 46.07(1)

[a] Charges omitted for clarity. [b] Experiments were carried out in a 0.15 M NaCl aqueous solution
at 298.1+1 K. [c] Values in parentheses are standard deviations in the last significant figure.
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Considering the protonation constants for TPA2PX, it is possible to arrange two
groups containing two protonation constants. This sort of arrangement is also
shown by the tri-branched compound TPA3PX, in which the protonation
constants can be classified in two groups of three values. The reason why the
values of the first group decrease each protonation step deals with statistical
probability. The values of the second group of constants are generally lower,
since these protonation steps create significant electrostatic repulsions in the
substituents already protonated.

Several factors contribute to the basicity of amines in water. For instance the
inductive effect of alkyl groups makes tertiary amines more susceptible for
protonation, whereas the solvation effect favours the protonation of primary
amines.[1819] In addition to this, the hydrophobic character of TPA derivatives
may also interfere in the protonation capability. Taking all these points into
account, the establishment of a protonation sequence must be proposed based
on the combination of potentiometric, NMR and computational data.

Particularly, the value of the first protonation constant of the mono-branched
TPA1PX is lower in comparison with the bi-branched TPA2PX and tri-branched
TPA3PX. This fact may be rationalised in terms of statistical probability, due to
the increase of protonation sites as the number of substituents increases. This
first protonation step may be possibly associated with the dimethylated amine
at the substituents ends, considering the inductive effect of the alkyl groups
and the hydrophobicity of the TPA moiety.[20] During this thesis, NMR spectra at
different pH were recorded in order to shed light on this hypothesis. However,
the large extent of the aggregation widens the signals in the spectra, preventing
the accurate interpretation of the data.

Within the context of this thesis, the net charge at pH 7.4 is essential to assess,
since it corresponds to the predominant pH value at physiological medium. As
it might be expected, the higher number of branches the derivative has, the
higher positive charge it shows, being 1.0, 2.1 and 3.2 for TPA1PX, TPA2PX and
TPA3PX, respectively.

The UV/Vis spectra of the TPA-PX ligands (Figures 5.6a, 5.7a and 5.8a), show a
band centred at 285 - 330 nm, which can be associated with the m-m* transition
of the TPA moiety.[2122] The variation of the absorption profile is nearly
negligible, which may deal with the fact that the TPA core cannot be protonated
in the studied pH range.
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Figure 5.6. a) UV/Vis spectra of TPA1PX versus pH; b) normalized emission of TPA1PX versus pH
and c) molar fraction distribution diagram for protonated species of TPA1PX superposed to its
normalized emission at 388 nm (Aex = 309 nm) (®) and the absorbance at 285 nm (e).
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Figure 5.7. a) UV/Vis spectra of TPA2PX versus pH; b) normalized emission of TPA2PX versus pH
and c) molar fraction distribution diagram for protonated species of TPA2PX superposed to its
normalized emission at 375 nm (Aex = 309 nm) (e ) and the absorbance at 305 nm (e).
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Figure 5.8. a) UV/Vis spectra of TPA3PX versus pH; b) normalized emission of TPA3PX versus pH
and c) molar fraction distribution diagram for protonated species of TPA3PX superposed to its
normalized emission at 375 nm (Aex = 309 nm) (@) and the absorbance at 305 nm (e).

The modifications in the emission spectra of the TPA-PX compounds are of
notably relevance (Figures 5.6b, 5.7b and 5.8b). Upon increasing pH, a
remarkable enhancement and a blue-shift of the emission are observed. This
pattern, particularly pronounced for the tri-branched compound, may be
justified in terms of AIE.

As described above, the TPA-PX positive charge in acidic medium may hinder
the formation of intermolecular interactions. Moreover, the intramolecular
rotations of the phenyl groups enable the relaxation of the excited state
through a non-radiative pathway. Consequently, the fluorescence at low pH is
reduced. Nonetheless, as the pH increases the deprotonation of the ligands
results in the formation of intermolecular interactions, such as hydrogen
bonding. As a result, molecules tend to pack forming aggregates yielding the
restriction of intramolecular rotations (RIR).

Given the propeller shape of the TPA moiety, the establishment of m-m
interactions in the aggregates are hampered and this, in conjunction with the
RIR, may be responsible of the AIE effect observed at alkali pH.
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In order to corroborate the aggregates formation, the UV/Vis and the emission
spectra of TPA3PX were registered upon increasing the concentration at pH 12
(Figure 5.9).
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Figure 5.9. a) UV/Vis spectra upon increasing TPA3PX concentration at pH 12 b) absorbance at
305 nm versus TPA3PX concentration at pH 12 and c) emission spectra upon increasing TPA3PX
concentration at pH 12 (Aex = 309 nm).

The absorbance bands level off at high TPA3PX concentrations and
furthermore, the band tail rises at the visible region of the spectra,
demonstrating the formation of nanoaggregates by Mie dispersion.[23.24]
Regarding the emission, a blue-shifted enhancement is observed without the
emergence of a new emission band, which is associated with a weak AIE
effect.[25]

5.1.2. - TPA-P derivatives

The TPA-P series (Figure 5.1) includes three compounds, in which the central
TPA moiety is functionalised with one, two or three P linear chains (TPA1P,
TPA2P and TPA3P, respectively).

In Table 5.2 are shown the logarithms of the stepwise protonation constants of
the TPA-P ligands. Three, six and nine protonation reactions were observed for
TPA1P, TPA2P and TPA3P respectively, which corresponds to the number of
secondary and tertiary amines in the compounds. The protonation associated
to TPA central amine was not detected in the investigated pH range.
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Table 5.2. Logarithms of the stepwise protonation constants of the three TPA-P ligands
determined by potentiometric titrations.l2-<]

Reaction TPA1P TPA2P TPA3P
H+L2HL 8.93(1) 10.268(9) 10.66(2)
H + HL 2 HL 8.874(6) 9.42(5) 10.22(6)
H + HzL 2 HsL 7.327(9) 8.75(2) 9.91(2)
H + HsL 2 HaL 8.61(1) 9.27(1)
H + Hal 2 HsL 7.49(2) 8.76(1)
H + HsL 2 HeL 7.10(2) 8.37(1)
H + HeL 2 H7L 7.77(1)
H + HyL 2 HsL 7.29(1)
H + HsL 2 HoL 6.82(1)
log B 25.132(9) 51.64(2) 78.98(1)

[a] Charges omitted for clarity. [b] Experiments were carried outin a 0.15 M NaCl aqueous solution
at 298.1+1 K. [c] Values in parentheses are standard deviations in the last significant figure.

In general, the values for the TPA-P ligands are higher than the corresponding
ones for the TPA-PX family. This fact may be related to the molecular structure
of the compounds. The TPA-P derivatives include propylene-based chains, in
which the electrostatic repulsions are smaller than those for TPA-PX
compounds with ethylene-based chains.

The observed trends within each compound can be analysed analogously to the
TPA-PX family. The value of the first protonation constant of the mono-
branched TPA1P is lower than those for the bi-branched TPA2P and tri-
branched TPA3P compound, which may be explained by the lower available
protonation sites for TPA1P in comparison to TPA2P and TPA3P. Moreover, the
tendency to protonation decreases as the number of protonated amines
increases, which is expected in terms of electrostatic repulsions and statistical
probability.

The distribution diagrams of species for the TPA-P ligands are shown in
Figures 5.10, 5.11 and 5.12, as well as their corresponding absorbance and
emission spectra as pH function. As a consequence of the higher number of
amines, the TPA-P compounds are more charged at physiological pH (7.4) than
the TPA-PX derivatives (2.4, 4.8 and 7.3 for TPA1P, TPA2P and TPA3P,
respectively).
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Figure 5.10. a) UV/Vis spectra of TPA1P versus pH; b) normalized emission of TPA1P versus pH
and c) molar fraction distribution diagram for protonated species of TPA1P superposed to its
normalized emission at 370 nm (Aex = 309 nm) (e) and the absorbance at 285 nm (e).
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Figure 5.11. a) UV /Vis spectra of TPA2P versus pH; b) normalized emission of TPA2P versus pH
and c) molar fraction distribution diagram for protonated species of TPA2P superposed to its
normalized emission at 375 nm (Aex = 309 nm) (e ) and the absorbance at 285 nm (e).

155



Chapter 5

Absorbance
Emission [a.u.]

350 400 450 500

Wavelength [nm] Wavelength [nm]
)
100 - «1
HoL
90 09
L]

80 ® Absorbance at 314 nm 0.8
2 © Emission at 375 nm ° g
250 07 %
S 2
2 L E
Ze0 06 E
i H,L  HlLe o B
= oL [ HL HXLH . s
= ; H
Tg0® ¢ o o o o o o o0 2 s
: 10 VAo 4 04 5
=3
£30 | 03 2
N ® o © 0 o o o of <

20 02

10 0.1

o 0
2 4 6 8 10
pH

Figure 5.12. a) UV/Vis spectra of TPA3P versus pH; b) normalized emission of TPA3P versus pH
and c) molar fraction distribution diagram for protonated species of TPA3P superposed to its
normalized emission at 375 nm (Aex = 309 nm) (@) and the absorbance at 314 nm (e).

Regarding the variation of the absorbance and the emission spectra as function
of pH, the observed changes are similar to those showed by the TPA-PX
compounds. While the modification of the absorbance is very low, the emission
displays a remarkable enhancement as the pH is increased. This change may be
explained by the AIE effect described above (Figures 5.10a, 5.10b, 5.11a, 5.11b,
5.12a, 5.12b). To gain more insight into this aggregation process, the UV /Vis
and the emission spectra at increasing TPA3P concentrations were measured
at pH 12 (Figure 5.13 and 5.14).
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Figure 5.13. a) UV/Vis spectra upon increasing TPA3P concentration at pH 12 b) absorbance at
305 nm versus TPA3P concentration at pH 12.
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The absorbance increases with the concentration until reaching a threshold
around 100 uM. Furthermore, Mie dispersion is observed at long wavelengths
due to the aggregates formation (Figure 5.13).

Conversely to TPA3PX for which only a light-up effect was detected (Figure
5.9.c), the TPA3P emission spectra not only present a blue-shifted fluorescence
enhancement, but also a red-shifted quenching at high concentrations (Figure
5.14a). Indeed, by using the proper excitation wavelength for the aggregate
state (375 nm), the emission is negligible for low TPA3P concentrations, for
which aggregates rarely form. However, the emission experiences a 500000-
fold enhancement at 1000 pM TPA3P when the aggregated state prevails
(Figure 5.14b).
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Figure 5.14. a) Emission spectra of increasing TPA3P concentrations at pH 12 (Aex = 309 nm), b)
emission spectra of increasing TPA3P concentrations at pH 12 (Aex = 375 nm) and c) depiction of
the aggregated state formation and the AIE effect.

These observations point out an outstanding AIE effect. The fluorescence of the
diluted state increases as the concentration increases, until reaching a
threshold (100 uM). From there, the emission of the diluted state decreases, as
a consequence of the population increase in the aggregated state (Figure
5.14.c). In this case, by using a proper excitation wavelength, a new emission
band emerges at longer wavelengths, which corresponds to the emission of the
aggregated state.
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The intermolecular interactions in the TPA3P aggregates are stronger than
those corresponding to the TPA3PX aggregates, owing to the higher number of
amino groups at the TPA3P substituents. This fact may favour both, the
restriction of intramolecular rotations (RIR) and the formation of a lower
energy aggregated state. As a result, the AIE effect of TPA3P is more prominent
than the one observed for TPA3PX.

5.1.3. - TPA-PY derivatives

The last family of TPA derivatives, TPA-PY, contains the aza-macrocycle PY as a
substituent, instead of linear polyamines. Therefore, the derivatives TPA1PY,
TPA2PY and TPA3PY include one, two and three PY, respectively (Figure 5.1).

The stepwise protonation constants of the compounds are listed in Table 5.3,
along with the values corresponding to the PY macrocycle.2¢] Conversely to the
above described TPA derivatives, the number of protonation constants
coincides only with the number of secondary amines of the compounds. The
protonation of the tertiary amines of both, the PY substituent and the TPA
moiety could not be calculated in the investigated pH range.

Table 5.3. Logarithms of the stepwise protonation constants of the three TPA-PY ligands
determined by potentiometric titrations.la-<!

Reaction PYI26] TPA1PY TPA2PY TPA3PY

H+Lz2HL 10.20(6) 8.74(3) 9.87(5) 10.38(6)
H + HL 2 HoL 9.18(3) 8.59(1) 9.49(6) 9.55(9)
H + HzL 2 HsL 7.84(4) 6.80(3) 8.82(6) 9.5(1)
H + HsL 2 HaL 8.19(6) 8.98(9)
H + HaL 2 HsL 7.51(6) 8.51(9)
H + HsL 2 HeL 6.69(8) 8.13(8)
H + HeL 2 HyL 7.50(7)
H + HsL 2 HsL 7.24(5)
H + HsL 2 HoL 6.21(5)

log B 24.13(3) 50.57(6) 76.04(6)

[a] Charges omitted for clarity. [b] Experiments were carried out in a 0.15 M NaCl aqueous solution
at 298.1+1 K. [c] Values in parentheses are standard deviations in the last significant figure. [d] The
values are extracted from reference 26.

As an overview, TPA1PY displays three, TPA2PY four and TPA3PY nine
protonation steps. The values of the corresponding protonation constants may
be arranged in three groups, on account of the type of protonable amino
groups. The number of protonation constants included in each group
corresponds to the number of branches.
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Consequently, TPA1PY includes one, whereas TPA2PY shows two and TPA3PY
displays three protonation constants, in each of the three groups. The values
for TPA1PY are lower than those for TPA2PY and TPA3PY, which may be
explained in terms of statistical probability. In general, these log Ka values are
lower in comparison to the TPA-P ligands. This may be result of the larger
stabilisation provided by the propylene-based substituents at TPA-P
compounds, which may accommodate to a better extent the positive charges,
reducing the electrostatic repulsions.

The distribution diagrams of species for the TPA-PY compounds were
constructed from the values of the protonation constants. Furthermore, the
absorbance and emission spectra were recorded as pH function (Figures 5.15,
5.16 and 5.17). As the number of branches increases, the positive net charge of
the compound at physiological pH increases. Accordingly, the net positive
chargesare 2.1, 5.0 and 7.1 for TPA1PY, TPA2PY and TPA3PY, respectively.
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Figure 5.15. a) UV/Vis spectra of TPA1PY versus pH; b) normalized emission of TPA1PY versus pH
and c) molar fraction distribution diagram for protonated species of TPA1PY superposed to its
normalized emission at 375 nm (Aex = 314 nm) (®) and the absorbance at 300 nm (e).
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Figure 5.16. a) UV/Vis spectra of TPA2PY versus pH; b) normalized emission of TPA2PY versus pH
and c) molar fraction distribution diagram for protonated species of TPA2PY superposed to its
normalized emission at 375 nm (Aex = 314 nm) (®) and the absorbance at 300 nm (e).
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Figure 5.17. a) UV/Vis spectra of TPA3PY versus pH; b) normalized emission of TPA3PY versus pH
and c) molar fraction distribution diagram for protonated species of TPA3PY superposed to its
normalized emission at 375 nm (Aex = 314 nm) (e ) and the absorbance at 300 nm (e).
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Concerning the UV /Vis spectra of the TPA-PY derivatives, not only one, but two
absorption bands can be observed, alternatively to the TPA-PX and TPA-P
families. While the band at 285 - 330 nm is associated with the m-mt* transition
of the TPA core,[21.22] the band at 260 - 270 nm corresponds to the pyridine ring
of the pendant PY moiety. In addition to these bands, TPA3PY also displays a
longer wavelength band centred over 375 nm (Figures 5.15.a, 5.16.a, 5.17.a).

The modifications of the UV/Vis spectra upon deprotonation of TPA-PY
derivatives are almost unnoticeable, whereas the changes in the emission are
especially remarkable, even more prominent than the corresponding ones to
the TPA-PX and TPA-P systems (Figures 5.15.b, 5.16.b, 5.17.b). This fact may be
related to the molecular structure of the TPA-PY compounds, which may favour
the aggregation, resulting in a stronger AIE effect.

In order to further investigate the outstanding AIE effect showed by the TPA-
PY derivatives, the UV/Vis and the emission spectra of TPA3PY at increasing
concentrations were registered at pH 12 (Figure 5.18).
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Figure 5.18. a) UV/Vis spectra upon increasing TPA3PY concentration at pH 12 b) absorbance at
270,300 and 375 nm versus TPA3PY concentration at pH 12.

The absorbance increases as the TPA3PY concentration increases, achieving a
maximum for values around 100 pM. At this point the aggregate state is
supposed to be predominant. Furthermore, a band tail rising caused by Mie
dispersion confirms the aggregation (Figure 5.18).[23.24]

Intriguingly, the emission recorded upon increasing the TPA3PY concentration
using 314 nm as excitation wavelength shows an initial blue-shift increase,
followed by a red-shifted quenching. This trend is typically associated with an
especially strong AIE effect, provided by a large number of intermolecular
interactions in the aggregates.
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The spectra were also measured using 375 nm as excitation wavelength, which
is the optimal excitation wavelength for the aggregates emission (Figure 5.19).
In this case, the switch-on effect showed by TPA3PY aggregates is more intense
than the observed one for TPA3P (Figure 5.14).
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Figure 5.19. a) Emission spectra of increasing TPA3PY concentrations at pH 12 (Aex = 314 nm), b)
emission spectra of increasing TPA3PY concentrations at pH 12 (Aex = 375 nm).

With the aim to further explore the AIE effect of the TPA-PY system, the
emission profile of the compounds was registered in solvents of different
polarity (Figure 5.20).
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Figure 5.20. Normalised emission fluorescence (Aex = 314 nm) in different solvents of a) TPA1PY,
b) TPA2PY and c) TPA3PY.

