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Résumé : Les G-quadruplexes sont des structures
non canoniques des acides nucléiques formés au
niveau de région riche en guanine et en présence
d'ions potassium. Ces structures sont connues pour
se former dans le génome humain (> 10 000) et
semblent participer a la régulation de phénomeénes
biologiques.

Le but du projet est de développer et étudier des
ligands trifonctionnels pour les utiliser comme outils
dans un protocole d'immunoprecipitation pour
mieux comprendre I'accessibilité et la dynamique des
G4s via une association covalente entre le ligand et la
structure G4. Les ligands sont composés de i) un
coeur PDC qui est capable d'interagir spécifiquement
avec les G4s, ii) un groupe photoactivable capable de
piéger covalemment les G4s, et iii) un alcyne terminal
pour la fonctionnalisation post-piégeage par CUAAC.

La premiere partie présente la synthese et les
études biophysiques et biochimiques des nouvelles
familles de ligands G4 photoactivables. La
conservation des propriétés du composé PDC vis a
vis les G4s a été évalué par des expériences de
FRET-melting et G4-FID. Leur capacité a générer
une liaison covalente avec la structure G4 a été
confirmée par gel d'électrophorese en condition
dénaturante, et les sites d'alkylations ont été

identifiés  par  séquencage chimique et
enzymatique.

La seconde partie présente les études
photochimiques réalisées en présence de

prototypes. La nature des espéces réactives a été
étudiée par Laser Flash Photolysis. Pour conclure, la
photoréactivité a été étudiée en présence de
different nucléosides et les adduits produits ont été
caracterisés par RMN.

Title: Photoactivatable G-quadruplex ligands: synthesis, activation, reactivity and biological applications

Keywords: G-quadruplexes, Photoactivatable G4 ligands, Photochemical studies, Biophysics, Biochemistry

Abstract: G-quadruplexes (G4s) are non-canonical
four-stranded nucleic acid structures generated by
the folding of G-rich sequences in the presence of
potassium ions. G4s have been found to form in the
human genome (> 10,000) and seem to play a role in
the regulation of many cellular processes.

The aim of this project is to develop and study
trifunctional ligands that can be wused in an
immunoprecipitation methodology to understand
more about G4 accessibility and dynamics by means
of a covalent association between the G4 ligand and
the G4 structure. These ligands are composed of i)
the PDC core able to interact selectively with G-
quadruplexes, ii) a photoactivatable moiety
(benzophenone, benzyl and aliphatic diazirine, and
aryl azide) able to trap covalently G-quadruplexes,
and iii) a terminal alkyne for post-covalent binding
functionalisation by CuUAAC reaction.

The first part describes the synthesis and the
biophysical and biochemical studies of the two new
families of photoactivatable G4 ligands (in-line and
branched compounds). The conservation of the
specificity of PDC toward G4s was evaluated by
FRET-melting and G4-FID assays. Their ability to
generate a covalent bond with the G4 structures
was assessed by denaturing gel electrophoresis
and the identification of the alkylation sites
determined by both chemical and enzymatic
sequencing experiments.

The second part describes the photochemical
studies performed in the presence of mimic
prototypes. The nature of the reactive
intermediates was studied by Laser Flash
photolysis. Finally, photoreactivity was studied in
the presence of different nucleosides and
generated adducts were characterised by NMR.
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“One must not doubt for a single moment the supremacy that truth has over dreams”
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Résumé en francais (French summary) :

Les G-quadruplexes (G4s) sont des structures a quatre brins non canoniques de I'’ADN
qui se forment par l'interaction d'au moins deux G-quartets par n-stacking.>® Les G-
quartets sont des structures tétramériques coplanaires composées de quatre guanines
qui interagissent ensemble par des liaisons hydrogenes d'Hoogsteen. Ces G4s se
forment uniquement lorsque I'ADN duplexe est déroulé et séparé en deux brins dont
le brin riche en guanines forme le G4 avec la stabilisation indispensable par des cations
potassiums (K*). De trés nombreuses expériences /n vitro et in cellulo supportent
I'nypothese de la formation des G4s /n vivo*® De plus, la cartographie des structures
G4s génomique fixé in cellulo et identifiés par un anticorps anti-G4 appelé « BG4 » a
permis d'identifier plus de 10 000 de ses séquences formant des G4s.°"%? Et les études
in silico et in vitro de cartographie des structures G4s du génome ont permis de
démontrer un enrichissement de ses structures au niveau d'éléments régulateurs qui
permettent de réguler la transcription et la traduction.®® Ces structures sont aussi
présentes au niveau télomérique pour la protection des extrémités chromatiniennes et
inhiber la télomérase responsable de I'extension télomérique,®” et au niveau de sites
de réplication pouvant jouer un réle sur l'initiation de la réplication.*® C'est pour ses
raisons que les G4s sont devenu des cibles importantes d'études dues a I'important
des processus biologiques qu'elles régulent et sont souvent associés a un
développement tumoral lors de leurs dérégulations.

L'objectif du projet de these est de développer de nouveaux ligands G4s
fonctionnalisés par un groupement photoactivable et un alcyne terminal pour réaliser
une méthodologie dit de marquage par photoaffinité. Cette derniere permet de
convertir une interaction non covalente en une interaction covalente par l'activation
UV d'un groupement photoactivable qui génére une espece réactive qui va réagir pour
former une liaison covalente a proximité du domaine d'interaction.’>86 |a présence
d'un alcyne terminal doit permettre I'isolation des complexes [structures G4 : ligands
G4] par l'introduction d'un haptene par chimie click. L'objectif a long terme de I'équipe
est de développer une nouvelle méthodologie basée sur le marquage par photoaffinité
pour la cartographie des structures G4s accessibles dans le génome. L'avantage est
d'éviter la fixation chimique du génome pour garder le dynamisme génomique de la
formation des G4s, et la formation d'une liaison covalente avec les G4s pour éviter une
dissociation et relocalisation du ligand G4 avec un site génomique différent.



Pour cela, le ligand G4 fonctionnalisé est le PDC (aussi appelé « 360A ») qui est un
ligand qui possede une grande affinité et sélectivité pour les G4s, qui a été développé
dans le laboratoire et qui a déja été adapté de trés nombreuses fois due a sa simplicité
de synthése. Deux familles de composés ont été développé avec les ligands « linéaires
» et les ligands « branchés ». Les ligands « linéaires » sont obtenus par la
fonctionnalisation du PDC avec la chaine linéaire 4-diazirine-7-octynoate qui porte la
diazirine aliphatique comme groupement photoactivable et I'alcyne terminal. Le PDC
et la chaine linéaire sont reliés par un lien diamine C2, C4 ou diéthyléne glycol (DEG).
Ces ligands ont été synthétisés par Dr. T. Masson durant sa these. Les ligands «
branchés » sont obtenus par la fonctionnalisation du PDC avec 1) un des trois
groupements photoactivables : benzophénone (Bph), benzyl trifluoromethyl diazirine
(N2) et tetrafluorophenyl azide (N3), et 2) un des quatre espaceurs portant la fonction
alcyne terminal : C1, C3, DEG et triéthylene glycol (TEG). Ces ligands ont été synthétisés
par Mme. C. Guetta sauf pour la série DEG qui ont été synthétisés par moi-méme (voir
chapitre I1.1.2. Synthesis of Branched DEG G4 ligands, p.94).