Whereas the emission of the mono-branched TPA1PY displays no relevant
modifications, the spectrum of the bi-branched and especially the tri-branched
TPA3PY is red-shifted in non-polar solvents (THF), in comparison with polar
solvents (water, CH3CN). Indeed, in polar solvents the molecules are properly
solvated and thus well-dispersed. Alternatively, low-polarity solvents favour
supramolecular interactions between the molecules, resulting in the formation
of aggregates in which the intramolecular rotations are restricted (RIR). This
fact causes the AIE effect and, ultimately, the emission switch-on.
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The transition from the diluted to the aggregated state of TPA-PY compounds
was further studied by measuring the emission profile in different H.0/THF
mixtures, using 314 nm and 375 nm as excitation wavelengths (Figure 5.21).
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Figure 5.21. Emission of TPA1PY in different THF:H20 solution mixtures: a) Aex = 314 nm and b) Aex
=375 nm, emission of TPA2PY in different THF:H20 solution mixtures: c) Aex = 314 nm and d) Aex =
375 nm, emission of TPA3PY in different THF:H20 solution mixtures: €) Aex = 314 nm and f) Aex =
375 nm.

TPA1PY displays a blue-shift enhancement of the emission when excited at 314
nm. However, TPA2PY and particularly TPA3PY show a red-shifted
enhancement of the emission caused by their larger aggregative nature. This
trend is also reflected when exciting at 375 nm, the optimal wavelength for the
emission of the aggregates. The spectrum of the compound TPA1PY hardly
experienced any modification, while TPA2PY and specially TPA3PY do show a
remarkably enhancement of the emission, owing to the stronger interactions
within the aggregates.
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5.2.- TPB derivatives

Background

The TPB derivatives synthesised and studied throughout this thesis are
illustrated in Figure 5.22. Alternatively to the TPA derivatives, the central
moiety corresponds to an extended aromatic molecule: 1,3,5-triphenylbenzene
(TPB). This variation directly influences several chemical and photophysical
properties of the TPB derivatives and consequently, the intramolecular forces
associated with the aggregation processes. The propeller shape of the TPA unit
prevents the establishment of m-m interactions, whilst the n-m stacking of TPB
molecules is more favoured given its more extended aromatic surface.

Figure 5.22. Scheme of the TPB derivatives synthesised during this thesis: TPB3P and TPB3PY.

Photoinduced-electron transfer (PET)

Providing the aromatic nature of the TPB central core, the study of the acid-
base behaviour of the TPB derivatives requires considering not only potential
aggregation processes, but also the likely Photoinduced-Electron Transfer
(PET) caused by the secondary amino groups closest to the TPB unit.

Excitation by light absorption Photoinduced-electron transfer

- e

Fluorescence
Absorbance $ _
PET
$ e donor e donor

e acceptor e acceptor

Energy
Energy

Figure 5.23. Illustration of the Photoinduced-Electron Transfer in an acceptor-donor system.
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When a chromophore is excited, an electron is promoted from the HOMO to the
LUMO level, yielding a vacancy in the former level. If an electron donor group is
close to the chromophore, an electron from the donor may be transferred to
the vacancy. Consequently, the radiative de-excitation through fluorescence
emission of the acceptor is prohibited (Figure 5.23).127.28]

The TPB derivatives are susceptible to experience the PET effect at alkali pH,
since they include deprotonated amino groups close to the TPB core. In other
words, when protonated at acidic pH, the lone pair of the amino group is not
available for an electron transfer and therefore, the emission of the molecule is
maximum. However, as the pH increases, the deprotonation of the amine
enables the Photoinduced-Electron Transfer (PET), resulting in a fluorescence
quenching.

5.2.1.- TPB3P

The TPB3P derivative includes the TPB central core, as well as three P chains,
being analogous to TPA3P (Figure 5.1 and 5.22). This compound presents nine
protonation constants (Table 5.4), which is in correlation with the number of
both, secondary and tertiary amines. It is possible to distinguish three different
groups containing three similar values, according to the TPB3P molecular
structure. The value of the first protonation constant is higher in comparison to
TPA3P, which may be consequence of the inductive effect provided by the TPB
moiety. As expected from electrostatic repulsions, the protonation constants
are less favourable at every each protonation step.

Table 5.4. Logarithms of the stepwise protonation constants of the TPB3P ligand
determined by potentiometric titrations.la-!

Reaction TPB3P
H+L2HL 10.38(6)
H+ HL &2 Hz2L 9.55(9)

H + HzL 2 HsL 9.5(1)
H + HsL 2 H4L 8.98(9)
H + HsL 2 HsL 8.51(9)
H + HsL & HeL 8.13(8)
H + HeL 2 H7L 7.50(7)
H + H7L 2 HsL 7.24(5)
H + HsL 2 HoL 6.21(5)
log B 76.04(6)

[a] Charges omitted for clarity. [b] Experiments were carried out in a 0.15 M NaCl
aqueous solution at 298.1+1 K. [c] Values in parentheses are standard deviations in
the last significant figure.
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In Figure 5.24 are plotted the distribution diagram of species for TPB3P,
obtained from the values of the protonation constants, as well as the UV/Vis
and fluorescence spectra as a pH function.
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Figure 5.24. a) UV/Vis spectra of TPB3P versus pH; b) normalized emission of TPB3P versus pH
and c) molar fraction distribution diagram for protonated species of TPB3P superposed to its
normalized emission at 350 nm (Aex = 270 nm) (@) and the absorbance at 260 nm (o)

In this case, the overall net charge at physiological pH calculated from the
distribution diagram of species is 7.3, which is in correlation with the large
number of amino groups present at the tri-branched TPB3P.

Despite the almost unnoticeable changes in the absorption spectra, the
emission quenching at alkali pH is evident (Figure 5.24a and 5.24b). As
mentioned before, a PET is likely to occur when the amino groups close to the
TPB moiety are deprotonated, causing the fluorescence quenching. However,
when the amino groups are protonated, the electron pair of the nitrogen atoms
are shared with the protons, hampering the PET and restoring the emission.
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The fluorescence quenching process coincides with the seventh, the eighth and
the ninth protonation steps (Figure 5.24c). Therefore, it can be suggested that
these may correspond with the secondary amines closest to the TPB moiety.

5.2.2. - TPB3PY

The molecular structure of TPB3PY comprises the TPB central core and three
PY macrocycles (Figure 5.22). In Table 5.5 are listed the logarithms of the
stepwise protonation constants. As it can be observed, TPB3PY presents nine
protonation steps, which are associated with the secondary amines of the
ligand. In general, these values are less favourable than those corresponding to
TPB3P, which may be consequence of the larger stabilisation provided by the
propylene-based substituents in TPB3P.

Table 5.5. Logarithms of the stepwise protonation constants of the TPB3PY ligand
determined by potentiometric titrations. [

Reaction TPB3PY
H+L2HL 9.79(2)
H + HL 2 HzL 9.65(2)
H + HzL 2 HsL 8.93(2)
H + HsL 2 H4L 8.76(2)
H + HsL 2 HsL 7.82(3)
H + HsL 2 HeL 7.57(2)
H + HeL 2 H7L 6.71(3)
H + H7L 2 HsL 6.45(2)
H + HsL 2 HoL 3.06(4)
log 8 68.77(4)

[a] Charges omitted for clarity. [b] Experiments were carried out in a 0.15 M NaCl
aqueous solution at 298.1+1 K. [c] Values in parentheses are standard deviations in
the last significant figure.

The distribution diagram of species for TPB3PY is plotted in Figure 5.25, along
with the absorbance and emission spectra as pH function. Regarding the
positive charge at physiological pH (5.6), it is lower in comparison to TPB3P,
which is in correlation to the more reduced tendency to protonation of
TPB3PY.
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Figure 5.24. a) UV/Vis spectra of TPB3PY versus pH; b) normalized emission of TPB3PY versus pH
and c) molar fraction distribution diagram for protonated species of TPB3PY superposed to its
normalized emission at 350 nm (Aex = 270 nm) (@) and the absorbance at 260 nm (e)

The absorption spectra (Figure 5.25a) show a band centred around 260 nm,
which may be the absorbance overlapping of the pyridine rings and the TPB
core. As the pH increases, a slight decrease in the absorbance is observed. From
pH = 9, the precipitation of the ligand caused the band tail rising. Concerning
the fluorescence spectra (Figure 5.25b), the observed behaviour is similar to
the one associated to TPB3P. After the first three protonation steps, a
remarkable fluorescence quenching is observed, due to the above described
PET effect. Therefore, the fourth, fifth and sixth protonation steps may
correspond to the amine groups closer to the TPB moiety.
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DNA interaction

One of the central pillars of this thesis deals with the interaction between
the synthesised compounds and different DNA topologies. Several
spectroscopic methods have been used in order to address this specific aim,
such as FRET-Melting assays, as well as fluorimetric and circular dichroism
titrations. The obtained data have provided insight into the relevance of the
molecular design on the G4 selectivity.

6.1. - DNA sequences investigated

The binding properties of the synthesised compounds have been studied using
a wide variety of DNA topologies, including both double-stranded DNA
(dsDNA) and G4 DNA. The assessment of the former is crucial, since duplex
DNA prevails among all the genomic material and therefore, it is an inherent
competitor for G4-binders at physiological media.

The Table 6.1 shows the DNA sequences used and their corresponding
conformation. This selection covers dsDNA and three different G4 structures:
parallel, antiparallel and hybrid (Figure 6.1). The study of these DNA topologies
is important to assess the compounds selectivity. The experimental protocol to
set-up all the studies is described in Chapter 3.

Parallel G4 Antiparallel G4 Hybrid G4

Figure 6.1. Depiction of the different G4 topologies studied.
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Table 6.1. DNA sequences tested in this thesis.

Name Sequence Topology
HTelo22/21-K (A)GG-GTT-AGG-GTT-AGG-GTT-AGG-G Hybrid(12]
HTelo22/21-Na (A)GG-GTT-AGG-GTT-AGG-GTT-AGG-G Antiparallel34]
22CTA AGG-GCT-AGG-GCT-AGG-GCT-AGG-G Antiparallells]
Bcl-2 GGG-CGC-GGG-AGG-AGG-GGG-GCG-GG Hybrid(67]
c-Myc TGA-GGG-TGG-GTA-GGG-TGG-GTA-A Parallel(8]
CEB25 AAG-GGT-GGG-TGT-AAG-TGT-GGG-TGG-GT Parallell9]
c-kit1 AGG-GAG-GGC-GCT-GGG-AGG-AGG-G Parallel(10]
c-kit2 GGG-CGG-GCG-CGA-GGG-AGG-GG Parallel(11]
ds26 CAA-TCG-GAT-CGA-ATT-CGA-TCC-GAT-TG | Double-stranded

6.2. - Molecular design of the studied compounds

The studied ligands are those introduced in previous chapters. The design of
their molecular structure aims to gain understating about the role of both, the
central moiety and its substituents in the DNA interaction. Regarding the
central core, two different scaffolds have been used, TPA and TPB. As described
in Chapter 5, the TPA moiety displays a propeller shape, leading to interesting
aggregation properties such as AIE, while TPB presents a more rigid and
extended aromatic nature. The branches used as substituents are linear and
macrocyclic polyamine-based moieties. In this chapter, the results will be
discussed focusing on the analysis of the molecular structure.

6.3. - FRET-Melting assays

Background

Firstly, the affinity towards DNA has been evaluated throughout a FRET-
Melting study. This technique enables the study of a large number of samples in
a short period of time and moreover, provides valuable information about the
stabilisation of different DNA topologies. Therefore, prior to performing other
experiments, all the synthesised compounds were studied by FRET-Melting, in
order to select those which display a remarkable G4 stabilisation.

The basic principle of this method is described in Chapter 3. Briefly, the DNA
sequences tested are labelled at the 5’ end with FAM and at the 3’ end with
TAMRA. The former dye acts as the donor and the latter one as the acceptor.
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When the DNA is folded, the donor transfers its excitation energy to the
acceptor, thereby quenching its fluorescence. Upon increasing the temperature,
the DNA unfolds and the distance between the donor and the acceptor becomes
larger, hampering the energy transfer and restoring the fluorescence of the
donor.

In a typical FRET-Melting assay, the fluorescence of the donor is recorded upon
increasing the temperature. The melting temperature (Tw) corresponds to the
temperature at which the 50% of the DNA is unfolded. If the studied ligand
stabilises the DNA structure, the melting temperature increases (ATm).
Typically, a strong G4 binder gives an increase of around 10 - 20°C in the
melting temperature of the DNA (Figure 6.2).[12.13]

Folded DNA Unfolded DNA

5
@ ~—x—

1.0

Normalised Emission
(=}
J1

— G4

0.0 === G4 + G4 binder

T
20 30 40 50 60 70 80 90 100

Temperature [°C]

Figure 6.2. Illustration of the FRET-Melting principle. The G4 DNA is unfolded by thermal
activation (dark blue), which can be changed through the addition of a G4-binder (light blue). The
extent of the stabilisation is estimated by the change in the melting temperature (ATwn) at the mid-
point.
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All the assays were performed at least in triplicate. The AT is expressed as the
average of the repeats. The DNA concentration tested was 0.2 uM and the
compounds were added at increasing concentrations, with ligand-to-DNA
ratios of 0, 2, 5 and 10 (Chapter 3). In the following sections, the FRET-Melting
studies are classified attending to the series of derivatives.

6.3.1. - TPA-PX derivatives

The compounds corresponding to the TPA-PX family can be structurally
described as a TPA central core functionalised with one, two or three PX
substituents (TPA1PX, TPA2PX and TPA3PX, respectively).

The ATy values for the TPA-PX derivatives are plotted in Figure 6.3 and listed in
Appendix 2. As the number of branches increases, the increment in the melting
temperature is higher, indicating a stronger stabilisation. This observation may
be linked to the number of positively charged amino groups at the substituents,
which may strengthen the electrostatic interactions with the negatively
charged phosphate groups in the loops and grooves of the G4 DNA.

Unfortunalety, none of the compounds shows a noticeable G4 stabilisation
(ATw< 6°C), while the ATy, for the double-stranded DNA was negligible for the
three studied ratios for all the compounds (ATw ~ 0°C).

45 |®mHTelo21-K mHTelo21-Na = 22CTA = Bcl-2 ® c-Myc ® CEB25 M c-kitl B c-kit2 ®ds26

35 +

- T

1:2 ‘ 1:5 ‘1:10 1:2 ‘ 1:5 ‘1:10 1:2 ‘ 1:5 ‘1:10

TPA1PX TPA2PX TPA3PX
Figure 6.3. Plot of ATw [°C] for the interaction of TPA-PX ligands with various DNA sequences.
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6.3.2. - TPA-P derivatives

The TPA-P series comprises three ligands which involve a central TPA unit and
one, two or three P chains (TPA1P, TPA2P and TPA3P, respectively). These
compounds present a higher positive charge at physiological pH than the TPA-
PX ligands (Chapter 5). Therefore, the electrostatic interactions with the
negatively charged G4 DNA are supposed to be larger, which may result in a
higher G4 stabilisation.

The ATy, values for the TPA-P compounds are compiled in Figure 6.4 and in
Appendix 2. These ligands show a larger G4 stabilisation than the TPA-PX
family. For instance, TPA3P displays a stabilisation of 23.6°C for the G4
HTelo21-Na, while TPA3PX only shows a stabilisation of 5.1°C (ligand-to-G4
ratio of 5 for both cases). Within the TPA-P compounds, TPA3P presents the
most remarkable increment of the melting temperature, which is in correlation
with the larger number of protonable groups at the substituents. Indeed, the
stabilisation of HTelo21-Na provided by TPA1P is 8.1°C, whereas TPA3P
presents ATy, values ranging from 15°C to 25°C for the G4 sequences HTelo21-
K, HTelo21-Na, c-Myc and ckit-2 (ligand-to-DNA ratio of 5). These results point
out the essential role that the molecular design of the branches and the positive
charge play in the supramolecular interactions established between the
compounds and the G4 DNA.

45 |mHTelo21-K mHTelo21-Na = 22CTA ®uBcl-2 Hc-Myc = CEB25 Hc-kitl B c-kit2 mds26

35 +
o 25 +
= |
g
=
< 15 1
I I
5 1 1 :
L] ' ] L
5 &
1:2 ‘ 1:5 ‘1:10 1:2 ‘ 1:5 ‘1:10 1:2 ‘ 1:5 ‘1:10
TPA1P TPA2P TPA3P

Figure 6.4. Plot of ATn [°C] for the interaction of TPA-P ligands with various DNA sequences.
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However, the most striking feature is the little-to-no stabilisation of the dsDNA
(ds26) provided by the TPA-P derivatives, even for the highest ligand-to-DNA
ratio used (r = 10). In the light of these results, the observed G4 selectivity over
dsDNA is promising and moreover, the G4 stabilisation displayed for TPA3P is
comparable with the classical G4-binders.[12]

In order to further analysing the G4 selectivity, TPA3P was studied by means of
FRET-Melting competition assays. The experimental procedure is similar to the
one above described, but this sort of assay is conducted by adding increasing
concentrations of unlabelled dsDNA (Chapter 3). Poor selective G4-binders
tend to interact with the double-stranded competitor rather than with the G4
DNA, yielding a decrease of the G4 ATn. Alternatively, a selective G4-binder
would show no modification of the AT, upon addition of the duplex competitor
(Figure 6.5).
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Figure 6.5. FRET-Melting competition curves illustrating the modification of the ATm upon the
addition of a double-stranded competitor for a non-selective G4-binder.

The TPA3P AT values for four different G4 sequences in presence of increasing
concentrations of ds26 are plotted in Figure 6.6. The addition of duplex DNA
does not modify the AT, values of HTelo21-Na and Bcl-2, even at the highest
duplex-to-G4 ratio of 100. Nevertheless, a slight decrease is observed for
HTelo21-K and 22CTA at high ratios. These results highlight the TPA3P
selectivity for G4 DNA over duplex DNA.
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Figure 6.6. Plot of ATw [°C] for FRET competition assays of TPA3P.

6.3.3. - TPA-PY derivatives

The TPA-PY family includes the macrocycle PY as substituent. The positive net
charge at physiological pH of the TPA-PY compounds is similar to those of the
TPA-P ligands (Chapter 5). However, the molecular structure of the derivatives
is different, which may influence their interaction with DNA.

The FRET-Melting data for the TPA-PY derivatives are compiled in Figure 6.7
and in Appendix 2. As expected, the more branches the ligand has, the larger
ATr, is obtained, as consequence of the higher positive charge at the molecules.
For instance, TPA3PY displays an ATy, of 26.6°C for HTelo21-Na, while TPA1PY
only shows an increase of 0.9°C (ligand-to-G4 of 5 ratio).