En premier, il a été nécessaire de vérifier que la fonctionnalisation du PDC n'a pas un
effet négatif significatif sur l'interaction et surtout sur la sélectivité versus de I'ADN
duplexe. Pour cela, deux méthodes biophysiques ont été utilisés, le FRET-melting
(mesure du point de fusion) et le G4-FID (déplacement d’'une sonde d'intercalation
fluorescente), sur un panel de six G4s couvrant une large diversité de structures. Les
résultats (voir /I1.2.3. Compounds evaluation, p.106) montrent que les ligands « linéaires
» conservent les propriétés excellentes du PDC pour I'interaction et la sélectivité envers
les structures G4s. En revanche, les ligands « branchés » montrent que la
fonctionnalisation résulte en une importante diminution de I'interaction et méme de la
sélectivité pour certaines structures G4 versus de I'ADN duplexe. Le classement général
de l'interaction est : ligands « linéaires » > C3/N2 et C1/N3 > N3 > Bph et N2.

Secondement, la stratégie de marquage par photoaffinité des structures G4s a été
confirmé par gel d'électrophorése en condition dénaturante, ce qui permet de séparer
les séquences G4s alkylés des séquences G4s non alkylés. Pour cela, les séquences G4s
22AG, cMYC22 et CEB25wt ont été marqués au niveau de l'extrémité 5' par du
phosphore-32, puis équilibré avec un des ligands étudiés puis irradié a 360 nm pendant
1 h avant d'étre séparé sur gel. Les résultats (/. 7. G4 Alkylation efficiency, p.117) pour
les ligands « linéaires » montrent un haut rendement d'alkylation pour 22AG (57-63%)
et CEB25wt (64-72%), et un peu moins important avec cMYC22 (39-48%).



Il est intéressant d'observer une importante différence de rendement d'alkylation entre
CEB25wtet cMYC22 alors qu'ils partagent une topologie similaire. Cela peut s'expliquer
parce que CEB25wt¢a une longe boucle centrale de 9 nucléotides qui rend la structure
beaucoup plus accessible a lalkylation que les courtes boucles de cMYC22.
Différemment les ligands « branchés », 'alkylation a I'air importante pour cMYC22 et
CEB25wt (=50%). Cependant, le rendement de I'alkylation est extrémement faible avec
22AG (Bph 8-18%, N2 3-5%, and N3 6-9%), ce qui démontre une préférence structurelle
de I'alkylation des ligands « branchés » envers certains G4s. Pour conclure, le marquage
par photoaffinité des G4s /n vitro est efficace par les ligands « linéaires », et efficace
mais structurellement sélectif par les ligands « branchés ».

Pour la suite de la thése, nous avons décidé de nous concentrer sur la caractérisation
de l'alkylation, que cela soit sur la structure G4 ou en utilisant un modele pour identifier
et caractériser le produit de I'alkylation avec des nucléosides. Et nous avons décidé de
nous concentrer sur la réactivité des diazirines aliphatiques (I-N2) présent sur les
ligands « linéaires » et sur la benzophénone présente sur la série Bph des ligands «
branchés ».

Ce concentrant sur la benzophénone, la localisation des sites d'alkylation a été
déterminé par séquencage (voir /ll.2. Chemical and enzymatic sequencing methods,
p.122). Au début, un séquengage chimique a été tenté utilisant du diméthyle sulfate et
de la pipéridine pour fragmenter la séquence d’ADN au niveau des guanines et des
sites d'alkylations, mais résulta en une désalkylation, signifiant que l'alkylation est
thermiquement réversible. L'utilisation d'un séquencage enzymatique utilisant
I'exonucléase 3' qui digere 'ADN du 3' au 5' et est bloqué lors de la digestion d'un
nucléotide alkylé. Cela a permis d'identifier la position de l'alkylation sur 22AG. Le
résultat montre que l'alkylation par les ligands de la série Bph est sélectif pour la
thymidine et indépendant de la position des boucles. Un résultat similaire avait été
obtenu par Verga et al. avec le ligand PDC fonctionnalisé avec une benzophénone.’”
Pour aller plus loin, un modele a été développé ou la benzophénone est fonctionnalisée
avec une fonction A,N-diéthylamide pour reproduire la fonction qui relie la
benzophénone au reste du ligand sur la série Bph. La génération de I'espece réactive
du modeéle « Bph-COEt, » a été évalué par Laser Flash Photolyse (LFP) avec une durée
de vie limité a moins d'une dizaine de nanosecondes, ce qui est un comportement
différent comparé a la benzophénone avec une durée de vie d'une dizaine de
microsecondes (voir IV.3. Laser flash photolysis studies, p.145). Vu les résultats de
I'expérience de séquencage, sa réactivité avec la thymidine a été évalué et montre une
cinétique de la réaction lente mais avec la formation uniquement d'oxétanes avec
majoritairement les régioisoméres hémiaminales éthers et minoritairement les



régioisomeres éthers qui ont été caractérisés par RMN 700 MHz (voir IVA4.
Benzophenone photoadducts distributions, p.153). De plus, le traitement thermique
des deux régioisomeres montre que seul I'hémiaminal éther est thermiquement
réversible alors que [|'éther est thermiquement stable. Pour conclure sur la
benzophénone, le modele « Bph-COEt, » montre clairement une particularité avec sa
durée de vie extrémement réduite (< 50 ns) comparé a la benzophénone. Cependant,
le modele garde la méme sélectivité pour les thymidines et forme aussi des oxétanes
par une réaction de Paterno-Blchi comme pour la benzophénone. C'est, a ma
connaissance, le premier groupement photoactivable qui posseéde un état triplet
réversible avec une durée de vie au niveau du nanoseconde, ce qui pourrait permettre
de limiter les dommages par photo-oxydation souvent associés a la benzophénone
mais reste a étre étudié et confirmé ou infirmé.

Pour finir en se concentrant sur la diazirine aliphatique qui est présente sur les ligands
« linéaires », le séquengage chimique et enzymatique n'a pas permis de déterminer la
position de l'alkylation sur les G4s. Un modele a été développé par Mme. C. Guetta
reprenant la chaine portant la diazirine aliphatique et l'alcyne terminal en la
fonctionnalisant avec une A-méthylamide « ~N2CONHMe ». La génération de |'espece
réactive a été évalué par LFP mais n'a pas permis de la caractériser due a sa trop faible
durée de vie. La réactivité du modeéle a été évalué avec différents nucléosides et montre
la formation d'adduits uniquement avec la thymidine (dT) et la 2'-deoxyguanosine (dG).
La caractérisation par RMN 700 MHz de ses adduits (voir /V.5. Study of the
photoreactivity of aliphatic diazirine, p.161) montre la formation d'un produit
majoritaire (66% HPLC) pour les deux nucléosides correspondant a une insertion N-H
avec NH3 pour dT et NH1 pour dG. Et la formation d'un produit minoritaire (33% HPLC)
qui correspond a une insertion O-H avec 02/04 pour dT et O6 pour dG. La compétition
de réactivité entre dT et dG avec le modele montre une préférence marquée pour dT.
Pour conclure, la diazirine aliphatique montre une préférence pour l'alkylation
intermoléculaire de site acidique comme déja observé avec les acides aminés par West
et al’® Le mécanisme en jeu est sirement due a la réactivité de l'espéce réactive
diazoisomer qui a été caractérisé par O'Brien et a/?** comme l'espéce réactive
réagissant avec les sites acidiques, et par la formation d'un intermédiaire en pair d'ions
qui expliquerait la proportion aussi élevée d'insertion O-H (33%) qui ne serait pas
possible d'obtenir par une insertion O-H directe a partir des formes énols. Cependant,
la réactivité intramoléculaire avec les structures G4s doit étre plus complexe avec une
partie similaire avec la réactivité intermoléculaire due au diazoisomer mais avec en
addition la réactivité du carbéne qui reste a étre évalué.
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1. Nucleic acids

Nucleic acids are macromolecules essential to life and are composed of two families:
the deoxyribonucleic acid (DNA) and the ribonucleic acid (RNA). DNA was first isolated
as a DNA/protein mixture by Miescher who called it Nuclein.’? Later, the mixture was
purified to give DNA and was mainly characterised by Miescher, Kossel and Altmann,
the latter named the pure substance nucleic acid.? The work of Kossel shows that the
nucleic acid contained pyrimidine and purine structures, a sugar and a phosphate
group.*® It was finally demonstrated that the sugar is a 2'-deoxyribose, which gave its
name deoxyribonucleic acid, and the four bases were identified.

Deoxyribonucleic acid is a biopolymer constituted by monomeric units called
nucleotides represented in Figure 1-A. The latter are divided into three subunits: a 2'-
deoxyribose sugar, one to three phosphate groups (mono-, di- or triphosphate
nucleotide) connected to the C5' of the sugar, and one of the four nucleobases tethered
to the anomeric carbon (C1") through an N-glycosidic bond. The monophosphate
nucleotides are joined together in a linear chain through a 3',5'-phosphodiester linkage
between the 5' phosphate group of a nucleotide and the 3'-hydroxyl group of the
subsequence nucleotide. It forms an alternating 2'-deoxyribose-phosphate backbone
represented in Figure 1-B.

A) B) Q) Purines
NH, o
N N NH
o) o o Base B y N Y
o 1 Il + ase ¢ i J ¢ Y
0—P—0—P—0—P—0 0. o N N N NP SNH
UL “ o i g :
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OH R o —>
o, 0¥ R Pyrimidi
| nucleoside | ~p” Pyrimidines
nucleotide monophosphate + Phosphodiester linkage NH,
[
l nucleotide diphosphate | Monomeric unit inside | SN | NH | NH
- - the nucleic acid biopolymer /g ,& ,&
nucleotide triphosphate H o ” (0] H (¢}

Cytosine  Thymine Uracil
Figure 1: A) General molecular structure of the nucleoside and nucleotides. B) Structure of the monomeric unit inside the linear

chain of the nucleic acid biopolymer. R = -H for DNA and -OH for RNA. C) Molecular structure of the different purine and
pyrimidine bases.
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The nucleobases can be separated into two structural groups shown in Figure 1-C: the
purines with Adenine (A) and Guanine (G), and the pyrimidines with Cytosine (C) and
Thymine (T) (the latter is replaced by Uracil (U) in RNA sequences). Chargaff discovered
that A/T and G/C had the same proportion inside a pair.”8 It was later explained as A is
complementary to T by forming two hydrogen bonds, and C complements G by
forming three hydrogen bonds as shown in Figure 2-A. These hydrogen bonds are
called Watson-Crick-Franklin hydrogen bonds. Their formation drives the two
complementary polynucleotide strands to interact together by running in opposite
directions from each other, i.e. the two strands are antiparallel, forming the antiparallel
right-handed double helix DNA represented in Figure 2-B.21°
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Figure 2: A) Double-strand structure with the base pair association. B) Example of B-DNA structure from a B-DNA dodecamer
resolved by X-ray crystallography (PDB: 1BNA).1° C) Photo 51 (top) obtained by Gosling and Franklin in 1952 of a B-DNA fibre
crystal, and the DNA triple helix representation of Pauling and Corey (Pauling and Corey, 1952).12

An intensive focus was given to the characterisation of the three-dimensional structure
of the DNA during the mid-twenty. It was only in 1953 that Watson and Crick, and later
acknowledged Franklin, published the double helix structure of the DNA™ inspired by
the triple helix DNA model of Pauling and Corey' and by the Photo 51 from Franklin
and Gosling™ both represented in Figure 2-C. Photo 51 is a bold X-ray diffraction
picture of the hydrate DNA crystal showing a clear helicoidal structure. The double helix
described by Watson and Crick corresponds to the most common form of DNA found
in nature, called B-DNA. The double helix is right-handed with 10.5 base pairs per turn
and contains a 22 A wide major groove and 12 A wide minor groove.™
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At first, DNA was considered to be too simple to store hereditary information as it
contains only four bases, and proteins were considered to be better candidates with
their twenty-two amino acids. Griffith experiments'>'® and Avery-MacLeod-McCarty'’
experiments demonstrated the storage of the hereditary information on the DNA by
transforming non-virulent bacteria into virulent bacteria uniquely via the transfer of
DNA originating from a virulent bacteria strain. In addition, this was confirmed by
Hershey and Chase'® observing radiolabelled viral DNA transfer from bacteriophages
to bacteria.

Double helix
IR

/\/

Chfqmatin

Nucleosome

Figure 3: Chromatin organisation inside the nucleus. The DNA wrap around the nucleosome to form the "beads on a string"
structure. A more compact structure can be achieved by internucleosomal interaction to form 30 nm fibre structure.

In the eukaryote, the genetic information is divided into long linear DNA molecules
called chromosomes. Each chromosome can be present in more than one copy, e.g.
mammalian genomes are composed of homologous copies of each chromosome, i.e.
mammalians are diploid organisms.’® The DNA is stored with different compaction
levels in the nucleus as a substance called chromatin shown in Figure 3. The 2 nm
double helix DNA is wrapped around histone octamer to form the nucleosome as the
basic structural unit. Nucleosome repeats form the “beads on a string” 11 nm fibre, the
first order packaging structure. Adding H1 histone to the nucleosomes compacted
them in a 30 nm fibre through internucleosomal interaction.?® These two levels of DNA
compaction form the active euchromatin (i.e. open chromatin). Further compaction can
be achieved with scaffold proteins forming the heterochromatin (i.e. closed chromatin).
Furthermore, the chromosomes can achieve ultimate compaction by forming X-shape
chromosomes during the metaphase. The DNA packaging impact directly the activity
of the chromatin: the euchromatin is characterised by high transcriptional activity,
whereas the heterochromatin is silenced.
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1.1. RNA specificities

Ribonucleic acid is similar to the DNA structure except that ribose replaces the 2'-
deoxyribose, and uracil replaces the thymine. The rest of the structure represented in
Figure 4-A remains identical, in which each nucleotide is bridged by a 3'5'-
phosphodiester linkage and with the base pairs A/U and G/C. However, RNA molecules
often exist in a single-stranded form capable of forming intramolecular secondary
structures or as DNA to form a double-strand by interacting with a complementary
strand. Another difference with DNA is the short lifetime of the RNA molecules due to
a high regulation /n vivoto regulate the translation of protein.?’=%3 In addition, the RNA
molecules are also less stable /n vitro due to the presence of the 2'-hydroxyl that is
susceptible to hydrolyse the phosphodiester linkage as shown in Figure 4-B.?*

B)

e T

OuPO oupo o||po onPo ﬂ}-’ '}ﬂ'

Figure 4: A) Structure representation of the single stranded RNA with the 2'-hydroxyl in red. B) Schematic representation of
the phosphodiester hydrolyses by the attack on the 2'-hydroxyl group.

RNA is well-known for the coding messenger RNAs (mRNAs) that are translated into
protein by the ribosome. However, RNAs are not limited to mRNAs and many non-
coding RNAs (ncRNAs) exist for many biological purposes, and they can fold into
various structures.?> For example, microRNAs (miRNAs) or small interfering RNAs
(siRNAs) can interact with the 5'UTR of an mRNA to form a double strand and prevent
its translation. This duplex interaction forms an antiparallel right-handed double helix
similar to the B-DNA called A-RNA shown in Figure 5-A.262” Not only RNA can form a
RNA duplex but RNA:DNA hybrids are known to exist such as represented in Figure 5-
B and to have important biological functions.?® For example, initiation of the DNA
replication requires complementary RNA primers as starting site for the DNA
polymerase.?? Another interesting and important structure is the transfer RNA (tRNA)
that transports the amino acids during translation of mRNAs into proteins by the
ribosome. The tRNA structure comprises four hairpin loops forming a three-
dimensional L structure shown in Figure 5-C.393
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A) B) Q)

A-RNA DNA:RNA hybrid tRNA
(PDB: 1KFO) (PDB: 4WKJ) (PDB: 6UGG)

Figure 5: Three-dimensional structure of diverse RNA structures such as a A) A-RNA double helix (PDB: 1KFO),%” B) DNA:RNA
hybrid (PDB: 4WKJ),% and C) tRNA (PDB: 6UGG).3!