In comparison to the other TPA derivatives, the TPA-PY family provides a
similar G4 stabilisation to the TPA-P compounds and in turn higher than the
TPA-PX derivatives. Consequently, apart from the TPA key role in the G4
interaction, the positively charged substituents also contribute to the G4
stabilisation, through electrostatic interactions with the DNA phosphate
backbone. The relation between the positive charge of the compounds and the
AT, is further analysed in Section 6.3.5.
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Figure 6.7. Plot of ATw [°C] for the interaction of TPA-P ligands with various DNA sequences.

Regarding the AT, values for dsDNA, TPA3PY shows a slight stabilisation effect
(3.8°C and 14.0°C for ligand-to-DNA ratios of 5 and 10, respectively). These
results denote that TPA3PY displays less selectivity than TPA3P, which
stabilisation of dsDNA is almost negligible (0.1°C and 0.5°C for ligand-to-DNA
ratios of 5 and 10, respectively).

With the aim to get more insight into the TPA3PY preference for G4 topologies,
FRET-Melting competition assays were carried out using labelled G4 DNA and
unlabelled dsDNA as competitor (Figure 6.8). While the addition of the double-
stranded competitor yields a slight AT decrease for HTelo21-K at very high
ratios, the ATy, for HTelo21-Na, 22CTA, Bcl-2 and c-Myc remains almost
constant. Hence, TPA3PY still may be considered as a G4 selective binder,
despite being less selective than TPA3P.

182



DNA interaction

25 4
B —
20 [ [ [

0 eq ds26
= 15 | _— 1eqds26
.°L_J. —>  [3eqds26

g —_— 5eqds26
: 10 21 10 eq ds26
[H [II 1 30 eq ds26
50 eq ds26
5 100 eq ds26
.I ﬂ
0 - T T T T
HTelo21-K HTelo21-Na  22CTA Bcl-2 c-Myc

Figure 6.8. Plot of ATn [°C] for FRET competition assays of TPA3PY.

6.3.4. - TPB derivatives

Alternatively to the TPA derivatives, the following family presents the TPB
scaffold as a central core. This molecular modification may favour the
interaction with G4 topologies by enhancing the m-m stacking with the guanine
tetrads in the G4 structure. Within this series, TPB3P includes the linear P
substituent, while TPB3PY presents the macrocycle PY. Taking the previous
discussed results into account, the electrostatic interactions of these TPB
derivatives with DNA may be reinforced by the high positively charged
substituents.

For the TPB family study, only the sequences HTelo21-K, c-kitl and ds26 were
tested, as representatives of both telomeric and oncogenic G4 DNA, as well as
dsDNA. The FRET-Melting data are summarised in Figure 6.9 and listed in
Appendix 2.

In general, the ATy, values are slightly higher than the corresponding ones for
the TPA analogues TPA3P and TPA3PY. Particularly, TPB3P shows larger
stabilisation than TPB3PY, reaching striking values around 30°C for a ligand-to-
G4 ratio of 5. There is not a clear preference between the two studied G4,
obtaining similar values for each one. Interestingly, the ds26 stabilisation given
by both compounds is almost negligible (3.9°C and 1.4°C for TPB3P and
TPB3PY, for ligand-to-DNA ratios of 5). These results highlight the remarkable
selectivity of the compounds towards G4 structures over double-stranded DNA.
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Figure 6.9. Plot of ATw [°C] for the interaction of TPB derivatives with various DNA sequences.

The results corresponding to the FRET-Melting competition assays are plotted
in Figure 6.10. The decrease of the ATy in the presence of double stranded
competitor is more pronounced than those experienced by the analogous TPA
compounds. Despite this fact, the ATy, value is still high (~10°C), even at the
presence of 100 equivalents of duplex. This fact may be related with the
aggregation processes that only the TPA compounds experienced when
interact with G4 DNA. Therefore, aggregates may hamper the displacement
caused by the competitor. Consequently, non-aggregated TPB derivatives are
more likely to release the G4 DNA in the presence of ds26. Nevertheless, the
compound TPB3PY displays remarkable selectivity towards c-kitl, since the
ATmvalues are mostly maintained even at high competitor concentrations.
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Figure 6.10. Plot of AT [°C] for FRET competition assays of TPB derivatives.
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6.3.5. - Relation between AT, and the charge at pH = 7.4

As discussed in the previous sections, the positive net charge of the compounds
is supposed to modulate the AT, values, owing to the importance of
electrostatic interactions in the stabilisation of G4 structures. The plot in Figure
6.11 shows the correlation between the AT, values and the positive net charge
of both, TPA derivatives and TPB derivatives.
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Figure 6.11. Plot of the AT [°C] values for HTelo21-Na and the studied compounds (ligand-to-G4
ratio of 5) versus the positive net charge at pH = 7.4, calculated from the distribution diagrams of
species.

Regardless the polyamine-based substituent, the higher ATm corresponds to
tri-branched compounds for each family, which are more positively charged at
physiological pH than those bi-branched or mono-branched compounds. These
results highlight the relevance of electrostatic interactions in the G4 DNA
stabilisation. This insight would help to the design of novel G4 binders with
improved binding properties.

6.4. - Fluorescence spectroscopy studies

Background

One of the approaches in the design of G4 fluorescent probes relies on the
aggregation processes taking place upon G4 interaction.[!4l Moreover, the data
obtained by fluorimetric titrations give insight into the strength of that
interaction. Indeed, the change of the emission profile may allow to calculate an
affinity constant (K.), which in turn may provide further insight into the
selectivity of the compound.[*5]
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Following from the results obtained by FRET-Melting, several fluorimetric
titrations of the synthesised compounds with different DNA topologies were
carried out, aiming to assess their potential Aggregation-Induced Emission
(AIE) properties and their affinity towards G4 DNA. All the experimental details
are described in Chapter 3. Briefly, the fluorescence emission spectrum of the
ligand is monitored upon addition of small aliquots of DNA, until reaching a
saturation point.

TPA derivatives show a remarkable AIE effect depending on the number of
amino groups in their molecular structure. Those TPA compounds including a
low number of amine groups, such as TPA-PX ligands, probed to display a slight
AIE effect. Therefore, only TPA-P and TPA-PY families were further studied by
fluorimetric titrations. Regarding TPB derivatives, their excitation wavelength
coincides with the maximum absorption of DNA (Aex = 270 nm). Consequently,
the interaction between the TPB compounds and DNA was not amenable to
analysis by means of fluorescence spectroscopy.

6.4.1. - TPA-P derivatives

The emission spectra of the TPA-P compounds were registered upon addition
of several DNA structures. The study of TPA3P covers eight different G4
topologies and one double-stranded sequence, while, only the G4 HTelo22-K
and the double-stranded ds26 were investigated for TPA1P and TPA2P. A
selection of the fluorimetric data are shown in Figure 6.12. The measurements
were conducted using two excitation wavelengths (314 nm and 375 nm). All
the titration data are compiled in Appendix 3. The emission change of the
ligand upon addition of 2 equivalents of DNA is plotted in Figure 12e.

TPA3P displays an emission band at 390 nm upon excitation at 314 nm, while
no fluorescence is observed when exciting at 375 nm. As mentioned in Chapter
5, the former excitation wavelength corresponds to the diluted state, whereas
the latter is associated to the aggregated state. The addition of G4 DNA yields a
blue-shifted quenching of this emission band (Aex = 314 nm) and interestingly, a
new emission band emerges around 480 nm (Aex = 375 nm). Considering the
AIE properties of TPA3P, the apparition of this new band may be associated
with the formation of TPA3P-G4 aggregates. These aggregates may hamper the
TPA3P intramolecular rotations in solution, with the concomitant AIE effect.
Not surprisingly, the titration with double-stranded DNA does not lead to any
significant emission enhancement, most likely due to the little formation of
aggregates.
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Consequently, TPA3P may be considered as a fluorescent probe able to
selectively recognise G4 DNA. Alternatively, the emission changes experienced
by the bi-branched TPA2P and the mono-branched TPA1P are less intense than
those observed for the tri-branched TPA3P (Figures 6.13 and 6.14), which
points out their low-to-moderate affinity towards the studied DNA topologies.
This fact may be rationalised in terms of the number of electrostatic
interactions established with the negatively charged backbone of DNA, which is
higher for the TPA3P given its larger positive charge at physiological pH
(Chapter 5).
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Figure 6.12. Fluorimetric titration of TPA3P with HTelo22-Na: a) Aex = 314 nm and b) Aex = 375 nm.
Fluorimetric titration of TPA3P with ds26: c) Aex = 314 nm and d) Aex = 375 nm. e) Emission change
experienced upon the addition of 2 equivalents of different DNA sequences to a solution of TPA3P
(Aex =375 nm).
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Figure 6.13. Fluorimetric titration of TPA2P with HTelo22-K: a) Aex = 314 nm and b) Aex = 375 nm.
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Figure 6.14. Fluorimetric titration of TPA1P with HTelo22-K: a) Aex = 314 nm and b) Aex = 375 nm.
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The titration data enable the determination of an affinity constant (K,) for each
DNA topology. The emission was fitted to a 1:1 binding model according to the
Aldrich-Wright method described in Chapter 3.15]1 Then, the plot of the
emission change (F-Fo/Fo) against DNA concentration was fitted according to
Equation 6.1, using a Levenberg-Marquadt iteration algorithm. The affinity
constant was calculated from the parameters A and B following the Equation
6.2.

y=3R [x +B+A-)/&G+B+AZ— 4Bx] (Equation 6.1)

B

K. =
4 ALl

(Equation 6.2)

The logarithmic values of the affinity constants (log K.) for the TPA-P
compounds are listed in Table 6.2. The fitting curves for each compound are
shown in Appendix 3.

Table 6.2. Logarithms of the affinity constants (log Ka) calculated from the
fluorimetric titrations of the systems TPA-P - DNA.

DNA Sequence log Ka [a]
HTelo22-K 6.0(1)
HTelo22-Na 5.5(5)
22CTA 6.1(1)
& Bcl-2 7.2(3)
E CEB25 5.8(5)
= c-Myc 5.31(2)
c-kitl 6.5(2)
c-kit2 7.0(4)
ds26 2.3(4)
HTelo22-K 3.4(2)
TPAZP ds26 3.5(1)
HTelo22-K 1.6(3)
TPA1P ds26 1.3(4)

2INumbers in parentheses are standard deviations in the last significant figure.

For all the G4 structures, the obtained log K, values for TPA3P are considerably
high, indicating a large affinity. However, the values corresponding to TPA2P
and TPA1P are remarkably lower, denoting a weaker interaction. Indeed,
neither of the fitting curves of TPA2P nor those for TPA1P reach a plateau even
at high DNA to ligand ratios (r = 5). These results are in agreement with those
previously described in the FRET-Melting section, demonstrating the key role
of the TPA substitution with protonable polyamine-based groups for the design
of potential G4-binders.
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The highest values of the calculated affinities for TPA3P correspond to the
sequences Bcl-2, c-kit2, c-kitl and HTelo22-K. Not surprisingly, the value
obtained for dsDNA (ds26) is very low and indeed, the fitting curve does not
reach a plateau highlighting the non-specific nature of the interaction.
Consequently, it can be concluded that TPA3P may act as a selective probe
which strongly binds to G4 DNA.

6.4.2. - TPA-PY derivatives

Owing to the similarities between the TPA-PY and TPA-P families, the affinity
and selectivity of the TPA-PY compounds were analogously assessed by
fluorescence spectroscopy. A selection of the fluorimetric data are shown in
Figure 6.15, while all the results are compiled in Appendix 3. The enhancement
of the ligand emission upon addition of 2 equivalents of DNA is plotted in
Figure 6.15e.

As expected, tri-branched TPA3PY provides the most appealing results among
the TPA-PY derivatives. The fluorescence titrations of G4 DNA show a slight
increase in the TPA3PY emission when exciting at 314 nm. More intriguingly,
an emission band appears over 480 nm, which is associated with the
aggregated state (Figure 6.15a). Moreover, using the optimal excitation
wavelength for the aggregates (375 nm), this new band emerges upon the
addition of G4 DNA, owing to the aggregates formation (Figure 6.15b).
Regarding the titration corresponding to dsDNA, any relevant increase in the
fluorescence is observed, demonstrating the high G4 selectivity of TPA3PY and
its potential application as G4 fluorescent sensor.

Comparing these observations with those discussed above, TPA3PY offers a
2-106-fold emission increase, whereas TPA3P only shows an 8-105-fold
increase in its emission upon binding the G4 HTelo22-Na. These results suggest
that the aggregation tendency of TPA3PY is larger, which leads to a stronger
AIE effect when interacting with G4 DNA.
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Figure 6.15. Fluorimetric titration of TPA3PY with HTelo22-Na: a) Aex = 314 nm and b) Aex = 375
nm. Fluorimetric titration of TPA3PY with ds26: c) Aex = 314 nm and d) Aex = 375 nm. e) Emission
change experienced upon the addition of 2 equivalents of different DNA sequences to a solution of
TPA3PY (Aex = 375 nm).

Although the photophysical behaviour displayed by TPA2PY and TPA1PY is
similar to TPA3PY, the observed changes of the spectra by addition of G4 DNA
are less pronounced, which is in correlation with their low-to-moderate AIE
effect and lower positive net charge at physiological pH (Figures 6.16 and
6.17).

191



Chapter 6

a)

5000000 -

1

= 4000000 -

3000000

2000000 -

Emission [a.u

1000000 4

=5 uM TPA2PY + 0 eq HTelo22-K
=5 uM TPA2PY + 2 eq HTelo22-K

350

)
5000000

1

= 4000000

3000000 -

2000000

Emission [a.u

1000000

400

450 500 550 600

Wavelength [nm]
=5 uM TPA2PY + 0 eq ds26

—— 5 uM TPA2PY + 2 eq ds26

T
350

Figure 6.16. Fluorimetric titration of TPA2PY with HTelo22-K: a) Aex = 314 nm and b) Aex = 375 nm.

4

T T T T d
00 450 500 550 600

Wavelength [nm]

Emission [a.u.]

Emission [a.u.]

b)
4000000 - =5 uM TPA2PY + 0 eq HTelo22-Na
=== 5 uM TPA2PY + 2 eq HTelo22-Na
30000001
2000000
1000000
0-= - - . ,
400 450 500 550 600
Wavelength [nm]
d)
4000000 —— 5 uM TPAZPY + 0 eq ds26
=5 uM TPA2PY + 2 eq ds26
30000001
2000000
1000000
0-= - - , ,
400 450 500 550 600

Wavelength [nm]

Fluorimetric titration of TPA2PY with ds26: ) Aex = 314 nm and d) Aex = 375 nm.

a)

6000000 -
5000000
4000000 4
3000000

2000000

Emission [a.u.]

1000000

[

=~ 5 uM TPA1PY + 0 eq HTelo22-Na
—— 5 uM TPA1PY + 2 eq HTelo22-Na

T
350

)
6000000 4
5000000 4
40000001
3000000

2000000

Emission [a.u.]

1000000 4

T
400

T T T d
450 500 550 600

Wavelength [nm]

—— 5 uM TPA1PY + 0 eq ds26
—— 5 uM TPA1PY + 2 eq ds26

T
350

Figure 6.17. Fluorimetric titration of TPA1PY with HTelo22-K: a) Aex = 314 nm and b) Aex = 375 nm.

T
400

T T T d
450 500 550 600

Wavelength [nm]

Emission [a.u.]

Emission [a.u.]

b)
40000004 —— 5 uM TPA2PY + 0 eq HTelo22-Na
~—— 5 uM TPAZPY + 2 eq HTelo22-Na
3000000
2000000 -
1000000
0= ; T T —
400 450 500 550 600
Wavelength [nm]
d)
4000000+ =5 uM TPA1PY + 0 eq ds26
~——5 uM TPA1PY + 2 eq ds26
3000000 -
2000000 -
1000000
0= ; T 7 T
400 450 500 550 600

Wavelength [nm]

Fluorimetric titration of TPA1PY with ds26: c) Aex = 314 nm and d) Aex = 375 nm.

192



DNA interaction

All the emission data were fitted according to the Aldrich-Wright model
mentioned before. The corresponding fitting curves are shown in Appendix 3
and the affinity constants (log K,) are listed in Table 6.3.

Table 6.3. Logarithms of the affinity constants (log Ka) calculated from the
fluorimetric titrations of the systems TPA-PY - DNA.

DNA Sequence log Ka [a]
HTelo22-K 6.7(4)
HTelo22-Na 6.6(6)
22CTA 6.5(2)
. Bcl-2 7.2(1)
pE CEB25 7.4(3)
& c-Myc 6.3(4)
c-kit1 7.0(2)
c-kit2 8.0(6)
ds26 6.2(3)
HTelo22-K 3.6(6)
TPAZPY ds26 2.7(1)
HTelo22-K 1.4(2)
TPA1PY ds26 1.1(1)

2INumbers in parentheses are standard deviations in the last significant figure.

The log K, values for TPA3PY are three orders of magnitude higher than those
for TPA2PY, whereas TPA1PY displays the lower affinity values. Therefore,
TPA3PY displays the highest affinity towards G4 DNA. These results are
analogous to those obtained for the TPA-P family, which highlights the
relevance of the electrostatic interactions and the TPA substitution for an
effective ligand-DNA interaction.

Regarding the selectivity, the log K. for dsDNA is higher for TPA3PY than the
one for TPA3P, which denotes the larger selectivity towards G4 DNA of TPA3P.
This fact may be explained in terms of charge density distribution in the TPA
substituents. While TPA3P presents propylene-based branches, TPA3PY has
macrocycle arms which may interact with both strands of the duplex structure
at a time, resulting in a stronger interaction with this DNA topology.
Nevertheless, the value of log K. for dsDNA is estimative, due to the almost
linear trend of the fitting curve (Appendix 3). Analogously, TPA2PY and
TPA1PY fitting curves also show this linear trend for all the studied DNA
topologies (Appendix 3).
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6.5. - Circular dichroism studies

Background

The interaction between small molecules and G4 DNA may yield
conformational changes in the oligonucleotide structure, which may be
detected by circular dichroism (CD) titrations. These variations may be caused
by the disruption, reinforcement or modification of the G4 structure.
Furthermore, induced circular dichroism (ICD) bands may emerge during the
titration, confirming the relevance of the ligand interaction (Chapter 3).