1.2. Non-canonical nucleic acid structures

Nucleic acid sequences are very similar, due to a low diversity of the nucleobases, yet
forming a large diversity of three-dimensional structures. For example, the duplex DNA
presented previously as forming a B-DNA structure can also switch transiently to A-
DNA or Z-DNA. A-DNA exhibited in Figure 6-B is an antiparallel right-handed double
helix,3> more compact than B-DNA, observed in dehydrated conditions and during
protein binding if water is stripped off from the DNA 3334 Z-DNA displayed in Figure 6-
D is an antiparallel left-handed double helix,3> considered to play a significant role in
transcription.®® The typical Watson-Crick-Franklin interaction (Figure 6-A) can also be
observed intramolecularly with the formation of hairpin (also called stem-loop)
represented in Figure 6-E3” when two regions of the same strand, usually
complementary or palindromic sequences, base-pair to form an intramolecular double
helix. Hairpins are essential secondary structures in RNA as implicated in the mRNA
protection and transcription termination.3®

A) B) Q) D) E)

Watson-Crick-Franklin A-DNA B-DNA Z-DNA Hairpin
Interaction (PDB: 3QK4) (PDB: 1BNA) (PDB: 40CB) (PDB: 1LA8)

Figure 6: A) Watson-Crick-Franklin interaction of the DNA base pairs, and three-dimensional structure of the B) A-DNA (PDB:
3QK4),32 C) B-DNA (PBD: 1BNA),1° D) Z-DNA (PDB: 40CB),35 and E) hairpin (PDB: 1LA8).37
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However, the Watson-Crick-Franklin interaction is not the only interaction possible
between the nucleobases and other types of interaction can be implicated in the
formation of intermolecular non-canonical DNA structures. The association of a third
strand can generate the formation of triplex DNAs (H-DNA) as shown in Figure 7-A,*
and is associated to the regulation of gene expression.? The association of three DNA
strands among each other can generate the formation of a three-way junction as
displayed in Figure 7-B that can form transiently during DNA replication.414?

A) Tnplex Three-way junction
A “
Al
o NS N
A P e N o
N N M -
T ,/H H N—( =
\ o e ™ _; =
N_ N Ra — E
2R Ae
0’/— y N Gl N/> \\\\\\\ /////
,.-*"\NJLN ,,,,, o \H 0
l\% ””” \H N
n-H /¢ N—i
A
Interaction Structure No-interaction Structure
(PDB: 1D3R) (PDB: 1EKW)

Figure 7: Representation of the interaction (left) and three-dimensional structure (right) of the A) triplex DNA (PDB: 1D3R)3°
and B) three-way junction (PDB: 1EKW).42

In addition, nucleic acid molecules can adopt non-canonical single- and multi-stranded
structures such as G-quadruplexes and i-motifs. G-quadruplex structures represented
in Figure 8-A are going to be detailed in the next section.®3 |-motif stands for
intercalated-motif DNA and forms in repetitive C-rich regions by the association of
cytosine-protonated cytosine (C-C*) base pairs stacking perpendicularly upon each
other as shown in Figure 8-B.#44> As one of the cytosines must be protonated, i-motif
forms at slightly acidic conditions, but evidence has shown /n vivo formation in human
cells.*® The biological role played by i-motifs is yet to be totally defined but evidence
suggests that they plays a role in gene regulation and transcription.4’

A) G-quadruplex B) i-motif
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Figure 8: Representation of the interaction (left) and three-dimensional structure (right) of the A) G-quadruplex (PDB: 61P3)%3
and B) i-motif (PDB: 6TQl).*>
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2. The G-quadruplexes

G-quadruplexes (G4s) are non-canonical four-stranded structures represented in
Figure 9-A, generated by the folding of G-rich sequences and are formed by a
minimum of two G-quartets interacting by m-stacking with each other. G-quartet is a
square co-planar tetrameric structure composed of four guanines that interact among
each other as shown in Figure 9-B, through Hoogsteen hydrogen bonding involving
for each of them: the N1H and N2H as hydrogen donors, and N7 and O6 as hydrogen
acceptors.*® These structures are stabilised by potassium inner cations localised
midway two G-quartets and forming coordination bonds with the eight O6 atoms.*®
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Hoogsteen hydrogen bonding

Figure 9: A) Schematic (top) and three-dimensional structure (bottom) of the parallel G-quadruplex of the human telomeric
sequence (PDB: 61P3).43 B) Molecular representation of the G-quartet structure composed of four guanines interacting
together by Hoogsteen hydrogen bonding.

It has been first reported by Bang et a/. that highly concentrated solutions of guanosine
in water and at low temperatures were forming viscous gels.”® Later, X-ray diffraction
of guanosine fibres reported by Gellert et al (1962) showed the formation of a G-
quartet organisation.>’ Furthermore, the stacking of these G-quartets among each
other was observed in polyguanylic acid by Zimmerman et a/>?> and Arnott et al>3
(1974). The first trace of a biological G-quadruplex structure was published by
Henderson et al/ (1987) as a "novel intramolecular structure containing guanine-
guanine base pairs" from G-rich telomeric sequences.?®® The authors presented a non-
canonical self-associated intramolecular structure formed by guanine-guanine base
pairing through non-Watson-Crick association as a hairpin. It is now known that the
structure described was a G-quadruplex and not a hairpin as proposed originally in the
article.
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Furthermore, the G-quadruplex structure was first described by Sen et a/.?%° (1988) and
Sundquist et a/>* (1989). They demonstrated the formation of guanine tetrads through
Hoogsteen hydrogen bonding and the need for potassium cations to stabilise the
structure.

2.1. G-quadruplex structures and topologies

G-quadruplexes are highly polymorphic structures, meaning they can adopt a variety
of G4 topologies, depending not only on their sequences but also on environmental
conditions, such as the nature and the concentration of the cations, and the presence
of molecular crowding agents.> The first parameter to take into account is the
molecularity: G-quadruplexes can be intramolecular structures, where one strand folds
over into a monomolecular G4, or intermolecular structures, generated by the
association of two (bimolecular), three (trimolecular) or four (tetramolecular) strands as
displayed in Figure 10.°®
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Figure 10: Structure representation of the intramolecular and intermolecular G4 structures. Black arrows indicate the starting
of the 5'-end.

The stacking of the G-quartets defines the final topology adopted by a G-quadruplex,
and each G-quartet conformation is defined by the glycosidic bond angle (anti or syn
represented in Figure 11-A) adopted by its guanines. All the different glycosidic bond
angle permutations define eight possible groove-width combinations for a G-quartet.>’
A G-quadruplex comprises four grooves characterised by three different widths:
narrow, medium, and wide represented in Figure 11-B.>® The groove width is defined
by the adjacent guanines glycosidic bond angles, and not by their actual size. G-
quartets can only stack with another G-quartet having a similar groove width
combination, which finally defines the G4 topology. In theory, an intramolecular G-
quadruplex can adopt 26 different topologies but so far, only seven topologies for now
have been experimentally observed.®
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Figure 11: A) Guanine syn (left) and anti (right) conformations that can be interconvert by rotation around the anomeric bond.
B) Example of G-quartet comprising one narrow, two medium, and one wide grooves (Figure from Simonsson, 2001).°¢

The second important component of the G-quadruplexes is the connecting loops. They
are single-stranded sequences interconnecting the guanine tracts together and not
interacting with the G-quartets. There are three basic types of loops: propeller, lateral,
and diagonal.”%°8 A propeller loop (Figure 12-A) connects two adjacent guanines from
two opposite quartets so that the guanine tracts are parallel. A lateral loop (Figure 12-
B) connects two adjacent guanines from the same quartet so that the guanine tracts
are antiparallel. A diagonal loop (Figure 12-C) connects two diagonally opposed
guanines from the same quartet so that the guanine tracts are antiparallel. The length
of the loop can directly impact its type. A short loop with a unique base will favour a
propeller loop, one to two bases length favours a lateral loop, and a longer length is
required for diagonal loop.
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Figure 12: Representation of the connecting loops. The propeller and lateral are represented with one G-quadruplex face and
the diagonal with only the G-quartet face. The black arrows indicate the orientation of guanine tracts.

In addition, the length and composition of the loop can impact the G-quadruplex
stability. For example, the human minisatellite CEB25w¢ (L191) is a parallel G-
quadruplex with a central 9-nt long propeller loop and two 1-nt propeller loops. Piazza
et al>° demonstrated that the CEB25 stability increased as a function of the central loop
length shortening as displayed in Figure 13 (Tm = 73.4 °C for L111 and 55.1 °C for L191).
Besides, variation in L111 loop composition shows that adenine was destabilising
CEB25 (Tm = 56.5 °C) as compared to cytosine and thymine equivalent (T, = 74.7 - 73.4
°C respectively).
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. CEB25wt: 5'-AAGGGTGGGTGTAAGTGTGGGTGGGT-3'
Thermal stability

Length of the central loop

L111(A) L111(C) L11(T) L121(TT) L131(TTT) L141(TTTT) L151 1171 1191 (wt)
56.5°C 74.7 °C 73.4°C 67.9°C 63.3°C 63.9°C 59.7°C 61.0 °C 55.1°C

Figure 13: The stability of CEB25 is directly related to the length of the central loop.>°

G-quadruplex structures are classified into three main topologies represented in Figure
14: parallel, antiparallel, and hybrid.>5%° A parallel G4 has the four tracts with the same
orientation, implicating that all the loops are propeller. An antiparallel G4 has two tracts
with the same orientation and two tracts in the opposite orientation. It can form a “chair
type” characterised by three lateral loops or a “basket type” with a diagonal loop and
two lateral loops. A hybrid G4 is also called “3+1" as three tracts have the same
orientation and one the opposite orientation, resulting in a propeller and two lateral
loops. In the hybrid-1 and hybrid-2 forms, the G-quartets rearrangements are
equivalent upon a 90° rotation.

basket | 1 3+1A 3+1B

Parallel Antiparallel Hybrid

Figure 14: Representation of the different topologies that can adopt G-quadruplexes.

G-quadruplex topology can also be influenced by the nature of the inner cation. /n vitro
experiments are often performed in the presence of K-rich buffer as potassium is
physiologically predominant in the cells.®’ However, G4s can chelate other alkali metal
cations, alkaline earth metal cations and transition metals cations.®?> Together with
potassium, the most employed cations in experimental conditions are sodium and
lithium. Sodium cation has a smaller radius making the coordination less defined as the
sodium can interact from the center of one G-quartet to midway two G-quartets or
with a less symmetric intermediate between the two first.#° This generates a lower
stabilisation compared to potassium and can change the topology to a new one.
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For example, the human telomeric G-quadruplex (22AG) adopts a hybrid topology in
potassium®? but an antiparallel topology in sodium® as displayed in Figure 15. Lithium
cation does not stabilise G4 due to its small radius and is often used in experiments to
balance ionic forces and as a negative control mimicking non-folding conditions.
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Figure 15: The human telomeric sequence 22AG can adopts multiple G4 conformation depending on the cationic conditions:
22AG adopts an antiparallel conformation in sodium® and a hybrid conformation in potassium.3

So far, we have been only describing the more classical G-quadruplex structures.
However, several studies highlighted the formation of non-canonical G4 structures. G-
quartets are composed of four guanines (G-G-G-G) but it is actually possible to observe
mix-quartets when at least one guanine is replaced by another nucleobase. For
example, 22CTA is a G-quadruplex comprising two G-quartets and one G-C-G-C mix-
quartet where two pairs of C/G interact together as Watson-Crick-Franklin base pair
(Figure 16-A).%>%7 The two pairs are coplanar and do not directly interact between each
other, however, the guanines composing the two pairs interact through coordination
with a potassium ion as displayed in Figure 16-B.%7
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Figure 16: A) Representation of the 22CTA structure comprising a G-C-G-C mix-quartet.t’ B) the G-Cs interact as Watson-Crick-
Franklin base pair. The two G-C pairs interact together uniquely through the potassium coordination by the guanines.
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In addition, it is possible to observe Watson-Crick-Franklin base pair interacting though
n-stacking with the external G-quartets such as for HIV-1 G4 represented in Figure 17.
HIV-Pro1 G-quadruplex presents a G-C Watson-Crick pair stacking with the upper G-
quartet.®® Another related example is represented by the longer sequence of HIV-1
LTR-II, which was reported to form a G-C hairpin with a GTG apical loop.?°

SV

Antiparallel Hybrid
5-TGGCCTGGGCGGGACTGGG-3’ 5-GGGAGGCGTGGCCTGGGCGGGACTGGGG-3'
HIV-PRO1 HIV-1LTR I

Figure 17: Representation of the HIV-PRO1 (left)e8 and HIV-1 LTR Il (right)®® comprising a GC Watson-Crick base pair that form
a hairpin in HIV-1 LTR IIl.

2.2. Structural and topoloqical characterisation

Due to all this structural variability, G-quadruplex structures require tools for their
characterisation since each G4 sequence can have structural particularities that are hard
to predict using /n silico approaches. Thus, it is essential to have powerful methods to
characterise the G4 structures formed by a given sequence, from its general topology
using Circular Dichroism (CD) spectroscopy to its fine structure using NMR
spectroscopy and X-ray crystallography.
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2.2.1. Circular dichroism spectroscopy

A routine method to determine or confirm G-quadruplex folding topology is the
circular dichroism (CD) spectroscopy. This technique allows to determine the chirality
of molecules through their optical activity by measuring the difference in absorption
of the left and right circularly polarised light. This method has been widely applied to
determine the secondary structure of biomolecules such as proteins and nucleic acids
because they present a specific CD spectral signature, e.g. B-form duplex DNA is
characterised by a maximum at 270-280 nm and a minimum at 245 nm.’®

G-quadruplexes are chiral molecules and each topology has a characteristic signature
represented in Figure 18:"72 Parallel structures have a maximum at 260 nm and a
minimum at 240 nm. Antiparallel structures form two maxima at 240 nm and 295 nm,
and a minimum at 260 nm. Two maxima characterise hybrid topology at 270 nm and
290 nm, and a minimum at 240 nm.
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Circular Dichroism Spectra

Figure 18: Representation of the CD experiment and of the characteristic spectral signatures for each topology (figure from
Carvalho et al., 2017).71

The advantages of this method are: i) the easy preparation of the sample, and ii) its
non-destructive character. The disadvantage is the qualitative nature of the information
obtained by CD: The topology of the more populated structure generated by the
sequence is observed, and it is not impossible to have a full overview of all the possible
conformations present in solution. In addition, the spectra must be carefully analysed
since the CD signal is an additive signal and is generated by all the species present in
the solution, and therefore, it could lead to misinterpretation.
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2.2.2. DMS footprinting