Therefore, those families showing a remarkable G4 affinity (TPA-P and TPA-
PY) have been further studied by means of CD titrations. Three different G4
structures have been analysed: c-Myc (parallel), HTelo22-K (hybrid) and
22CTA (antiparallel). Each G4 conformation has associated a specific CD
spectrum. The c-Myc sequence corresponds to a parallel conformation, which
CD spectrum shows two bands, one positive at around 265 nm and one
negative at over 240 nm. Alternatively, the G4 22CTA displays an antiparallel
topology presenting a CD spectrum with a positive band at 295 nm and a
negative band at 240 nm. Finally, the HTelo22-K includes both, parallel and
antiparallel arrangements, therefore its typical CD spectrum shows a negative
band at 240 nm and a positive band at 290 nm, as well as a shoulder at around
270 nm.

The experimental protocol used for the CD titrations is described in Chapter 3.
Briefly, 5 uM DNA solutions were titrated with aliquots from a 0.5 mM ligand
stock solution (pH 7.4), until reaching a ligand-to-G4 ratio of 5.

6.5.1. - TPA-P derivatives

The CD spectra corresponding to the c-Myc titrations with the TPA-P
compounds are plotted in Figure 6.19. Upon addition of the TPA derivatives, a
decrease in the c-Myc CD bands is observed. Furthermore, the more branches
the ligand has, the more remarkable the decrease is, demonstrating the
importance of the TPA substitution in the G4-binder interaction.

However, since the overall shape of the spectrum is retained, the interaction
between the ligands and the G4 does not cause a disruption of the c-Myc
structure. However, the decrease of the bands may suggest the change of the G-
tetrads disposition by the ligand interaction.
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Figure 6.19. CD Titrations of c-Myc with a) TPA1P, b) TPA2P and c) TPA3P.

The 22CTA titrations with TPA1P, TPA2P and TPA3P are shown in Figure 6.20.
In correlation with the above described results, the CD spectra changes are
more prominent as the number of the TPA substituents increases. Particularly,
upon the addition of the ligand, the positive band centred at 295 nm decreases,
while an ICD band emerges at around 342 nm. This latter band may be result of
the chirality conferred to the TPA derivatives when interacting with 22CTA, by
either binding to the grooves or stacking on top of the G-tetrads.

195



Chapter 6

a) b)
—— 5uM 22CTA + 0 eq TPA2P

20~ —— 5 uM 22CTA + 0 eq TPA1P 20+
—— 5 uM 22CTA + 5 eq TPA1P —— 5 M 22CTA + 5 eq TPAZP
—_ —_ 10+
3 g
2 E o
a a
=] (=]
104
-20 T T T -20
250 300 350 250 300 350

Wavelength [nm] Wavelength [nm]

)

20— =5 uM 22CTA + 0 eq TPA3P

=5 mM 22CTA + 5 eq TPA3P

CD [mdeg]

-20

Wavelength [nm]
Figure 6.20. CD Titrations of 22CTA with a) TPA1P, b) TPA2P and c) TPA3P.

Finally, the CD spectra of HTelo22-K titrations are compiled in Figure 6.21. A
similar effect to 22CTA titrations is observed. The addition of TPA-P ligands
result in a decrease of the positive band at 295 nm and the appearance of an
ICD band at over 330 nm, maintaining the spectrum shape.

All these results point out not only that TPA-P ligands strongly interact with G4
DNA, but also that the G4 conformation is not disrupted upon the binding.
Furthermore, the role of the TPA substitution in the establishment of
supramolecular interactions with G4 DNA is also highlighted.
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Figure 6.21. CD Titrations of HTelo22-K with a) TPA1P, b) TPA2P and c) TPA3P.

6.5.2. - TPA-PY derivatives

The CD titrations corresponding to the TPA-PY ligands are conjointly shown in
Appendix 3. The variations of the G4 CD spectra upon the addition of TPA-PY
ligands are analogous to the previously described for the TPA-P compounds. All
the G4 sequences experience a decrease in their CD bands and moreover an ICD
band appears at around 340 nm for HTelo22-K and 22CTA. These changes are
more remarkable as the number of PY substituents increases. In comparison to
the other TPA derivatives, the observed changes during the CD titrations are
more significant for TPA-PY derivatives than those displayed by TPA-P
compounds, denoting a stronger interaction with G4 DNA (Figure 6.22). This
fact may be explained in terms of the TPA substituents molecular design. The
higher density charge at the PY macrocycle may favour the interaction with the
G4 DNA, while the P propylene-based arms of the TPA-P compounds may
provide a slightly lower stabilisation.
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Figure 6.22. Plot of the intensity change of the c-Myc CD band at 265 nm [mdeg] upon adding 5
equivalents of the TPA-P and TPA-PY compounds versus their positive net charge at pH = 7.4,
calculated from the distribution diagrams of species.

6.6. - Computational studies

Aiming to get further insight into the G4 selectivity and the binding mode of
TPA3P and TPA3PY compounds, Alvar Martinez-Camarena kindly conducted
computational studies using G4 and double-stranded DNA models. The details
regarding the set-up of these studies are explained in Chapter 3. The cartoon
representation of the studied DNA is showed in Figure 6.23. The structure of
the G4 DNA corresponds to the typical hybrid conformation of the HTelo22-K
sequence, while the analysed dsDNA presents the most common topology of
duplex DNA, the B form.

a)

S b)

Figure 6.23. DNA structures used in the computational studies: a) the dsDNA was constructed
using the NAB molecular manipulation language (AMBER16)!8] and b) the G4 was taken from
Protein Data Bank (PDB: 2JSM). The potassium ions were lately included.
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The representative minimal energy conformers for the interaction between G4
DNA and the TPA derivatives are illustrated in Figures 6.24 and 6.25. The
binding mode of both compounds is through the upper G-tetrad. The
interaction is supported by means of different supramolecular interactions. Salt
bridges are formed between the protonated amino groups of the polyamine
substituents and the phosphate backbones of the G4 grooves (average distance
of do.*un = 1.97 A for TPA3P-G4 and do-.*un = 1.96 A for TPA3PY-G4).
Moreover, the TPA central moiety establishes m-m interactions with the upper
G-tetrad of the G4, providing further stabilisation to the binding (average
distance of d = 3.40 A for TPA3P-G-tetrad and d = 3.29 A for TPA3PY-G-tetrad).

Indeed, the importance of the combination of these two forces in the G4
interaction is also reflected in the previously discussed experimental results.
Tri-substituted TPA derivatives show a higher affinity towards G4 DNA than bi-
branched and mono-branched compounds. This fact may be related to the
larger stabilisation achieved by the interaction between the G4 grooves and the
three polyamine-based substituents (Figures 6.26, 6.27 and 6.28). The
alignment of the TPA central moiety and the G-tetrad is similar for both tri-
branched compounds, although the central amine of TPA is displaced from the
ion channel of the G-tetrad in one direction for TPA3P and in the opposite for
TPA3PY (dk*.Ncentrat = 8.1 A for TPA3PY and dk*.Ncentra = 6.6 A for TPA3P). The
TPA phenyl groups in both cases are located close to the guanines, showing a
propeller disposition (Figures 6.24 and 6.25).

Figure 6.24. Illustration of the interaction between TPA3P and the G4 model through a) a cartoon
and b) surface representation.
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Figure 6.25. Top view of the interaction between TPA3P and the G4 DNA model through a) a
cartoon and b) surface representation.

a) b)

Figure 6.26. Illustration of the interaction between TPA3PY and the G4 DNA model through a) a
cartoon and b) surface representation.

Figure 6.27. Top view of the interaction between TPA3PY and the G4 DNA model through a) a
cartoon and b) surface representation.
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a)

Figure 6.28. Overlapping of the top view of the interaction between TPA3P and TPA3PY with the
G4 DNA model through a) a cartoon and b) surface representation.

Regarding the computational studies with dsDNA, TPA3P and TPA3PY show
the same binding mode preference with the double helix. However the
repercussions in the duplex structure are different. The interaction between
both compounds and the minor groove of the DNA is observed in Figures 6.29
and 6.30. The positively charged amino groups are close to the negatively
charged DNA backbone, indicating the relevance of salt bridges in the duplex
binding (average distance of do"...*u.n = 2.04 A for TPA3P-dsDNA and do"...*u.n =
1.89 A for TPA3PY-dsDNA).

Nevertheless, providing the macrocyclic nature of the substituents in TPA3PY,
those are able to interact simultaneously with the phosphate groups
corresponding to both duplex strands, while the branches in TPA3P only are
able to interact with one strand. As a result, TPA3PY causes a modification of
the duplex structure (elongation of the major groove of ~ 9 A and contraction
of the minor groove of ~ 5 A, Figure 6.30), whereas TPA3P does not modify the
duplex structure (Figures 6.28 and 6.29). Moreover, the variations between the
representative minimal energy conformers are less pronounced for TPA3PY
than those for TPA3P, which suggest that the interaction between TPA3PY and
dsDNA is more stable than those with TPA3P.

The hydrophobicity of the TPA moiety is an important feature to be considered
when comparing the interaction with the different DNA structures. While TPA
interacts with the upper G-tetrad through m-m stacking stabilising the G4
structure, this moiety remains close to the charged phosphate backbone when
interacting with duplex DNA, which generates instability. This fact may explain
the high selectivity found for the TPA derivatives previously discussed in this
chapter, which is reinforced by the functionalisation with protonable amino
substituents.
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Figure 6.29. Illustration of the interaction between TPA3P and the double-stranded DNA model
through a) a cartoon and b) surface representation. The image c) is a detailed view.
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a)

Figure 6.30. Illustration of the interaction between TPA3PY and the double-stranded DNA model
through a) a cartoon and b) surface representation. The image c) is a detailed view.
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Liposome nanoparticles characterisation

Prior to study nanoparticles in vitro it is crucial to assess several
parameters. This chapter compiles both chemical and physical characterisation
of the liposomes obtained during this thesis. Firstly, all the liposome
formulations designed are presented. Then, their size and morphology are
assessed by means of dynamic light scattering (DLS) and cryo-scanning
electron microscopy (cryo-SEM). The latter part of this chapter is focused in
quantifying the content of both the therapeutic and the diagnostic agent within
the nanoparticles.

7.1. - Liposomes design

As previously described in Chapter 1, liposome formulations in this thesis were
conceived attempting to obtain theranostic nanoparticles. The main advantage
of these systems is the combination of both therapeutic and diagnostic
properties within the same nano-scaffold.[>2]

Among all the compounds presented in this thesis, those tri-substituted
(TPA3P, TPA3PY, TPB3P and TPB3PY) show the highest affinity and selectivity
towards G4 DNA (Chapter 6). Accordingly, the therapeutic effect of these
compounds is supposed to be the most promising. However, their cell uptake
may be hampered due to their high positive charge at physiological pH. The
approach taken to overcome this possible limitation is the encapsulation of the
compounds inside liposome nanoparticles, which may enhance their cell
internalisation. Aside from the therapeutic application, the liposome design is
addressed to achieve diagnostic properties. Indeed, vesicles were
functionalised with a gadolinium complex (Gd-DTPA-DSA) and a fluorescent
phospholipid (DPPE-NBD) (Figure 7.1). As a result, liposomes may be able to
act as contrast agents and fluorescent sensors for magnetic resonance imaging
(MRI) and confocal fluorescence microscopy.B3!

a) Gd - DTPA - DSA

b) DPPE - NBD
H O

\/H?/N\IOK\N/\ \<O o o

} o o 0
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Figure 7.1. Depiction of the molecular structure of a) Gd-DTPA-DSA and b) DPPE-NBD.
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Therefore, taking the overall composition of liposomes into account, they can
be considered as theranostic nanoparticles. Furthermore, these vesicles were
further functionalised with the aptamer AS1411, pursuing to achieve an
optimal internalisation into the cell cytoplasm and nucleus. This aptamer is
supposed to interact specifically with the protein nucleolin, which is
overexpressed in the cytoplasmic and nuclear membrane of tumour cells,
acting as a shuttle between them (Figure 7.2).[45]

DPPE-NBD

TPA3P, TPA3PY,
" TPB3P or TPB3PY

Figure 7.2. Depiction of the liposome formulations designed during this thesis.

Several formulations were designed in order to get insight into the role of the
liposome composition. The nomenclature and description of those are
compiled in Table 7.1. The liposome general formulation is named Lip. The
therapeutic agents incorporated in the vesicles were the tri-branched
compounds TPA3P, TPA3PY, TPB3P or TPB3PY, which are specified at the end
of the formulation name. Those liposomes which were further functionalised
with the AS1411 aptamer are denoted as Lip-Ap.

Table 7.1. Liposome formulations designed during this thesis.

Liposomes (Lip)

Encapsulated compound Name
TPA3P Lip - TPA3P
TPA3PY Lip - TPA3PY
TPB3P Lip - TPB3P
TPB3PY Lip - TPB3PY

Liposomes-Aptamer (Lip - Ap)

Encapsulated compound Name
TPA3P Lip - Ap - TPA3P
TPA3PY Lip - Ap - TPA3PY
TPB3P Lip - Ap - TPB3P
TPB3PY Lip - Ap - TPB3PY
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7.2. - Physical characterisation

Two of the key physical parameters for liposomes application in the biomedical
field are size distribution and morphology. In this context, Dynamic Light
Scattering (DLS) is a widely used technique for size analysis, by measuring the
light scattered by Brownian motion of nanoparticles (Chapter 3).

Therefore, all the liposome suspensions synthesised were analysed by DLS. The
size distribution diagrams are plotted in Figure 7.3. All of them show an index
of polydispersity over 0.16, which denotes a narrow size distribution with a
highly homogeneous nanoparticle size.
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Figure 7.3. Particle size distribution of liposomes suspensions in PBS (pH = 7.4).
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The averaged liposome diameter corresponding to each formulation is listed in
Table 7.2. All the samples show nanometric size ranging from 80 nm to 150 nm,
which is convenient for biomedical applications owing to the enhancement of
the cell uptake via EPR effect.6-8] A more detailed analysis of the values has
given insight into the aptamer functionalisation. Those liposomes which
include the aptamer show a slightly larger average size than those bare
liposomes, due to the surface functionalisation.

Table 7.2. Average size of liposome formulations.[al
Liposomes (Lip)
Encapsulated compound Average Size [nm]

TPA3P 134(4)
TPA3PY 81(2)
TPB3P 82(3)
TPB3PY 83(2)

Liposomes-Aptamer (Lip-Ap)
Encapsulated compound Average Size [nm]

TPA3P 148(6)
TPA3PY 101(2)
TPB3P 124(5)
TPB3PY 125(4)

[a] Values in parentheses are standard deviations in the
last significant figure.

Apart from size, liposomes morphology is another key point to be evaluated. A
wide range of techniques are available for assessing the typical spherical shape
of vesicles and confirm their formation, such as electron microscopy, atomic
force microscopy or confocal fluorescence microscopy.

All of them provide valuable information about the shape, as well as the size of
the nanoparticles. However, the sample preparation is extremely crucial, since
liposomes require an aqueous environment to maintain its native shape. At this
thesis, liposomes morphology was studied by means of cryo-Scanning Electron
Microscopy (cryo-SEM). Briefly, this technique allows to visualise the vesicles
morphology by freezing them under N, avoiding the disruption due the high
vacuum required for the electron imaging (Chapter 3). A representative image
of a liposome suspension is showed in Figure 7.4, in which the spherical shape
of the liposomes is observed.
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Figure 7.4. Images obtained by cryo-SEM of a liposomes suspension sample (Lip).

7.3. - Liposomes therapeutic properties

Liposome formulations in this thesis were designed aiming to achieve
theranostic nanoparticles. Prior to assess these liposomes through biological
studies, it is essential to characterise their cargo content, since this would be
linked to their therapeutic properties.

This section aims to describe the quantification of TPA3P, TPA3PY, TPB3P and
TPB3PY encapsulated inside the different liposome suspensions. As mentioned
above, these compounds show a striking affinity towards G4 DNA (Chapter 6),
being potential drugs for antitumour therapies. However, their cell uptake may
be hampered, given their high positive charge at physiological pH.
Consequently, liposomes would act as delivery systems, enhancing their
therapeutic properties.

Generally, the determination of the liposomes cargo relies on the disruption of
the lipid bilayer, followed by the quantification of the released compound.
Nevertheless, the methodology used depends on the nature of the confined
molecule and its response to external stimuli. In this thesis all the encapsulated
ligands are fluorescent. Therefore, the emission of compounds was the
property selected to assess the cargo content. Hence, a standard calibration
curve for each compound was constructed using their emission maxima. The
concentration of the cargo was calculated by interpolation of the samples
emission at 370 nm after leakage (Chapter 3). In Figure 7.5 the emission
spectra of the ligand standards at increasing concentrations are plotted along
with their corresponding standard curve.
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Figure 7.5. Emission spectra of increasing concentrations of ligand standards (right) and their
corresponding standard curve (left). All the experimental details are described in Chapter 3.
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The quantification of the cargo was carried out by interpolating the emission of
disrupted liposomes at 370 nm (for TPA derivatives) or 354 nm (for TPB
derivatives) at the standard curve. The final value results from averaging at
least three replicates of the sample (Table 7.3).

The encapsulation of TPA derivatives is a more favourable process than the
corresponding one to TPB derivatives, since the values of liposomes containing
TPA-based compounds are one order of magnitude higher than those with TPB-
based ligands. Regarding the formulations with and without aptamer, the
amount of encapsulated compound is within the same range. Therefore, the
aptamer functionalisation do not modified the entrapment capability of
liposomes.

Table 7.3. Concentration of therapeutic agent inside the synthesised liposomes.[2!