G-quadruplex sequences may have more guanines in their sequences than the ones
involved in the formation of the G-quartets. This implies that not necessarily all the
guanines present in the sequence are involved in G4 formation. Guanines involved in
G-quartet formation can be identified using Maxam and Gilbert sequencing. It is a
method developed by Maxam and Gilbert in 1977 using a chemical DNA-cleavage
agent, specific for a nucleobase, to sequence a radiolabelled DNA.”>74 This method has
regained popularity for guanine sequencing using dimethyl sulfate (DMS) and is better
known now as DMS footprinting.”> Guanine cleavage mechanism is presented in
Scheme 1: it starts with the methylation of the N7-position of the guanine by the DMS
to form the unstable 7-methyl guanine that undergoes a base-mediated
rearrangement ending with its elimination from the DNA backbone and DNA cleavage.
The backbone cleavage end with a B-elimination on the C2' position by the piperidine
to produce the 3°P-5' fragment and the 3' fragment. The 3?P-5' fragment can be
revealed by autoradiography and each band corresponds to the -1mer of each cleaved
guanine in the sequence.
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Scheme 1: Mechanism of the sequencing using DMS/piperidine: after methylation the basic treatment induces the p-
elimination reaction which release the radiolabelled 32P-end 5'-fragment and the 3'-fragment.

When the guanine is involved in a G-quartet, the N7 position is inaccessible to DMS
methylation due to its involvement in the formation of Hoogsteen hydrogen bonds.
Therefore, the absence of cleavage bands compared to the unfolded DMS-treated
reference allows the identification of the guanines involved in the G-quartet formation.
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2.2.3. Characterisation of the molecular structure

The previously described methods are indirect and give limited information on the G-
quadruplexes structures. This limitation has been overcome by using X-ray
crystallography and nuclear magnetic resonance (NMR) spectroscopy to achieve the
resolution of the G4 molecular structures. The first provides precise structure and
localisation of the coordinated cations within a single crystal. However, there is no
dynamics and the obtained structure could be distorted by the crystal packing forces
or not represent the dominant species in solution.”® NMR spectroscopy allows an
accurate identification of the structure in solution. Hence, these two methods give
complementary information on the structural characteristics (quartets and loops
geometries, cation localisation, and solvation).

NMR is a standard spectroscopic method used to identify and characterise the
structure of both small organic molecules and macrobiomolecules. For the
identification of G-quadruplexes, it is important to have a single kinetic stable structure
in solution for a complete characterisation avoiding peak overlapping. Thus, it is often
required to induce the formation of a single conformer from a wild-type sequence by
changing the experimental conditions (pH, temperature, salt type and concentration,
folding) or by modifying the sequence.

Nucleic acid structures are characterised by NMR peaks with specific chemical shifts.
The latter are determined by different hydrogen bonding interactions between the
nucleobases. Remarkably, imino proton peaks from guanines involved in a G-quartet
generate a signal in the 10.5 — 12.0 ppm region.”” These signals are generated by the
slower exchange of the imino protons involved in the Hoogsteen hydrogen bonds.
Structural determination still requires performing different homonuclear,
heteronuclear, and nuclear Overhauser effect experiments. The final assignment can
present some ambiguities that can be resolved by isotopic enrichment by 3C and >N
labelling of specific sites, or by substituting a nucleobase by a derivative lacking or
modifying a related peak. Furthermore, NMR spectroscopy has been successfully used
to follow the C-/">N-labelled d(TG4T)4 G-quadruplex distribution inside Xenopus
laevis oocytes and support the hypothesis that G4s do exist in cells.”® The isotopically
labelled G4 inside the oocytes had a lifetime of 20 h. Simultaneous incubation of G4
and PDC showed significant changes in the NMR spectrum of the G4 structure,
suggesting that an interaction occurs between the G4 and the ligand.
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X-ray crystallography is a method used to characterise the molecular structure trapped
inside a crystal.”® This structural determination is obtained at the atomic level by using
an X-ray beam with wavelength similar to the interatomic distance inside the crystal.
The crystal lattice planes diffract the beam to form a diffraction pattern characteristic
of the atomic structure. The advantage of crystallography is to have information on the
cations' localisation and on the solvation. An important difficulty is to obtain the crystal
which often requires trying different crystallisation conditions.

2.3. G-quadruplex genomic localisation

2.3.1. /n silico approach

Guanine-rich sequences can form intramolecular G-quadruplexes when single-
stranded. /n silico approaches were developed to determine and localise those putative
G-quadruplex sequences within the genome. Many /n silico algorithms have been
developed but only a few important methodologies are going to be described.

The simplest approach can identify all the sequences containing the "GxN1-7GxN1-7GxN1-
7Gx" motif (X number of guanines present in the track and involved in the generation
of the G-quartet and N any nucleotide) using an expression-matching algorithm. This
strategy has been followed independently by Huppert et a/.’® with Quadparser and by
Todd et a/® with Quadruplexes, who both identified ~ 375,000 Putative G-quadruplex
Sequences (PQS) in the human genome. However, this methodology can only identify
the more basic G4 sequences and fails to identify more complex sequences that do not
match the basic consensus motif. In addition, the analysis of the PQS from Quadlparser
showed an enrichment at the promotor level and even higher enrichment at nuclease
hypersensitive sites (NHS), which indicates that G4s are not randomly distributed inside
the genomes but are specifically localised in functional regions and mainly at the
promotor region of proto-oncogenes.

Another approach utilised was to evaluate the potential of the predicted G-quadruplex
sequences with a score. G4P calculator by Eddy et a/8' follow this approach by
associating to a sequence a score called G4 potential (G4P). The score criteria take into
account long G-tracts (=3) generating at least four G-quartets. In this case, there is no
impact of the loops on the result. This approach aims to map the G-quadruplex
potential of a region and not to identify a specific G4.
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Transcript sequences reported in the human Reference Sequence (RefSeq) database
were analysed using G4P calculator. Data analysis highlighted that there is a strong
correlation between gene function and G4P, a high G4P score is associated with proto-
oncogenes and transcription factors. This result, similar to the one obtained with
Quadparser, suggests an important regulatory role of G4s in the transcription.

G4RNA screener® and Quadror®® present a new approach using machine learning to
recognise G-quadruplex sequences. This methodology has for advantage to avoid
defining the G4s as a particular consensus motif and letting the machine learning find
new criteria to identify new G4 sequences. It could improve the identification of non-
canonical G4 forming sequences and give a more accurate picture of the G4 diversity.
However, the new predictive features identified by machine learning can be complex
to be determined and used.

2.3.2. /n vitro and /n vivo methodologies

The utilisation of algorithms had predicted ~ 375,000 putative G-quadruplex
sequences,’?8 which is an impressive number that we can compare with the ~ 20,000
coding genes and the ~ 20,000 non-coding genes (i.e. regulatory elements, telomeres,
centrosomes, NncRNAs) evaluated for the human genome.848 This would signify that
each gene (coding and non-coding) has roughly nine G4s. It is clear that this number
is overestimated, and that the G4s actually forming in the genome are much lower. As
a matter of fact, the algorithms cannot take into account the chromatin state, which
impacts the accessibility of the DNA molecule, and, as a consequence, its ability to fold
into a G4. This is why, difference /n vitro and in cellulo methodologies have been
developed to identify the forming G-quadruplex sequences.

One of the first approaches reported is the so called hf2 G4 pull-down sequencing
methodology reported by Lam et a/ (2013) developed by means of an anti-G4 hf2
antibody.?¢ The principle of the method, summarised in Figure 19, is to incubate
magnetic beads coated with hf2 antibody in purified genomic extracts to form G4:hf2
complexes. This allows G4 enrichment and their identification by NGS.
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Figure 19: Representation of hf2 G4 pull-down sequencing methodology by Lam et al.5¢

This methodology has been applied to human breast adenocarcinoma (MCF7) genomic
DNA extracts and allowed the identification of over 700 G4s. However, only 74% of the
sequences were already identified by G4P calculator, which means that 26% of them
did not match the basic sequence motif. This approach allowed to isolate only 700 G4
sequences, which is a small amount as compared to the one identified with other
methodologies. Actually, this limitation comes from the high selectivity of hf2 antibody
for specific G4 structures.8’

G4-seq is a methodology developed by Chambers et a/. (2015) that takes advantage of
the ability of G-quadruplexes to stall DNA polymerases.® In this experiment, each
genomic fragment is sequenced in a negative (Li*) and in a positive (K*) G-quadruplex
forming condition as represented in Figure 20. The mismatch results between the two
conditions indicate the G4 formations.

G4-seq

Negative condition Positive condition

. DNA
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Figure 20: Representation of G4-seq methodology by Chambers et al.88

This methodology has been applied in the human genome of primary human B
lymphocytes and the number of observed G-quadruplexes (OQs) was of 525,890 OQs
for K* and 716,300 OQs for K* + PDS conditions. In this case, the number of OQs
exceeded the 375,000 PQS identified by the /n silico algorithms, with only 60% for K+
and 73% for K* + PDS conditions matching the PQS. This result can be explained by
the important number of OQs that do not match the canonical G4 structures,
containing a long loop (24%) or a bulge (30%).
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The OQs distribution inside the genome is similar to the /n silico approaches with an
enrichment at gene promoters, 5'UTRs and exons. Similar results were obtained when
this G4-seq methodology was applied to twelve different species (mammalian, plants,
parasite, yeast, and bacteria) to represent widely the living.?°

A methodology similar to hf2 G4 pull-down sequencing was developed using the anti-
G4 antibody BG4,% which has a high affinity for all G4 topologies, and by fixing the
chromatin before isolation to preserve the chromatin state. The G4 chromatin
immunoprecipitation-sequencing (G4 ChlP-seq) methodology represented in Figure
21 was developed by Hansel-Hertsch et a/. (2016) aiming to identify the G-quadruplex
forming sequences in chromatin.!92
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Figure 21: Representation of G4 ChlP-seq methodology developed by Hdnsel-Hertsch et al.??

This methodology allowed the identification of over 10,500 G4 sequences inside the
human precancerous skin (HaCaT) genome. In addition, this methodology was applied
to the genome of different cell lines showing a poor share of G-quadruplex forming
sequences (16%), highlighting the importance of the chromatin context in the
formation of G-quadruplexes.

Zheng et al. (2020) have adapted the G4 ChIP-seq methodology by replacing BG4 with
a protein that recognises and cages G-quadruplexes called G4 probe (G4P).%* G4P ChlP-
seq has for advantage of knock-in G4P to produce it /n vivo and making G4P interact
with the G-quadruplexes before the fixation as summarised in Figure 22. This
methodology was utilised on lung carcinoma epithelial cells (A549) and allowed to
identify up to 123,000 G4:G4P interactions of which 43,000 were present in high fold
(= 5 signal/input) and enriched mainly upstream of the transcription starting site (TSS).
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Figure 22: Representation of G4P ChlP-seq methodology developed by Zheng et al.%3
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Lyu et al. (2022) recently reported a new approach adapted from the cleavage under
targets and tagmentation (CUT&Tag) protocol.®* The benefit of CUT&Tag is the
incubation of the antibody directly in permeabilised cells, avoiding genome fixation
and extraction to preserve the chromatin context even more. Another advantage is the
tagmentase that cuts specifically at the proximity of the antibody interaction site and
ligate adapters to the fragment ends, preparing for NGS analysis. G4-CUT&Tag
combines the tagmentase with the anti-G4 BG4 antibody to map the native genomic
G-quadruplex sites as displayed in Figure 23.
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Figure 23: Representation of G4 CUT&tag methodology reported by Lyu et al.?

G4-CUT&Tag identified over 10,000 G4s, a number comparable to the one obtained by
G4 ChIP-seq. However, only a few (30-40%) of these G-quadruplexes are shared
between G4 ChIP-seq and G4P ChIP-seq, demonstrating the impact of the approach
on the identification of forming G4 sequences.

Together with methods based on antibody or G4 protein recognition, a different
approach based on small synthetic molecules was developed. Muller et al. (2010)
proposed to use a small molecule that has a high affinity for G-quadruplexes to realise
the pull-down.? For that, they functionalised a PDS with biotin and realised the first /n
vitro pull-down on fibrosarcoma genome (HT1080), isolating telomere G-quadruplex
sequences. It is only later and with another biotin - PDS derivative (PDB ligand) that
Zeng et al. (2019) applied this concept displayed in Figure 24 to purified epithelial-like
cells (HEK 293T) genome extract, identifying ~ 51,000 G4 forming sequences.®®
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Figure 24: Representation of G4 PDB-Profiling methodology developed by Zeng et al.”®
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These results have demonstrated the importance of the chromatin context in the
formation of the G-quadruplexes which is unique for each cell lines. Another important
element is that the different methodologies share only a few G4 structures.

2.4. G-quadruplex biological roles

G-quadruplexes are transient structures that form when DNA gets unwind forming
single-stranded domain. The first G4 identified were the telomeric G-quadruplexes that
have been intensively studied for their impact on the protection and regulation of the
telomeres.®” In addition, many G4s have been identified at promoters and /n silico
approaches confirmed an enrichment in such regulatory elements.*® Therefore, G-
quadruplexes play important biological roles during important DNA transactions in
which DNA is present in its single-stranded form, such as during replication,
transcription, and telomere protection (Figure 25). Additionally, if the transcribed RNA
is G-rich, the G4 formed play a role during translation and RNA processing.*®
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Figure 25: G-quadruplex forms when G-rich region becomes transiently single stranded, as during transcription (A), replication

(B), as well in the single stranded telomeric overhangs. In addition, G-quadruplex form in G-rich RNA sequences as well. (Figure
from Rhodes and Lipps, 2015)48
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2.4.1. Telomeres

Telomeres were the first identified sequences able to form G-quadruplexes. Telomeres
are located at the chromosome ends and are responsible for their protection against
deleterious processes, such as homologous fusion of the extremities or degradation by
endogenous nucleases. The telomeric sequence comprises a 3'G-rich sequence.
Eukaryotic telomeric sequences are highly conserved with only minor variability, for
example, G3T>A for vertebrates, GaT..4 for ciliates, GoTA for insects, G>CT.A for
nematodes, or G3T3A for plants.®® The telomeres comprise long proximal double strand
repeat ranging from 10 to 15 kb, and a 3'-end distal single-stranded overhang repeat
ranging from 100 to 200.°%-1%" Telomeres are structured by six proteins to form a
nucleoprotein complex named shelterin, responsible for the protection of the
telomeres from inappropriate DNA damage response mechanisms. The telomere
shapes itself as a long telomeric loop (T-loop), where the 3'G-overhang invades the
double-stranded DNA and pairs with the 5' strand forming the displacement loop (D-
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loop), represented in Figure 26.702
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Figure 26: Schematic representation of the telomere organisation composed of a shelterin repeat unit. The 3' G-overhang
invades the double-stranded 3' region to form the T-loop and this displacement in single-strand forms the D-loop. (Figure from
Lim et Cech, 2021)102

48



The telomeres become shorter at each replication but are essential to protect the
integrity of the chromosome. It is why, a cell reaching the Hayflick telomere length limit
enters into senescence.'® The telomere elongation is controlled by the reverse
transcriptase telomerase which is a ribonucleoprotein complex composed of a reverse
transcriptase (hTERT) and a RNA template (hTR RNA).'% Normally the telomerase
activity is diminished or suppressed in somatic cells, and is active mainly in fast-dividing
cells. However, the telomerase is reactivated in most cancer cells during the process of
immortalisation.’® The human telomeric sequence is known to form hybrid G4
structures in K*-rich buffer which are not substrates for the telomerase.?” It is believed
that stabilising these G-quadruplexes by using small molecules could prevent the
telomerase from binding telomeric DNA, thus, preventing the elongation of the
telomeres. This is why, inhibition of the telomerase via G-quadruplex stabilisation was
considered a powerful approach to treat cancer.