Liposomes

Encapsulated compound Concentration [uM]
TPA3P 424(2)
TPA3PY 261(8)
TPB3P 72.0(1)
TPB3PY 43.8(5)

Liposomes-Aptamer

Encapsulated compound Concentration [uM]
TPA3P 323(5)
TPA3PY 265(9)
TPB3P 45(1)
TPB3PY 44(2)

[a] The emission were registered after disrupting the vesicles using a
MeOH/Water mixture. All the measurements were performed at least in triplicate.
Values in parentheses are standard deviations in the last significant figure.
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7.4. - Liposomes diagnostic properties

Since the phospholipidic bilayer of liposomes contains the complex Gd-DTPA-
DSA, another key point to be assessed is the capability of liposomes to act as
contrast agents for MRI. As described in Chapter 3, the first step is to quantify
the content in gadolinium at the suspensions by means of Inductively-Coupled
Plasma Mass Spectrometry (ICP-MS). In Table 7.4 are compiled the gadolinium
concentration for the different liposomes formulations. All the concentrations
are similar, probing the reproducibility of the methodology used for the
liposome synthesis.

Table 7.3. Quantification of the therapeutic component inside the
synthesised liposomes.[2]

Liposomes
Encapsulated compound Concentration of Gd [mg/L]
TPA3P 136.2(1)
TPA3PY 148(3)
TPB3P 149.1(1)
TPB3PY 145(2)
Liposomes-Aptamer
Encapsulated compound Concentration of Gd [mg/L]
TPA3P 161(2)
TPA3PY 153.4(6)
TPB3P 121.6(1)
TPB3PY 137(4)

[a] Values in parentheses are standard deviations in the last significant figure.
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Biological studies

The eighth chapter deals with the study of the synthesised compounds and
nanoparticles at a cellular level. Firstly, the cytotoxicity of the ligands has been
assessed by means of MTT assays, in order to get insight into their therapeutic
activity. Secondly, the drug delivery properties of both targeted and untargeted
liposome nanoparticles has been characterised using the same procedure.
Finally, confocal fluorescence microscopy has been used to study the cell
location of the different liposome formulations.

8.1. - Cell viability assessment

As presented in the introduction, G4 DNA is a potential target in antitumour
therapy. Therefore, once having demonstrated the high selectivity and affinity
of some of the synthesised compounds towards G4 DNA in vitro (Chapter 6), it
is essential to study their cytotoxicity in tumour cell lines, in order to assess
their potential as therapeutic agents.

The protocol used was the well-known MTT assay, described in Chapter 3.
Briefly, its principle relies on the cellular reduction of MTT, yielding the
formation of blue formazan crystals, which are directly related with the
number of living cells. Consequently, by measuring the absorbance at 570 nm,
it is possible to quantify the metabolic active cells and calculate an ICso value
for the tested compound. With the aim to check out the reproducibility of the
results, several tumour cell lines have been assessed (Table 8.1). All the
experimental details and data analysis procedures are compiled in Chapter 3.

Typically, ICso values lower than 10 uM indicate high cytotoxicity. For instance,
the well-known antitumour drug Cis-platin has associated ICso values over 5 - 8
uM,[11 whereas the G4-binder Quarfloxacin, currently in clinical trials, shows
values around 0.07 - 1.3 uM (these values correspond to MCF-7 tested in the
same conditions as those described above). [2]

Table 8.1. Description of the cell lines used in this thesis.

Name | Tissue | Cell type Disease References

LN229 | Brain | Epithelial Glioblastoma [3,4]

MCF-7 | Breast | Epithelial | Adenocarcinoma [5,6]
Hela Cervix | Epithelial | Adenocarcinoma [7,8]
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8.1.1. - TPA derivatives

As described in Chapter 6, TPA derivatives with PX substituents (TPA-PX),
show lower affinity towards G4 DNA than the other families of compounds.
Nevertheless, the ICso values for the tumour cell lines investigated denote
moderate cytotoxicity for TPA1PX (ICso = 8 - 7 uM) and low cytotoxicity for
TPAZ2PX and TPA3PX (ICso= 12 - 22 uM) (Figure 8.1).
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20.7(4)
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1G5, [uM]
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12.6(2)
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10 8.0(1) 7.5(6)
5
0.72(2) I 13(2) I
0

TPA1PX TPA2PX TPA3PX

Figure 8.1. Plot of the ICso values corresponding to TPA-PX derivatives tested in different cell lines.

A more detailed analysis shows that the cytotoxicity of the TPA-PX derivatives
decreases as the number of substituents increases. Indeed, despite displaying
the lowest affinity towards G4 DNA, TPA1PX presents ICso values remarkably
lower than TPA3PX. This observation may be linked to the compound cell
uptake: as the number of substituents increases, the positive net charge of the
ligand increases, resulting in a less efficient cell uptake and in turn a lower
therapeutic effect. This fact may be explained by the hydrophobic nature of the
cell membrane, which hampers the internalisation of ionic molecules. [
Consequently, the tri-branched compound TPA3PX, which causes a larger
stabilisation of G4 DNA in vitro, is not efficiently internalised by the cell, and
therefore, its antitumour activity is low.

The results corresponding to TPA-P derivatives are in correlation with those
above presented (Figure 8.2). In general, these compounds display lower
cytotoxicity than TPA-PX compounds, most likely due to their higher positive
charge at physiological pH (Chapter 5). Particularly, TPA3P, despite showing an
outstanding selectivity towards G4 DNA in vitro (Chapter 6), it presents little-
to-no cytotoxicity for the studied cell lines (ICso= 19 - 40 uM).
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Figure 8.2. a) Plot of the ICso values corresponding to TPA-P derivatives tested in different cell
lines. The same scale is referred to the highest ICso value, b) detailed ICso plot adjusting the scale.

The behaviour of TPA-PY derivatives is analogous to the corresponding TPA-P
compounds (Figure 8.3). The cytotoxicity is high for the mono-branched and
the bi-branched compounds (1 - 7 uM), whereas it is low for the tri-branched
TPA3PY (24 - 47 uM). Consequently, the positive charge at pH = 7.4 plays a key
role in the cell uptake and cytotoxicity of these compounds, being more
favourable for those with lower positive charge.
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Figure 8.3. a) Plot of the ICso values corresponding to TPA-PY derivatives tested in different cell
lines. The same scale is referred to the highest ICso value, b) detailed ICso plot adjusting the scale.
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8.1.2. - TPB derivatives

The compounds of the TPB family include a central core with a more extended
aromatic nature than TPA. Both synthesised compounds, TPB3P and TPB3PY,
are tri-branched, being analogous to TPA3P and TPA3PY, respectively. As
described in Chapter 6, their interaction with G4 DNA has proved to be
prominent. However, it can be envisaged that the cell uptake of these
derivatives may be hindered due to their positive charge at physiological pH.

The ICso values corresponding to the studied cell lines treated with TPB3P and
TPB3PY are compiled in Figure 8.4. Surprisingly, despite being high positively
charged at pH 7.4, the obtained ICso values for both compounds are low,
especially for TPB3P (2 - 3 uM). This fact may be consequence of the
hydrophobicity in the molecular design: the TPB moiety shows a larger
hydrophobic character than TPA, due to the presence of a central benzyl groups
instead of an amino group. Moreover, the methyl groups in the P substituents
of TPB3P may further contribute to the cell internalisation.
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Figure 8.4. Plot of the ICso values corresponding to TPB derivatives tested in different cell lines.
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8.1.3. - Relation between cytotoxicity and the charge atpH =7.4

As discussed previously, the number of branches in the synthesised compounds
modulates their G4 selectivity in vitro, which is the therapeutic target at cellular
level. However, the positive charge of compounds hampers their cell uptake,
owing to the hydrophobic nature of the cytoplasmic membrane. Hence, the
limited internalisation of the compounds results in their low cytotoxicity.

As a summary, the ICso values (LN229 cells) of the compounds are plotted
versus the positive charge at pH = 7.4 in Figure 8.5. In general, the lowest
cytotoxicity is obtained for tri-branched compounds, whereas bi-branched and
mono-branched derivatives display higher cytotoxicity. The exception is given
by TPB3P, whose hydrophobic character may favour its cell uptake.
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0 2 4 6 8
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Figure 8.5. Plot of the ICso [uM] values for LN29 cells treated with the studied compounds versus
their positive net charge at pH = 7.4 calculated from the species distribution diagrams.

The approach taken in this thesis to overcome the limited cell uptake of tri-
branched compounds is the design of a drug delivery system. Particularly,
nanoparticles based on liposomes have been prepared to encapsulate the tri-
branched derivatives. Those nanoparticles are supposed to act as delivery
vehicles, enhancing the compounds cell uptake and promoting their
therapeutic activity.
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8.1.4. - Untargeted and targeted liposome nanoparticles

As described in Chapter 6, the tri-branched compounds TPA3P, TPA3PY, TPB3P
and TPB3PY display high affinity towards G4 DNA in vitro. Consequently, they
are potential candidates to act as antitumour drugs. However, their cell uptake
is in general limited, most likely due to their high positively charge at
physiological pH.[°! For this reason, liposome nanoparticles were designed as
vehicles to deliver the compounds inside the cell, aiming to improve their
therapeutic activity (Figure 8.6). The cytotoxicity of the delivery systems was
investigated in tumour cell lines by using the MTT assay.
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" TPB3P or TPB3PY e
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Figure 8.6. Depiction of liposome formulations designed in this thesis.

In Figures 8.7, 8.8, 8.9 and 8.10 are compiled the ICso values obtained for
liposome nanoparticles in comparison to their corresponding tri-branched
ligands. Firstly, the cytotoxicity of untargeted liposomes is remarkably higher
than the associated to the unencapsulated compound (up to a 40-fold increase).
Accordingly, vesicles are supposed to enhance the compound internalisation.!°]

Despite the extensive research on this topic, the biological mechanisms
regarding liposomes cell uptake are not completely elucidated yet. However,
recent studies have addressed this question considering four different
mechanisms. Briefly, liposomes may be absorbed onto the cell surface, either
non-specifically or specifically, maintaining their integrity. The lipid bilayer of
liposomes may also merge with the plasma membrane releasing their cargo
into the cytoplasm. Apart from that, lipid molecules of liposomes and the
plasma membrane may undergo mediated or non-mediated transfer. However,
the most likely mechanism of internalisation is thought to be endocytosis.[10-13]
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Interestingly, the ICso value corresponding to the targeted liposome
formulations is within the nanomolar range (100 nM), which implies a
decrease of about three orders of magnitude in comparison to the free
compounds TPA3P, TPA3PY and TPB3PY. Although TPB3P is cytotoxic without
the need of a drug delivery system, its encapsulation inside liposome
nanoparticles also provides up to a 50-fold enhancement of its cytotoxicity.

As previously mentioned, targeted liposomes include the aptamer AS1411
which specifically binds to the protein nucleolin.[!4-16] As described in the
introduction, nucleolin acts as a molecular shuttle between the cytoplasm and
the nucleus. Therefore, this protein can be found ubiquitously not only at the
cell surface, but also at the nuclear membrane.[17-20] Intriguingly, nucleolin is
overexpressed over tumour cell membranes, being a promising target to
transport antitumour drugs from the cytoplasm to the nucleus.[21-23] The cell
uptake of targeted liposomes may be nucleolin-mediated and consequently,
their nuclear internalisation would be larger in comparison to untargeted
liposomes, resulting in an enhancement of theie therapeutic effect.

8.2. - Cell imaging

Once having assessed the cytotoxicity, the liposomes cell uptake was evaluated
by means of imaging techniques. This characterisation is crucial in order to get
insight into the drug delivery properties of these systems, as well as their
distribution at cellular level.

As described in Chapter 3, liposome formulations include a fluorescent
phospholipid, DPPE-NBD (Figure 8.11), which enables the visualisation of the
vesicles by means of confocal microscopy. With this aim, cells were treated
during 24 h with untargeted and targeted liposomes. Prior to the imaging, the
nucleus was stained with Hoechst 33258 in order to localise the nuclear area
and to gain better understanding into the liposomes cellular distribution. All
the experimental details are described in Chapter 3.
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Figure 8.11. Molecular structure of the DPPE-NBD phospholipid.
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In Figure 8.12 is shown a representative confocal image of untreated LN229
cells, whereas in Figures from 8.13 to 8.20 are compiled images of LN229 cells
treated with untargeted or targeted liposomes. The green fluorescence
corresponds to liposome vesicles, whereas the nucleus of the cells is blue
stained.

a) b)

Blue Channel Green Channel

Nucleus Non-treated cells

Figure 8.12. Confocal images of non-treated LN229 cells. The cell nucleus is blue stained.

Since control LN229 cells in Figure 8.12 were not treated with liposomes, no
fluorescence is observed in the green channel. Alternatively, in Figure 8.13, it is
possible to discern the spherical morphology of untargeted liposomes in the
cell culture, which denotes their high stability in the culture medium.

a) b)

Green Channel Green Channel

Liposomes Liposomes

Figure 8.13. Confocal images of LN229 cells treated with untargeted liposomes. The cell nucleus
was not stained aiming to distinguish the vesicles. b) corresponds to an expanded region from a).

The images corresponding to LN229 cells treated with untargeted liposomes
(Figures 8.14, 8.15 and 8.16) show green fluorescence accumulated at the
vicinity of the cell nucleus, suggesting not only that liposomes are internalised
into the cell, but also that they are able to accumulate close to the nuclear
membrane.
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Figure 8.14. Confocal images of LN229 cells treated with untargeted liposomes.

Blue Channel Green Channel Merged Channels

Nucleus Untargeted Liposomes

Figure 8.15. Confocal images of LN229 cells treated with untargeted liposomes.

a) b) <)
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Nucleus Untargeted Liposomes

Figure 8.16. Confocal images of LN229 cells treated with untargeted liposomes.
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These results point out the cell uptake mechanism of untargeted liposomes.
Firstly, vesicles may be captured by cells through endocytosis, maintaining
their morphology. Then, liposomes may be directed to the nucleus via
transcytosis.[241 Once reaching the nuclear envelope, liposomes may tend to
accumulate onto the nuclear membrane, since nuclear pores have a diameter of
around 5 - 9 nm, hindering the passive uptake of vesicles.[252¢] Finally, the
releasing of the cargo may occur through membrane fusion or lipid exchange,
allowing the tri-branched encapsulated compound to reach its therapeutic
target, the nuclear G4 DNA, which results in the antitumour desired effect.

Given the overlapping of green and blue fluorescence in Figures 8.17, 8.18, 8.19
and 8.20, a nuclear uptake of targeted liposomes is supposed to take place. This
fact is in correlation with their higher cytotoxic effect in comparison to
untargeted liposomes, denoting a different mechanism of internalisation. The
first step is the binding of the aptamer AS1411 to the nucleolin overexpressed
at the cell surface membrane. Then, the uptake of the vesicles is supposed to
occur via a specific sort of endocytosis, leading to the formation of
macropinosomes which are shuttled to the nuclear envelope owing to the
nucleolin activity. [4 Once reaching the nuclear pores, morphological
deformations are supposed to take place, enabling the internalisation of the
liposomes.[27-29]

a) b) <)
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Figure 8.17. Confocal images of LN229 cells treated with targeted liposomes.
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Blue Channel Green Channel Merged Channels

Nucleus Targeted Liposomes

Figure 8.18. Confocal images of LN229 cells treated with targeted liposomes.

a) b) <)

Blue Channel Green Channel Merged Channels

Nucleus Targeted Liposomes

Figure 8.19. Confocal images of LN229 cells treated with targeted liposomes.

a) b) )

Blue Channel Green Channel Merged Channels

Nucleus Targeted Liposomes

Figure 8.20. Confocal images of LN229 cells treated with targeted liposomes.
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The enhanced nuclear uptake of targeted liposomes may explain their high
cytotoxicity, since the amount of tri-branched compound that reaches the
nucleoplasm is supposed to be higher. Therefore, the interaction between the
compound and the G4 DNA is more likely to occur, resulting in an improved
antitumour effect (Figure 8.21).

Cytoplasm

Endocytosis

®,
Untargeted liposomes

Figure 8.21. Representation of the different cell uptake mechanisms associated to untargeted and
targeted liposome nanoparticles. The encapsulated compound is represented in green and
nucleolin receptor is represented in turquoise.
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Conclusions

In the framework of this thesis, eleven polyamine-based compounds have
been designed as potential G4-binders. During their study, some of them have
demonstrated to be G4 selective probes, being able to specifically recognise G4
DNA over double-stranded DNA. However, the high positive charge that those
present at physiological pH hampers their cell uptake. The strategy followed to
overcome this limitation has been their encapsulation in liposome
nanoparticles, which demonstrates to successfully deliver the compounds
inside tumour cells. Following, a detailed analysis of these conclusions is
presented.

[. Eleven polyamine-based derivatives have been synthesised and
characterised. Their molecular structures have been systematically
modified by changing the central core, as well as the side chains. The
compounds have been classified in two groups regarding the core: TPA and
TPB. Within each group, different families of compounds have been
obtained by functionalisation with different polyamine-based side chains.
Therefore, the families TPA-PX and TPA-P comprise ethylene-based (PX)
and propylene-based (P) polyamine chains, whereas TPA-PY includes a
macrocyclic polyamine (PY) as substituent. With regard to the TPB series,
tri-branched compounds with either P or PY have been prepared. These
structural modifications were aimed to get insight into the role of the
central core and the substituents in the interaction with DNA.

II. The acid-base behaviour of the compounds has been exhaustively studied
by means of potentiometric and spectroscopic methods, since it has a direct
influence in the photophysical properties and the interaction with DNA. The
stepwise protonation constants of secondary and primary amines have
been determined potentiometrically for all the compounds. An additional
protonation step has been associated to tertiary amines of the compounds
containing PX or P side chains. Not surprisingly, the protonation of the
amine corresponding to the TPA moiety was not amenable to analysis due
to its extremely low basicity. The construction of the distribution diagrams
of species has enabled the estimation of the net charge at physiological pH
(7.4), which can modulate the establishment of supramolecular interactions
at cellular level.

243



Conclusions

I1I.

The effect of the protonation state in the photophysical behaviour has been
assessed by means of both UV/Vis and fluorescence spectroscopy. In
general, as increasing the pH the absorbance spectra have not showed any
remarkable change, while the emission profiles have displayed outstanding
modifications. Particularly, TPA-based and TPB-based compounds have
displayed dissimilarities. Whereas the former series has presented an
emission enhancement as increasing the pH, the latter one has showed the
opposite effect. These results have been ascribed to an AIE effect and a PET
caused quenched, respectively.

The assessment of the interaction between the synthesised compounds and
a wide panel of DNA structures has been carried out by means of different
spectroscopic methods. From the FRET-Melting data analysis, the
importance of the electrostatic forces in the DNA binding has been
highlighted: the higher the positive charge of the compound, the larger the
interaction with G4 DNA. Consequently, tri-branched compounds (TPA3P,
TPA3PY, TPB3P and TPB3PY) have displayed a remarkable high affinity
towards G4 DNA. Among them, TPA3P has shown an outstanding G4
selectivity over dsDNA, which is an appealing feature giving the
predominance of this latter DNA conformation at cellular level.

These results have been supported by fluorescence studies, which have
allowed the estimation of affinity constants (Ka) from the DNA titration data.
In the case of the TPA group, the emission of the polyamine-based
derivatives, especially the tri-substituted TPA3P and TPA3PY, has shown a
striking enhancement of the emission in the presence of G4 DNA. More
interestingly, the magnitude of this enhancement is far larger than the one
associated to dsDNA, corroborating their G4 selectivity. These results have
been ascribed to the formation of aggregates between the TPA compounds
and the G4 DNA, which leads to an AIE effect.

In terms of the G4 topology modification, circular dichroism experiments
have probed that the structural conformation of the DNA is retained upon
binding the TPA derivatives. The CD spectra corresponding to the titrations
with TPA3P and TPA3PY have shown ICD bands, indicating the relevance of
the interaction.
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IV. Tri-branched compounds have shown high selectivity towards G4 DNA.
Consequently, they may be considered as potential antitumour therapeutic
agents. Nevertheless, their high positive charge at physiological pH prevents
their cellular internalisation. For this reason, those compounds have been
encapsulated inside liposome nanoparticles aiming to enhance their cell
uptake. The design of the liposome formulations has been addressed to
achieve theranostic vesicles, integrating therapeutic and diagnostic
functionalities within the same nanoparticle. Therefore, liposomes not only
include the polyamine derivative, but also a fluorescent phospholipid
(DPPE-NBD) and a gadolinium complex (Gd-DTPA-DSA), enabling their
visualisation by means of confocal fluorescence microscopy and MRI.

Aiming to target the nucleus of tumour cells, in which the vast majority of
genetic material is located, a specific liposome formulation has been
designed including a targeting aptamer (AS1411). This aptamer binds the
protein nucleolin, which is overexpressed in the cytoplasmic and nuclear
membrane of tumour cells and acts as a shuttle between them. The
synthesised liposomes (untargeted and targeted) have been characterised
by means of cryo-SEM and DLS, proving to display a proper size distribution
for biological purposes.

The content of compound encapsulated has been calculated by means of
fluorescence microscopy. The results have suggested that the efficiency of
the process largely depends on the experimental procedure and the nature
of the encapsulated compound. The quantification of gadolinium has been
carried out by using ICP-MS as a prior step to the relaxivity determination.

V. The cytotoxicity of the eleven polyamine-based derivatives, as well as the
untargeted and targeted liposomes, has been assessed in three different
tumour cell lines by means of MTT assays. As a general overview, the
cytotoxicity of the compounds decreases as the number of substituents
increases, with the exception of TPB3P. Consequently, those tri-branched
compounds that have shown a remarkable affinity towards G4 DNA have
displayed the lower therapeutic effect. This fact has been ascribed to their
high positive charge at physiological pH, which may hamper their
internalisation.
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The encapsulation of those compounds inside liposome nanoparticles has
probed to overcome this limitation, since the cytotoxicity of the
corresponding vesicles improves dramatically. These results confirmed the
capability of liposomes to deliver their cargo inside the cells.

The localisation of liposome nanoparticles inside tumour cells has been
explored by means of confocal fluorescence microscopy. The untargeted
formulation has been found accumulated at the nuclear vicinity, which
explains the increase of the vesicles cytotoxicity in comparison to the free
compound. With regard to targeted liposomes, the images have
demonstrated their nuclear uptake, which is directly related to their
extremely high cytotoxicity. Consequently, this targeting strategy has
successfully helped to overcome the intrinsic limitations of the designed G4-
binders to reach the cell nucleus and showing their therapeutic effect.
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Introduccio

L’acid desoxiribonucleic (ADN) és una biomolecula essencial, ja que és
responsable de controlar i modular la informacié genetica mitjancant
processos de transcripci6 i expressi6. Sovint aquesta biomolécula es presenta
en conformacié de doble hélix, coneguda com B-ADN, tot i que 'ADN té associat
un elevat polimorfisme. De fet, avui dia es coneixen multitud d’estructures no
canoniques d’ADN, com ara hairpins, i-motifs, triplex o G-quadruplex (G4).

D’entre totes aquestes conformacions, els G4 constitueixen el focus d'una
amplia recerca degut al seu paper biologic. Aquest tipus d’ADN pot donar-se en
seqliencies riques en guanines (G), les quals s’apilen formant anells plans de
quatre membres coneguts com G-tetrades. Les G queden unides mitjancant
ponts d’hidrogen de tipus Hoogsten i interaccions electrostatiques amb els
cations situats en el canal central del G4. Aixi doncs, es tracta d’estructures
d’ADN que poden donar lloc a diferents conformacions depenent de I'orientacié
del les G-tétrades, dels bucles i dels solcs.

Malgrat que a l'inici del descobriment dels G4 aquests es consideraven només
una curiositat exotica, posteriorment amb estudis de seqiienciaci6 genética
s’han detectat més de 716000 punts dins del genoma huma amb un elevat
potencial de formaci6 de G4, destacant-ne les regions promotores de certs
oncogens i els extrems cromosdmics coneguts com telomers.

D’una banda, la formacié de G4 ha sigut detectada als promotors d’oncogens
que controlen processos de creixement i apoptosi cel-lular, com ara c-Myc, c-Kit
0 Bcl-2. En el cas de que aquests es troben sobreexpressats, es produeix una
proliferacié cel-lular incontrolada, cosa que ocorre als teixits tumorals.
L’estabilitzacié d’estructures G4 als promotors inhibiria I'expressié d’aquests
oncogens, frenant la immortalitzacio de les cél-lules tumorals.

D’altra banda, I'’ADN teloméric es troba al final dels cromosomes i és
I'encarregat de mantindré la integritat cromosomica. En aquesta regid, sobreix
un fragment d’ADN monocatenari amb un alt contingut de G, pel que es poden
formar G4. Durant el procés de divisio cel-lular, es produeix una pérdua neta de
nucleotids en aquesta regi6. Aixi doncs, la longitud dels telomers va acurtant-se
en cada cicle cel-lular, fins que és tan curta que ja no pot donar-se altre cicle,
desencadenant en ultima instancia la mort cel-lular. Tanmateix, existeix un
enzim capag¢ de contrarestar I'escurcament telomeéric: la telomerasa. Aquest
enzim es troba activat en cel-lules mare, embrionaries i de teixits renovables
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que han de mantindré constant la llargaria dels seus telomers i per tant la seua
continua replicaci6. Ara bé, es coneix que la telomerasa es troba
sobreexpresada en aproximadament el 90% de les cél-lules tumorals, el que
causa la seua proliferaci6 incontrolada. Per tant, la inhibicié de la telomerasa
mitjan¢ant l'establiment d’estructures G4 als telomers podria resultar en
I'apoptosi de les cel-lules tumorals.

En resum, el paper biologic dels G4 esta estretament relacionat amb processos
de transcripci6 i expressié génica, aixi com d’estabilitat genomica. Per aquest
motiu, '’ADN G4 constitueix una atractiva diana terapeutica per al disseny de
farmacs antitumorals. Aixi doncs, en l'actualitat existeix una amplia area de
recerca focalitzada en el disseny de petites molecules (lligands-G4) que
faciliten la formacid i estabilitzaci6 selectiva d’estructures G4 a nivell cel-lular.

Les interaccions supramoleculars constitueixen la base fonamental en el
reconeixement d’estructures G4. De manera general, la topologia del G4 permet
I'apilament (intern o extern) i la interacci6 amb els bucles i solcs. Per tant, el
disseny molecular dels lligands-G4 s’ha de adrecar a la optimitzaci6 de les
interaccions amb aquests punts d’ancoratge. Generalment, una superficie
aromatica extensa afavoreix I'apilament extern mitjan¢ant interaccions m-m. La
funcionalitzacié amb cadenes laterals que continguen grups protonables a pH
fisiologic (pH = 7.4), com amines, possibiliten l'establiment d’interaccions
electrostatiques amb els bucles i solcs. A més a més, la presencia de grups
voluminosos afavoreixen la selectivitat per ADN G4 front a ADN de doble helix,
ja que dificultarien la intercalacié entre parells de bases.

En aquest context, el grup de Quimica Supramolecular de la Universitat de
Valencia ha publicat nombrosos estudis en els quals s’ha demostrat el potencial
de diversos lligands poliaminics per a interaccionar selectivament amb una
topologia d’ADN concreta. Particularment, en aquesta tesi s’han escollit la
trifenilamina (TPA) i el trifenilbenzé (TPB) com a cors centrals per al disseny
de lligands-G4. D’altra banda, com a cadenes laterals s’utilitzen derivats
poliaminics, lineals i macrociclics, per a potenciar la interaccié amb els G4.

Altre aspecte rellevant a considerar en el disseny de lligands-G4 és la seua
captaci6 cel-lular. Tipicament, els lligands-G4 posseeixen un tamany i carrega
considerable a pH fisiologic, pel que la internalitzaci6 cel-lular podria estar
dificultada a causa de la hidrofobicitat de la membrana cel-lular. Aixi doncs, el
seu potencial terapéutic seria limitat.
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Es precisament aci on entra en joc la Nanomedicina: l'aplicaci6 de la
nanociencia i la nanotecnologia al tractament, diagnostic i prevencié de
malalties i traumatismes.

Les nanoparticules tenen associades caracteristiques fisicoquimiques molt
diferents als seus corresponents materials macroscopics, i a més a més poden
ser sintetitzades controlant el tamany, la forma i la carrega superficial. Fins i
tot, poden ser funcionalitzades amb molt diverses molécules. Dins d’aquesta
area, existeixen dos estrategies sintétiques per a aconseguir que les
nanoparticules assolisquen la seua diana terapeutica. En primer lloc, el
direccionament passiu fa referéncia als mecanismes pels quals les
nanoparticules tendeixen a acumular-se en els teixits inflamats i vascularitzats,
el que es coneix comunament com efecte EPR (del anglés Enhancing
Permeability and Retention). L’altra estrategia correspon al direccionament
actiu, que consisteix en la funcionalitzacié de les nanoparticules amb
anticossos, péptids, aptamers o altres molécules que siguen capaces de dirigir
les nanoparticules especificament cap a un receptor sobreexpressat en les
cél-lules patdgenes. Les implicacions del direccionament de farmacs en
malalties amb tractaments agressius, com el cancer sén evidents: és
minimitzarien els efectes secundaris i els protocols d’administraciéo es
simplificarien.

Les aplicacions de la nanomedicina sén molt variades. Pel que fa a la terapia,
certes nanoparticules poden actuar per elles mateixa com a farmacs, gracies a
les seues propietats fisicoquimiques. Per exemple, les nanoparticules d’or
poden ser emprades en terapia foto-dinamica. D’altra banda, també poden
emprar-se com a nanovehicles per a transportar farmacs a les seues
corresponents dianes terapéutiques, augmentant aixi la seua biodisponibilitat i
captaci6 cel-lular. En aquest cas s’utilitzen tipicament nanoparticules basades
en lipids o polimers, malgrat que també son utilitzades nanoparticules
inorganiques com d’or o de magnetita. L’aplicaci6 de la nanomedicina al
diagnostic resulta també de particular interés. Els materials nanoestructurats,
ja siga per la seua naturalesa intrinseca o per estar funcionalitzats, poden ser
emprats com agents de contrast en tecniques tant optiques, com magnétiques o
radiatives. El seu ds sovint dona lloc a una millora de la qualitat de les imatges
obtingudes i a més a més, un mateix nanosistema pot ser dissenyat per a la
seua aplicacié en diferents tecniques d’imatge, obtenint aixi un agent de
contrast multimodal. D’aquesta manera, es reuneix una major quantitat de
informaci6é complementaria durant el diagndstic, el que seria de gran ajuda al
hora de planificar el tractament de la malaltia.
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L altima aplicaci6 és la coneguda com nanomedicina terandstica, que es tracta
precisament de la unié entre la terapia i el diagnostic. La versatilitat sintética
de les nanoparticules fa possible que el mateix nanosoport puga incloure tant
agents terapeutics, com agents de diagnostic, a banda de vectors directors que
les direccionen cap a les corresponents dianes terapéutiques. El gran avantatge
que presenten aquest tipus de nanoparticules és que permeten la
monitoritzacié6 de l'accid6 de l'agent terapeutic mitjancant tecniques de
diagnostic, el que ajuda a optimitzar els protocols d’administracié i tractament.
Actualment, la recerca centrada en el disseny d’agents teranostics és molt
amplia, tot i que una de les nanoparticules que més ha atret I'atenci6é en aquest
camp sén les nanoparticules de tipus liposoma, que so6n les que s’empren en
aquesta tesi com a nanovehicles dels lligands-G4.

Els liposomes es poden definir com nanoparticules esferiques de tamany entre
50 nm i 1000 nm, composades per una o més bicapes lipidiques concéntriques
amb un interior aqués. Els components basics dels liposomes sén lipids i/o
fosfolipids, ja siguen naturals o sintetics. Es tracta de molecules amfifiliques, és
a dir, que contenen una part polar (cap hidrofilic) i una part apolar (cua
hidrofobica). Quan es troben en un medi aqués, aquestes molecules s’auto-
ensamblen. Aixi es minimitza el contacte de les cues hidrofdobiques amb les
molecules d’aigua de I'entorn i alhora, es maximitza el contacte entre els caps
hidrofilics, originant aixi la forma esférica caracteristica dels liposomes.

El fet de que els liposomes siguen tan interessants en el camp de la
nanomedicina deriva dels avantatges que presenten en comparacié amb altres
nanovehicles. En primera instancia, els liposomes sén biocompatibles,
biodegradables i biologicament inerts. A més a més, poden transportar
molecules tant hidrofobiques, que es situen en la bicapa lipidica, com
hidrofiliques, que queden encapsulades en el interior aquoés. Altre punt a favor
és que poden ser facilment funcionalitzats amb agents de contrast per tal
d’obtindre nanoparticules teranostiques, fent possible el tractament simultani
al diagnostic.

Els lligands-G4 sintetitzats durant aquesta tesi poden presentar una elevada
carrega positiva a pH fisiologic. Amb la finalitat de millorar la seua captacié
cel'lular i el seu efecte terapeutic, s’ha realitzat la seua encapsulaci6 en
nanoparticules de tipus liposoma. A més a més, els liposomes dissenyats
contenen un derivat fosfolipidic fluorescent i un complex de gadolini, el que
permet la seua visualitzacié mitjancant microscopia confocal i ressonancia
magneética d'imatge (RMI). Finalment, els liposomes s’han funcionalitzat amb
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un aptamer anomenat AS1411, el qual s’'uneix de manera selectiva a la proteina
nucleolina. Aquesta proteina es troba sobreexpresada en les cel-lules tumorals,
tant en la membrana citoplasmatica, com en la nuclear, de manera que actua
com a vehicle transportador entre ambdues. Aixi doncs, es persegueix assolir
un direccionament actiu dels liposomes cap al nucli, que és en definitiva on es
troba la diana terapeutica dels lligands-G4.

Objectius

Durant els ultims anys, el desenvolupament de lligans-G4 ha despertat un gran
interés en el camp de la biomedicina, ja que aquest tipus d’ADN té un paper
essencial en diferents processos biologics relacionats amb la transcripci6 i
I'expressiéo d’informacié genética, aixi com amb l'estabilitat genomica. Aixi
doncs, '’ADN G4 és una atractiva diana terapéutica per I'obtencié de farmacs
antitumorals. Dins d’aquest context, 'objectiu general d’aquesta tesi és el
disseny, preparaci6 i avaluacié de derivats poliaminics dirigits a estructures G4.
Per tal d’assolir aquest objectiu general, s’han establert els segilients objectius
especifics:

[- Disseny, sintesi i caracteritzacié de nous derivats poliaminics

Prenent com a punt de partida I'experiencia del grup de Quimica
Supramolecular de la Universitat de Valencia, es sintetitzaran i
caracteritzaran diversos compostos poliaminics. Com a nucli central
s’empraran dos motius estructurals que presenten deslocalitzacié m,
trifenilamina (TPA) i trifenilbenzé (TPB), els quals es funcionalitzaran
tant amb poliamines lineals i macrocicliques.

II- Estudi del comportament acid-base dels compostos obtinguts

L’estat de protonaci6 dels compostos sintetitzats modula la seua
capacitat per establir interaccions supramoleculars. Conseqiientment, el
seu comportament acid-base sera estudiat mitjangant técniques
potenciométriques i espectroscopiques. En primer lloc, es calcularan les
constants de protonacié, a partir de les quals es construiran els
diagrames de distribuci6 d’espécies. A¢o permetra la determinacié de les
especies predominants i de la seua corresponent carrega neta a pH
fisiologic. A més a més, diferents propietats foto-fisiques, com 'emissié
induida per agregaci6é (AIE, de I'anglés Aggregation-Induced Emission),
seran analitzades en detall mitjancant métodes espectroscopics.
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III - Estudi de la interaccié amb ADN

IV -

Amb l'objectiu d’avaluar la capacitat dels compostos sintetitzats
d’estabilitzar selectivament estructures d’ADN G4 front ADN duplex,
s’estudiara un ampli recull de diferents topologies d’ADN, que incloura
tant seqiiencies ADN telomeric, com oncogenic. Per a assolir aquest
objectiu els compostos s’estudiaran utilitzant assajos tipus FRET-Melting
(de Tlanglés Férster Ressonance Energy Transfer) 1 técniques
espectroscopiques com fluorescéncia o dicroisme circular.

Sintesi i caracteritzaci6 de nanoparticules de tipus liposoma

Els compostos que donen lloc als resultats més prometedors seran
encapsulats en nanoparticules de tipus liposoma amb l'objectiu de
maximitzar la seua captacidé cel-lular. A més a més, les vesicules
inclouran un fosfolipid fluorescent i un complex de gadolini que
possibilitaran la seua visualitzacié mitjangant microscopia confocal i
ressonancia magnetica d’'imatge (RMI). Aixi doncs, aquests liposomes
constituiran un sistema terandstic, unint en la mateixa nanoparticula
funcions terapeéutiques i diagnostiques. A banda, els liposomes seran
funcionalitzats amb l'aptamer AS1411 per a dirigir-los cap al nucli
cel-lular, on es troba la majoria del material genetic.

Estudis de la citotoxicitat i avaluacié de la captacié cel-lular

Un cop havent estudiat la interaccié dels compostos amb diferents
topologies d’ADN, s’estudiara la seua citotoxicitat en linies cel-lulars
tumorals, de igual manera que s’avaluaran els liposomes sintetitzats.
D’aquesta manera, es realitzara un estudi comparatiu de la citotoxicitat
dels liposomes i els corresponents lligands lliures. Finalment, la captaci6
cel'lular de les diferents formulacions de liposomes s’estudiara
mitjangant microscopia confocal, amb l'objectiu de determinar
'eficiéncia de I'aptamer per a dirigir els liposomes cap al nucli cel-lular.

Metodologia

Durant aquesta tesi han sigut emprades diverses técniques i protocols per tal
d’assolir els objectius establerts. Aquests es recopilen a continuacié, classificats

d’acord als seus corresponents objectius.
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I -

Disseny, sintesi i caracteritzaci6 de nous derivats poliaminics

Per a la sintesi dels derivats poliaminics s’han emprat dos tipus de cors
centrals (TPA i TPB), aixi com diferents substituents tant lineals (N,N-
dimetiletilendiamina (PX) i N,N-dimetilpropilentriamina (P)), com
macrociclics (6-(2-aminoetil)-3,6,9-triaza-1-(2,6)piridinciclodecafa
(PY)). El protocol sintétic esta basat fonamentalment en una reaccié de
formacié de base de Schiff. En primer lloc es realitza una condensacié de
I'aldehid del nucli central del lligand (TPA, comercial o TPB, obtingut
mitjangant una reaccié tipus Suzuki) amb els equivalents pertinents del
substituent poliaminic per tal d’obtindre el derivat mono-, bi- o tri-
ramificat. Un cop formada la imina, aquesta es redueix in situ emprant
borohidrur sodic, cosa que dona lloc a I'amina corresponent. Com que el
producte sol tindré un aspecte olids, es precipita com a clorhidrat per a
facilitar la seua manipulacié i emmagatzemament. La caracteritzacié de
tots els productes obtinguts s’ha realitzat mitjancant ressonancia
magnetica nuclear (RMN), analisi elemental i espectrometria de masses.

Estudi del comportament acid-base dels compostos obtinguts

La determinacid de les constants de protonacié corresponents als grups
amino dels compostos sintetitzats s’ha realitzat mitjangant valoracions
potenciométriques en dissolucié aquosa. Aixi doncs, s’ha registrat el
potencial (E) de la dissolucié durant I'addici6 d’aliquotes d’hidroxid de
sodi. Després, aplicant I'equaci6 de Nernst s’ha pogut calcular la
concentraci6 de H* corresponent a cada punt. Finalment, les constants
d’equilibri s’han determinat emprant un algoritme matematic per a
'ajust de les dades experimentals a un model establert préviament. Com
que el grau de protonacié dels derivats sintetitzats també afecta a les
seues propietats foto-fisiques, a banda de les valoracions
potenciométriques també han sigut realitzades valoracions per UV/Vis i
fluorescencia.

Estudi de la interaccié amb ADN

L’estudi de la interacci6 entre els derivats sintetitzats amb ADN ha sigut
realitzat emprant nou seqiiencies d’oligonucleodtids diferents, incloent
huit topologies diferents d’ADN G4 i un duplex. A més a més, han sigut
utilitzades diverses técniques espectroscopiques que proporcionen
informaci6 complementaria. En primer lloc, els compostos han sigut
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sotmesos a assajos de tipus FRET-Melting, els quals donen una idea
sobre l'estabilitzacié de l'estructura de ’ADN proporcionada pel lligand.
També han sigut realitzades valoracions fluorimétriques per tal de
calcular una constant d’afinitat (K.) per a cada tipus de seqiiencia
estudiada. Finalment, mitjan¢ant valoracions per dicroisme circular s’ha
estudiat la modificacié de la conformaci6 de 'ADN per interaccié amb els
derivats sintetitzats.

Sintesi i caracteritzacié de nanoparticules de tipus liposoma

Les nanoparticules de tipus liposoma han sigut sintetitzades emprant el
metode d’evaporacié del dissolvent, el qual esta basat en la capacitat
dels fosfolipids d’auto-ensamblar-se en un medi aquds. El protocol
sintetic inclou cinc passos basics: dissoldre els fosfolipids en un medi
organic, evaporar el dissolvent per a formar una monocapa lipidica,
addicionar una dissolucié aquosa que continga el compost a encapsular i
finalment, sonicar i purificar la suspensié obtinguda. La caracteritzacié
dels liposomes obtinguts ha sigut realitzada per DLS (de l'anglés
Dynamic Light Scattering), ICP-MS (de l'anglés Inductively-Coupled
Plasma Mass Spectrometry) i microscopia confocal i electronica. A més a
més, el contingut de compost encapsulat ha sigut quantificat emprant
espectroscopia de fluorescencia, utilitzant una recta de calibratge
construida a partir de patrons dels corresponents lligands.

Estudis de la citotoxicitat i avaluacié de la captacié cel-lular

La citotoxicitat dels compostos i liposomes obtinguts ha sigut estudiada
en linies cel-lulars tumorals mitjancant assajos MTT (bromur de 3-(4,5-
dimetilthiazol-2-il)-2,5-difeniltetrazoli). Aquest métode es basa en la
reduccié cel-lular del MTT, que dona lloc a la formaci6 de cristalls de
formaza blaus, els quals estan directament relacionats amb el nombre de
cel-lules viables. Aixi doncs, mesurant l'absorbancia a 570 nm, es
possible quantificar el nombre de cel-lules vives i calcular un valor d’ICso,
el qual coincideix amb la concentracié del compost o formulacié de
liposoma que es necessaria per a reduir a la meitat el nombre de
cél-lules viables. Per tal de garantir la reproductibilitat dels resultats,
han sigut estudiades tres linies tumorals diferents (LN229, MCF-7 i
HelLa) i a més a més, s’han realitzat com a minim tres experiments
independents per a cadascun dels compostos i liposomes estudiats.



Resum de la tesi

Resultats i conclusions

Durant aquesta tesi, s’han dissenyat nous derivats poliaminics amb potencial
per a actuar com a lligands-G4. El seu estudi ha demostrat que alguns d’ells s6n
sondes fluorescents selectives, ja que s6n capaces de distingir ADN G4 d’ADN
duplex. Tanmateix, I'elevada carrega positiva a pH fisiologic que aquestes
molecules presenten a pH fisiologic dificulta la seua captacié cel-lular.
L’estrategia que s’ha seguit per a superar aquesta limitacidé ha sigut
I'encapsulacié dels compostos en nanoparticules de tipus liposoma, les quals
han demostrat el seu potencial per a dirigir els compostos a 'interior cel-lular.
Seguidament, s’inclou un analisi més detallat d’aquests resultats.

[ - Shan sintetitzat i caracteritzat onze derivats poliaminics. La seua

II -

estructura molecular s’ha modificat sistematicament canviant la
naturalesa del nucli central, aixi com dels substituents al seu voltant. Els
compostos s’han classificat en dos grans grups respecte al nucli central:
derivats de TPA i de TPB. Dins de cadascun dels grups, s’han obtingut
diferents families de lligands mitjan¢ant la seua funcionalitzaci6 amb
diversos derivats. Aixi doncs, les families TPA-PX i TPA-P inclouen els
substituents poliaminics lineals N,N-dimetiletilendiamina (PX) i N,N-
dimetilpropilentriamina (P), respectivament. D’altra banda els
compostos TPA-PY presenten unitats 6-(2-aminoetil)-3,6,9-triaza-1-
(2,6)piridinciclodecafa (PY) com a cadenes laterals. Pel que fa al grup de
lligands TPB, s’han obtingut derivats tri-ramificats emprant com a
substituents les poliamines P i PY. Aquestes modificacions en
I'estructura molecular dels compostos estaven enfocades a dilucidar el
paper tant del nucli central, com dels seus substituents en les
interaccions supramoleculars amb ’ADN.

El comportament acid-base dels compostos ha sigut estudiat mitjancant
técniques potenciometriques i espectroscopiques, ja que aquest té una
influencia directa en les propietats foto-fisiques i en la interacci6 amb
I’ADN. Les constants de protonacié successives de les amines primaries i
secundaries han sigut determinades potenciométricament per a tots els
compostos. Una etapa de protonacié addicional associada a amines
terciaries ha pogut ser detectada per als compostos que inclouen
substituents PX o P. Com era d’esperar, la protonacié de lI'amina
corresponent al motiu estructural TPA no ha pogut ser determinada,
degut probablement a la seua extremadament baixa basicitat. La
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construcci6 dels diagrames de distribucié d’especies han permés
I'estimacié de la carrega neta dels compostos a pH fisiologic, la qual
modula en gran part la seua capacitat d’establir interaccions
supramoleculars.

L’efecte del grau de protonacié en el comportament foto-fisic dels
compostos ha sigut estudiat mitjancant espectroscopia UV/Vis i de
fluorescencia. En general, malgrat les lleugeres modificacions en els
espectres UV/Vis dels compostos obtingudes al modificar el pH, el seu
espectre d’emissiéo presenta canvis rellevants. Tanmateix, s’observen
clares diferéncies entre les families de compostos TPA i TPB. Mentre que
la primera dona lloc a un augment de la intensitat de fluorescencia al
augmentar el pH, la segona presenta l'efecte contrari. Aquest fet ha estat
assignat a un efecte AIE i PET (de l'anglés, Photoinduced Electron
Transfer), respectivament.

III - L’estudi de la interaccié entre els compostos sintetitzats i les diferents
estructures d’ADN ha sigut realitzat mitjancant diverses tecniques
espectroscopiques. A partir dels assajos FRET-Melting s’ha pogut
confirmar la rellevancia de les forces electrostatiques en la interacci6
amb ADN, de manera que aquells lligands que presenten una major
carrega neta donen lloc a una interacci6 amb ADN més forta.
Conseqlientment, els compostos tri-ramificats TPA3P, TPA3PY, TPB3P i
TPB3PY mostren una afinitat per 'ADN G4 elevada. D’entre aquests,
TPA3P té associada una gran selectivitat per la topologia d’ADN G4 front
a duaplex. Aquest fet resulta de particular interés donada Ila
predominanca d’aquesta tltima conformacié d’ADN a nivell cel-lular.

Aquests resultats han sigut recolzats amb estudis de fluorescéncia, els
quals han permés la determinacié de constants d’afinitat (Ka.) a partir de
les dades obtingudes de valoracions fluorimetriques. En el cas de la
familia TPA, 'emissi6 dels derivats, especialment TPA3P i TPA3PY, d6na
lloc a un considerable augment de la fluorescencia en preséncia d’ADN
G4. El que resulta més interessant és que la magnitud d’aquest augment
és molt més elevada que I'obtinguda a partir de les valoracions amb ADN
duplex. Aquest fet ha estat atribuit a la formacié d’agregats entre els
derivats del TPA i 'ADN G4, els quals donen lloc a l'augment de
fluorescencia degut a 'efecte AIE. Pel que fa al grup de compostos TPB,
aquests no han pogut ser estudiats per fluorescencia degut a que la seua
Aex és proxima a la A d’absorcié maxima de ’ADN.
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IV -

Quant a la modificacié de I'estructura G4, s’han realitzat valoracions per
dicroisme circular que han demostrat que la conformacié de I'ADN és
manté tot i que aquest es trobe interaccionant amb els compostos. Les
valoracions corresponents a TPA3P i TPA3PY mostren bandes de
dicroisme circular induit, el que és indicatiu de la magnitud de la forca
de la seua interaccié amb ’ADN G4.

Els compostos tri-ramificats (TPA3P, TPA3PY, TPB3P i TPB3PY) han
mostrat una elevada selectivitat per ’ADN G4. Conseqlientment, aquests
es poden considerar com a potencials agents antitumorals. Tanmateix, la
seua elevada carrega positiva a pH fisiologic podria dificultar la seua
captaci6 cel-lular. Per aquesta rad, aquests compostos han sigut
encapsulats en nanoparticules de tipus liposoma per tal de facilitar el
seu pas per la membrana cel-lular. El disseny de les vesicules ha permés
obtindre sistemes teranostics, unint funcions terapéutiques i
diagnostiques en la mateixa nanoparticula. Per tant, els liposomes no
només inclouen el lligand poliaminic, sin6 que també contenen un
fosfolipid fluorescent i un complex de gadolini que permet la seua
visualitzacié mitjangat microscopia confocal i ressonancia magnetica
d’imatge (RMI).

Una formulacié especifica de liposomes ha sigut especificament
dissenyada per a dirigir les nanoparticules cap al nucli cel-lular, on es
troba la gran majoria de material genétic. S’ha emprat I'aptamer AS1411,
el qual s’uneix selectivament a la proteina nucleolina que es troba
sobreexpresada en el citoplasma i en la membrana nuclear de cél-lules
tumorals. Els liposomes obtinguts, tant els dirigits com els no dirigits,
han sigut caracteritzats per microscopia electronica i dispersi6é dinamica
de llum (DLS, de 'anglés Dynamic Light Scattering), demostrant posseir
una distribucié de tamany adequada per a aplicacions biomédiques.

El contingut de compost encapsulat ha sigut calculat mitjangant
espectroscopia de fluorescéncia. Els resultats obtinguts apunten que la
eficiencia del procés depén del protocol experimental emprat, aixi com
de la naturalesa del compost encapsulat. La quantificacié de gadolini ha
sigut realitzada emprant ICP-MS (de l'anglés Inductively-Coupled Plasma
Mass Spectrometry), com a pas previ per a la determinacié de la
relaxativitat.
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V-

La citotoxicitat dels onze compostos sintetitzats, aixi com de les
diferents formulacions de liposomes ha sigut estudiada en tres linies
cel-lulars tumorals diferents, aplicant I'assaig MTT. De manera general,
la citotoxicitat dels compostos disminueix a mesura que disminueix el
nombre de substituents en la seua estructura molecular, amb I'excepcié
de TPB3P. Conseqiientment, els compostos tri-ramificats que han
demostrat posseir una elevada selectivitat cap a ’ADN G4, tenen associat
I'efecte terapeutic més reduit.

Aquest fet ha sigut explicat en base a l'elevada carrega positiva que
aquests compostos presenten a pH fisiologic, la qual dificulta la seua
captaci6 cel-lular. L’encapsulacié d’aquests compostos en nanoparticules
de tipus liposoma ha possibilitat afrontar aquesta limitacid, ja que la
citotoxicitat dels compostos encapsulats millora drasticament. Aquests
resultats confirmen 'habilitat dels liposomes per a transportar I'agent
terapeutic cap a l'interior cel-lular.

La localitzacié cel-lular de les nanoparticules ha sigut estudiada en
cél-lules tumorals mitjancant microscopia confocal. Els liposomes no
dirigits han sigut trobats en les proximitats del nucli cel-lular, el qual
explica 'augment de citotoxicitat en comparacié amb el compost lliure.
Pel que fa als liposomes dirigits, les imatges obtingudes han demostrat la
seua captacié pel nucli cel-lular, el qual esta estretament relacionat amb
la seua extremadament elevada citotoxicitat. Aixi doncs, I'estratégia de
direccionament actiu dels liposomes ha possibilitat superar les
limitacions intrinseques donades pel disseny molecular dels lligands-G4
sintetitzats, possibilitant aixi que els compostos assolisquen la seua
diana terapéutica, 'ADN G4.
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Figure App1.1. 'H-NMR and 3C-NMR spectra of TPA1PX hydrochloride salt in D-0.
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Figure App1.2. 'H-NMR and 3C-NMR spectra of TPA2PX hydrochloride salt in D-0.
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Figure App1.3. 'H-NMR and 3C-NMR spectra of TPA3PX hydrochloride salt in D-0.
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Figure App1.4. '"H-NMR and '3C-NMR spectra of TPA1P hydrochloride salt in D-0.
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Figure App1.6. '"H-NMR and 3C-NMR spectra of TPA3P hydrochloride salt in D-0.
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Figure App1.7. 'H-NMR and 3C-NMR spectra of TPA1PY hydrochloride salt in D20.
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Figure App1.8. 'H-NMR and 3C-NMR spectra of TPA2PY hydrochloride salt in D20.
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Figure App1.12. 'H-NMR and 3C-NMR spectra of TPB3PY hydrochloride salt in D20.
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FRET - Melting data
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Figure App2.1. FRET melting curves with 0.2 uM labelled DNA and 1 uM of TPA-PX ligands: a)
HTelo21-K, b) HTelo21-Na, ¢) 22CTA, d) Bcl-2, e) c-Myc, f) CEB25, g) c-kit1, h) c-kit2 and i) ds26).
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Figure App2.2. FRET melting curves with 0.2 uM labelled DNA and 1 uM of TPA-P ligands: a)
HTelo21-K, b) HTelo21-Na, ¢) 22CTA, d) Bcl-2, e) c-Myc, f) CEB25, g) c-kit1, h) c-kit2 and i) ds26.
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Figure App2.3. FRET melting curves with 0.2 uM labelled DNA and 1 uM of TPA-PY ligands: a)
HTelo21-K, b) HTelo21-Na, c) 22CTA, d) Bcl-2, e) c-Myc, f) CEB25, g) c-kit1, h) c-kit2 and i) ds26.
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Figure App2.4. FRET melting curves with 0.2 uM labelled DNA and 1 uM of TPB3P: a) HTelo21-K,
b) c-kitl, c) ds26. FRET melting curves with 0.2 uM labelled DNA and 1 uM of TPB3PY: a) HTelo21-
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Table App2.1. ATnvalues [°C] for different DNA topologies and the TPA-PX derivatives.

Compound TPA1PX TPA2PX TPA3PX
Ratio L:DNA | 1:2 1:5 | 1:10 1:2 1:5 | 1:10 1:2 1:5 | 1:10
HTelo21-K 8 201) 2 1(1) 2(2) 4(2) 0(2) 1(1) 5(2)
HTelo21-Na | 0(2) | 2(1) 4(2) 1(2) 3(2) 4(2) 3(1) 6(2) 6(1)
22CTA 0(2) | 02(6)  03(6) | 1.1(8) 2(1) 1(1) 1(1) 2(1) 3(1)
BCl-2 o) | o) | -09(8) | 11 1.0(9) | 1.0(8) | o) (1) 3(1)
c-Myc 2007) | 25(7) i 27(9) | 118) | 20(1) | 21(8) | 1(1) 2(1) 41)
CEB25 00(6) i 0.7(3) | -1.2(4) | -03(5) | -0.5(5) | -0.7(5) | -0.5(2) | -0.3(7) | 0.5(3)
c-kit1 o) {038 018 | 013(5) | 0.7(3) | 05(2) | 03(3) | 02(5) | 1.8(6)
c-kit2 21(7) | 21(7) | 23(9) | 14(8) | 20(1) | 12(1) | 151) @ 19(1) @ 3(1)
ds26 01(2) | 01(3)  -0.1(2) | 01(1) | 01(1) | 0.0(3) | 0.0(1) @ 00(1) @ 0.2(1)

Table App2.2. ATwvalues [°C] for different DNA topologies and the TPA-P derivatives.

Compound TPA1P TPA2P TPA3P
Ratio L:DNA | 1:2 1:5 | 1:10 1:2 1:5 1:10 1:2 1:5 1:10
HTelo21-K 0(2) 3(2) 7(3) 2(2) 8(1) 13(3) 5(3) 18(3) | 24(3)
HTelo21-Na | 2(1) 8(3) 12(2) | 613) | 129(3) | 17(1) | 11(2) | 24(6) | 33(3)
22CTA 02(6) i 22 | 370 | 113 5(1) 64(9) | 46(9) @ 12(1) | 22(2)
BCl-2 A1) -28(7) | -29(6) | -15(4) | -13(5) | 26(5) | 1.7(8) | 14.0(8) | 17.7(7)
c-Myc 0 - 17(8) | 5(1) 6(2) 8(2) 104) | 4@ 15(3) = 25(7)
CEB25 0.6(4) | -11(7) | -19(4) | -0.7(7) | -16(3) | 02(2) | -12(2) | 53(4) | 10.4(4)
c-kit1 1(2) 2(2) 227 | 12(4) @ 26(5) | 5005 | 33(7) | 10.7(8) = 20.2(8)
c-Kit2 o(1) | 17(8) | 5(1) 2(2) 7(3) 10(4) 5(2) 15(3) | 25(6)
ds26 0.1(6) | -0.1(6) | -0.3(5) [ 01(4) | 01(2) @ -02(3) | -0.1(2) | -0.1(2) | 05(5)
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Table App2.3. ATwvalues [°C] for different DNA topologies and the TPA-PY derivatives.

Compound TPA1PY TPA2PY TPA3PY

Ratio L:DNA | 1:2 1:5 1:10 1:2 1:5 1:10 1:2 1:5 1:10

HTelo21-K | 02(3) | 12(2) @ 33(1) | 57(5) | 124(2) | 209(2) | 29(6) | 11.3(7) | 18.7(5)

HTelo21-Na | 3(1) | 09(2) @ 155(5) | 035(8) | 165(6) | 267(2) | 14(2) @ 266(6) | 44.1(8)
22CTA 04(4) | 06(2) @ 1.0(3) | 22(5) | 713(5) | 154(1) | 25(65) | 7.7(7) | 168(7)
BCl-2 04(1) | 03(4) @ 16(2) | 072(9) | 36(1) | 1054(8) | 23(2) | 7o) | 172(1)
c-Myc 11(3) | 04(1) | 24(9) | 51(3) | 106(1) | 1801(2) | 11.2(5) | 20.5(1) @ 35.4(5)
CEB25 01(1) | 07(9) @ 08(2) | 012() i 243) | 79 | 15 | 8I() | 152(4)
c-kit1 132) | 2(2) 22(7) | 1204) | 27(5)  50(5) | 34(7) | 107(8) | 182(8)
c-kit2 0.1(1) | 014(1) @ 1(1) 26(6) | 8(2) 10(4) | 47(1) @ 14(2) | 254(6)
ds26 02(7) | 01(2) @ 03(2) | 001(6) | 14(2) | 47(2) | 036(1) | 38(2) | 14(1)

Table App2.4. ATn values [°C] for different DNA topologies and the TPB derivatives.

Compound TPB3P TPB3PY

Ratio L:DNA 1:2 1: 1:10 1:2 1:5 1:10

HTelo21-K 22(4) 30(1) 37.7(2) 15(2) 24.6(3) 33.8(5)
c-kitl 22.8(7) 30.7(3) 35.31(8) 5(1) 20.4(4) 30.2(3)
ds26 1.2(4) 3.9(9) 7(1) 0.09(2) 1.4(1) 4.0(2)
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Fluorimetric and circular dichroism titrations data
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Figure App3.1. Fluorimetric titration of TPA3P with
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HTelo22-K: a) Aex = 314 and b) Aex= 375 nm.
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Figure App3.2. Fluorimetric titration of TPA3P with 22CTA: a) Aex = 314 and b) Aex= 375 nm.
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Figure App3.3. Fluorimetric titration of TPA3P with Bcl-2: a) Aex = 314 and b) Aex= 375 nm.
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Figure App3.4. Fluorimetric titration of TPA3P with c-Myc: a) Aex = 314 and b) Aex= 375 nm.
a) b)
5000000 — SHMTPA3P + 0 eq CEB25 1000000 —— 5 M TPA3P + 0 eq CEB25
—— 5 uM TPA3P + 2 eq CEB25 —— 5 uM TPA3P + 2 eq CEB25
— 4000000 —_
= S 750000
i 8,
= 30000004 =
S / 2
= % 500000
42000000 2
= =]
= =
1000000 | 2500004
T T T T T 9 -____\
350 400 450 500 550 600 0 400 450 500 550 600

Wavelength [nm]

Figure App3.5. Fluorimetric titration of TPA3P with CEB25: a) Aex = 314 and b) Aex= 375 nm.
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Figure App3.6. Fluorimetric titration of TPA3P with c-kit1: a) Aex = 314 and b) Aex= 375 nm.
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Figure App3.7. Fluorimetric titration of TPA3P with c-kit2: a) Aex = 314 and b) Aex= 375 nm.
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Figure App3.8. Fluorimetric titration of TPA3PY with HTelo22-K: a) Aex = 314 and b) Aex= 375 nm.
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Figure App3.9. Fluorimetric titration of TPA3PY with 22CTA: a) Aex = 314 and b) Aex= 375 nm.
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Figure App3.10. Fluorimetric titration of TPA3PY with Bcl-2: a) Aex = 314 and b) Aex= 375 nm.
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Figure App3.11. Fluorimetric titration of TPA3PY with c-Myc: a) Aex = 314 and b) Aex= 375 nm.
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Figure App3.12. Fluorimetric titration of TPA3PY with CEB25: a) Aex = 314 and b) Aex= 375 nm.
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Figure App3.13. Fluorimetric titration of TPA3PY with c-kit1: a) Aex = 314 and b) Aex= 375 nm.
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Figure App3.14. Fluorimetric titration of TPA3PY with c-kit2: a) Aex = 314 and b) Aex= 375 nm.
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Figure App3.15. Fluorimetric titration of a) TPB3P and b)TPB3PY with c-kit1 (Aex= 270 nm).
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Figure App3.16. Plot of (Fo-F) /Fo vs DNA concentration for TPA3P titrations with different DNA
topologies, showing the corresponding fitted curves (a) HTelo22-K, b) HTelo22-Na, c) 22CTA, d)
Bcl-2, e) c-Myc, f) CEB25, g) c-kit1, h) c-kit2 and i) ds26).

298



Fluorimetric and circular dichroism titrations data

a) b) L]
14
50 20
- 12
o o i
° $ ° 10
B i i €20 =
~ 30 o/ ~ ~ 8
- ” — -
© Q) ©
= 20 = = 6
& w10 &
= = =
2
0 = 5puMTPA3PY + 22AG-K o = 5uMTPA3PY + 22AG-Na o = 5uMTPA3PY + 22CTA
0.00 1.50x10°  3.00x10°  4.50x10° 0.00  1.50x10°® 3.00x10° 4.50x10°° 6.00x10® 0.0 1.0x10°  2.0x10°  3.0x10°
DNA Concentration [M] DNA Concentration [M] DNA Concentration [M]
d) e) f)
30
40 30
+H 4t IR
30 0
20
o o o
= = 20 2
~ ~ ~
—~ 20 - -
© © ©
o I B 10
& 10 10 &
&
. 0
0 = 5uMTPA3PY + Bcl-2
0 = 5uMTPA3PY + c-Myc = 5 uMTPA3PY + CEB25
0.0 1.0x10°  2.0x10°  3.0x10°° 0.0 1.0x10°  2.0x10°  3.0x10°° 0.0 1.0x10°¢ 2.0x10°° 3.0x10°
DNA Concentration [M] DNA Concentration [M] DNA Concentration [M]
g) h) i)
10 14
. 2
30
° ° o 10
B B B
< ~ ~ 8
—~20 I~ P~
© © ©
o o £ 6
& 10 & &y
2
N2
= 5 uMTPA3PY + ckitl = 5pMTPA3PY + c-kit2 0 = 5pMTPA3PY +ds26
0.0 1.0x10°  2.0x10°  3.0x10° 0.0 1.0x10°  2.0x10°  3.0x10°

DNA Concentration [M]

0.0 1.0x10°  2.0x10°  3.0x10° 4.0x10°

DNA Concentration [M]

DNA Concentration [M]

Figure App3.17. Plot of (Fo-F) /Fo vs DNA concentration for TPA3PY titrations with different DNA
topologies, showing the corresponding fitted curves (a) HTelo22-K, b) HTelo22-Na, c) 22CTA, d)
Bcl-2, e) c-Myc, f) CEB25, g) c-kit1, h) c-kit2 and i) ds26).
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Figure App3.18. Plot of (Fo-F) /Fo vs DNA concentration for TPA2P titrations with different DNA
topologies, showing the corresponding fitted curves (a) HTelo22-K and b) ds26).
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Figure App3.19. Plot of (Fo-F) /Fo vs DNA concentration for TPA1P titrations with different DNA
topologies, showing the corresponding fitted curves (a) HTelo22-K and b) ds26).
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Figure App3.20. Plot of (Fo-F)/Fo vs DNA concentration for TPA2PY titrations with different DNA
topologies, showing the corresponding fitted curves (a) HTelo22-K and b) ds26).
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Figure App3.21. Plot of (Fo-F)/Fo vs DNA concentration for TPA1PY titrations with different DNA
topologies, showing the corresponding fitted curves (a) HTelo22-K and b) ds26).
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Figure App3.22. Plot of (Fo-F)/Fo vs DNA concentration for TPB3P titrations with different DNA
topologies, showing the corresponding fitted curves (a) HTelo22-K, b) c-kit1 and c) ds26.)
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Figure App3.23. Plot of (Fo-F) /Fo vs DNA concentration for TPB3PY titrations with different DNA
topologies, showing the corresponding fitted curves (a) HTelo22-K, b) c-kit1 and c) ds26.)
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Figure App3.24. CD Titrations of c-Myc with a) TPA1PY, b) TPA2PY and c) TPA3PY.
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Figure App3.25. CD Titrations of 22CTA with a) TPA1PY, b) TPA2PY and c) TPA3PY.
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Figure App3.26. CD Titrations of HTelo22-K with a) TPA1PY, b) TPA2PY and c) TPA3PY.
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Figure App4.1. Percentage of TPA1PX cell viability from duplicated MTT assays performed with a)

LN229, b) MCF-7 and c) HeLa cell lines. The ICso value was calculated from the data fitting.

= TPA2PX Viability = TPA2PX Viability
100 100

H E
< <
2 504 2 50
= =
S K]
ES ES
0 — 0 —
0 20 20 60 0 20 0 60
TPA2PX Concentration [uM] TPA2PX Concentration [uM]
)
= TPA2PX Viability
100+
Qo
2
=
£ 504
°
)
ES
o]
0 20 10 60

TPA2PX Concentration [uM]
Figure App4.2. Percentage of TPA2PX cell viability fro duplicated MTT assays performed with a)
LN229, b) MCF-7 and c) HeLa cell lines. The ICso value was calculated from the data fitting.
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Figure App4.3. Percentage of TPA3PX cell viability from duplicated MTT assays performed with a)
LN229, b) MCF-7 and c) HeLa cell lines. The ICso value was calculated from the data fitting.
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Figure App4.4. Percentage of TPA1P cell viability from duplicated MTT assays performed with a)
LN229, b) MCF-7 and c) HeLa cell lines. The ICso value was calculated from the data fitting.
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Figure App4.5. Percentage of TPA2P cell viability from duplicated MTT assays performed with a)
LN229, b) MCF-7 and c) HeLa cell lines. The ICso value was calculated from the data fitting.
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Figure App4.6. Percentage of TPA3P cell viability from duplicated MTT assays performed with a)
LN229, b) MCF-7 and c) HeLa cell lines. The ICso value was calculated from the data fitting.
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Figure App4.7. Percentage of TPA1Y cell viability from duplicated MTT assays performed with a)
LN229, b) MCF-7 and c) HeLa cell lines. The ICso value was calculated from the data fitting.
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Figure App4.8. Percentage of TPA2PY cell viability from duplicated MTT assays performed with a)
LN229, b) MCF-7 and c) HeLa cell lines. The ICso value was calculated from the data fitting.
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Figure App4.9. Percentage of TPA3PY cell viability from duplicated MTT assays performed with a)
LN229, b) MCF-7 and c) HeLa cell lines. The ICso value was calculated from the data fitting.
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Figure App4.10. Percentage of TPB3P cell viability from duplicated MTT assays performed with a)
LN229, b) MCF-7 and c) HeLa cell lines. The ICso value was calculated from the data fitting.
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Figure App4.11. Percentage of TPB3PY cell viability from duplicated MTT assays performed with
a) LN229, b) MCF-7 and c) HeLa cell lines. The ICso value was calculated from the data fitting.
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Figure App4.12. Percentage of Lip - TPA3P cell viability from duplicated MTT assays performed
with a) LN229, b) MCF-7 and c) HeLa cell lines. The ICso value was calculated from the data fitting.
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Figure App4.13. Percentage of Lip - TPA3PY cell viability from duplicated MTT assays performed
with a) LN229, b) MCF-7 and c) HelLa cell lines. The ICso value was calculated from the data fitting.
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Figure App4.14. Percentage of Lip - TPB3P cell viability from duplicated MTT assays performed
with a) LN229, b) MCF-7 and c) HeLa cell lines. The ICso value was calculated from the data fitting.
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Figure App4.15. Percentage of Lip - TPB3PY cell viability from duplicated MTT assays performed
with a) LN229, b) MCF-7 and c) HeLa cell lines. The ICso value was calculated from the data fitting.
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Figure App4.16. Percentage of Lip - Ap - TPA3P cell viability from duplicated MTT assays
performed with a) LN229, b) MCF-7 and c) HeLa cell lines. The ICso value was calculated from the

data fitting.
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Figure App4.17. Percentage of Lip - Ap - TPA3PY cell viability from duplicated MTT assays
performed with a) LN229, b) MCF-7 and c) HeLa cell lines. The ICso value was calculated from the

data fitting.
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Figure App4.18. Percentage of Lip - Ap - TPB3P cell viability from duplicated MTT assays
performed with a) LN229, b) MCF-7 and c) HeLa cell lines. The ICso value was calculated from the

data fitting.
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Figure App4.19. Percentage of Lip - Ap - TPB3P cell viability from duplicated MTT assays
performed with a) LN229, b) MCF-7 and c) HeLa cell lines. The 1Cso value was calculated from the

data fitting.
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Abstract: A new series of triphenylamine-based ligands with
one (TPATPY), two (TPAZPY) or three pendant aza-macrocy-
cle(s) (TPA3PY) has been synthesised and studied by means
of pH-metric titrations, UV/Vis spectroscopy and fluores-
cence experiments. The affinity of these ligands for G-quad-
ruplex (G4) DNA and the selectivity they show for G4s over
duplex DNA were investigated by Forster resonance energy
transfer (FRET) melting assays, fluorimetric titrations and cir-

cular dichroism spectroscopy. Interestingly, the interactions
of the bi- and especially the tri-branched ligands with G4s
lead to a very intense redshifted flucrescence emission band
that may be associated with intermolecular aggregation be-
tween the molecule and DNA. This light-up effect allows the
application of the ligands as fluorescence probes to selec-
tively detect Gds.

Introduction

In addition to the canonical double-stranded DMA structure, a
number of other alternative nucleic acid structures are known,
for example, triplexes, i-motifs, three-way junctions, Holliday
junctions and G-guadruplexes (G4s)."! Gds are formed from
stacks of two or more planar guanine tetrads arising from a hy-
drogen-bonding network of four guanines assembled and sta-
bilised by alkali metal cations (Figure 1).!

A large number of putative G-quadruplex forming sequen-
ces (over 700000) have been identified in vitro in the human
genome.” These G4 DNA-forming sequences can be found in
telomeres, promoter regions of various oncogenes, introns and
immunoglobulin switch regions!¥ There is mounting evidence
to suggest that these non-canonical DNA secondary structures
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Figure 1. Schematic representation of the G-quadmuplex.

play a pivotal role in key biclogical processes!” Consequently,
G4s have been identified as potential targets for therapeutic
intervention by using small molecules

The design of G4 DNA binders largely relies on the presence
of n-delocalised extended rings (which can display strong a-mt
interactions with the G-tetrads) and positively charged sub-
stituents, which increase their affinity towards DNA through in-
teractions with the negatively charged phosphate backbone
and the nucleobases.”

The most studied G4 DNA structures to date are those
found in the human telomere™ and in the promater regions of
various oncogenes, such as c-kit'" Bcl-2'" k-RAS™ and
VEGE"? More recently, there has been significant interest in
the G4s formed in RNAs, such as TERRA® Although all these
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