2.4.2. G-quadruplex as requlatory elements

Promoters are DNA regions located upstream of a gene that recruits RNA polymerase
to start the transcription. /n silico and in vitro analyses have demonstrated G4
enrichment at promoters and mainly at promoters of proto-oncogenes, highlighting
the possibility of their involvement in the development of tumorigeneses. Several
examples of promoters of oncogenes containing G4s have been reported in previous
studies: c-myc, 1% c-kit,'%” RAS,'% and hTERT'® contributing to the proliferation,
VEGF'? affecting angiogenesis, and Bcl-2""" preventing apoptosis. This section focuses
on the G-quadruplex formed in the c-MYC promoter region.

The c-MYC proto-oncogene encodes a transcription factor critical for regulating a
broad range of cellular processes, such as cell growth, proliferation, differentiation,
transformation, angiogenesis, and apoptosis.’’? Thus, dysregulation and aberrant
overexpression are often associated with malignant tumours. This is why c-MYC proto-
oncogene regulation is critical for the development of new anticancer strategies.

c-MYC transcription is regulated by a complex system comprising a variety of
promoters (PO, P1, P2, and P3), transcriptional start sites, and several nuclease
hypersensitive elements (NHEs) which single-stranded forms either an unwind or non-
canonical structure.”® The NHE Ill; region is a 27-bp sequence upstream of the P1
promoter that controls up to 90% of c-MYC transcription level.’'* Its template strand is
a G-rich sequence in equilibrium between a transcriptionally active form (single-strand)
and a silencer form (G-quadruplex).’*
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The Purine-rich 27-bp (Pu27) sequence can fold into a G-quadruplex and the folding is
promoted by the negative supercoiling generated during transcription. This c-MYC
Pu27 can form different polymorphic G4 structures and different G4 models have been
used to study its ability to fold into a G4 structure and its biological roles.’"

One of these model sequences is Pu24 a 24-nt sequence characterised by NMR. The
latter was obtained after substituting a G with a T at positions 4 and 13, and resolved
with the help of the analogue sequence Pu24l, where an inosine substituted the T at
position 10.""¢ It is a parallel three-layer G-quadruplex represented in Figure 27, formed
by four G-tracks and a foldback guanine. The structure presents four loops: two one-
thymine propeller loops, a diagonal loop, and a snap-back loop. In addition, two triads
(G10-G11-A12 and G20-A22-G23) stabilise the structure capping both extremities.

Figure 27: Schematic representation of the Pu24 c-MYC G-quadruplex (TGAGGGTGGIGAGGGTGGGGAAGG). (Figure from Phan
et al., 2005)16

cMYC22 is a 22-nt sequence obtained after substituting a G with a T at positions 4, 14,
and 23. It forms a canonical parallel G-quadruplex with the 5'- and 3'-flanking regions
capping the external G-quartets, represented in Figure 28.""7 The 3'-TAA flanking
sequence interacts with G9 and G22. The 5'-TGA flanking region interacts with the
external G-quartet only by stacking of the A6

N

Figure 28: Schematic representation of the cMYC22 G-quadruplex (TGAGGGTGGGTAGGGTGGGTAA). (Figure from Ambrus et
al., 2005)117
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The impact of the G-quadruplex on c-MYC transcription was demonstrated by two
different experiments. The Pu27 sequence was mutated to impede G4 folding or
stabilise by a ligand to stabilise the G4 structure. In the first case, the researchers
observed a significant increase in the c-MYC transcription.'? Differently, in the second
case, stabilisation of G4 using TMPyP4 resulted in a decrease of the c-MYC transcription
and downregulation of several c-MYC-regulated gene.'” These results show the
importance of the G-quadruplex forming in the NHE lll; region acting as a repressor
element responsible for downregulating c-MYC transcription. In addition, the
nucleolin,’® a multifunctional nucleolar phosphoprotein known to interact with parallel
G-quadruplexes,’® was observed to promote the formation of the c-MYC G-
quadruplex resulting in downregulating the transcription.”’ ¢-MYC G4 acts as a
transcriptional repressor element that can be promoted and stabilised by small
molecules and nucleolin. This method to downregulate c-MYC made G4 an interesting
target to develop new therapeutic treatments for the modulation of c-MYC expression
and an approach to target malignant tumours overexpressing c-MYC.
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3. G-quadruplex targeting

As explained in the previous section, G-quadruplexes are engaged in diverse biological
processes, such as telomere protection, telomerase inhibition, transcription and
translation regulation, acting as recognition elements for proteins, etc.#% To study them,
small molecules (i.e. G4 ligands) have been designed to modulate their /n vitro
activities. Overall, the overrepresentation of G4s in proto-oncogene promoters has
made them a focus in the development of new anticancer molecules. Initially, G-
quadruplex ligands were derived from DNA intercalators by attempting to displace
their selectivity for G4s. Indeed, handy G4 ligands must be selective versus the other
DNA structures, such as the duplex DNA. Intercalating ligands intercalate through m-
stacking between the base pairs, and the same principle is applied to the G4 ligand
interacting with one preferential external G-quartet through mn-stacking and
electrostatic interactions. G-quartets form large aromatic surfaces which may provide
binding selectivity to the ligands by maximising its n-stacking overlap, as compared to
the smaller two-base aromatic surface in duplex DNA. In addition, positively charged
ligands show stronger binding through interaction with the negatively charged sugar-
phosphate backbone as observed for nucleic acids targeting in general. The design of
new ligands combining rational design and empirical approaches led to synthesising a
considerable number of ligands, which requires careful evaluation through interaction
studies to identify the most performants.

3.1. G-quadruplex Ligands

In this section, only a handful selection of G4 ligands is described. Indeed, G4LDB 2.2
is a G-quadruplex ligand database listing over 3,000 allegedly G-quadruplex ligands
developed during the past two decades.’” These G4 ligands were developed to
modulate and stabilise G4s /n vitroand to study their impact on cell responses. Another
goal was to develop new anticancer molecules due to the overrepresentation of G-
quadruplexes in proto-oncogene promoters. Initially, the strategy was to derivate
dsDNA probes into specific G4 ligands by increasing their aromatic surface to stack
with one preferential external G-quartet and adding positive charges to interact with
the sugar-phosphate backbone by electrostatic interaction.
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Different strategies were used to introduce the positive charge such as /in situ
protonation of an amine appendage or N-methylation of a moiety. Rational design and
empirical approach were used to develop new families of G4 ligands. The design was
optimised for the m-stacking and loop interaction using NMR and X-ray structure
knowledge. The empiric approach determines the best core, moiety type, and charge
position. In the following section, ATy, G4 stabilisation values correspond to FRET-
melting results (Explained in section 1.3.3.1, p. 63) with F21T folded with 10 mM
potassium when nothing is indicated.

Acridine is a heterocyclic motif with a planar aromatic surface formed by three fused
6-membered rings featuring one nitrogen atom in the central ring. This motif is well-
known for interacting with duplex DNA through intercalation between base pairs. The
acridine family has been extended to develop different G4 ligands with numerous
derivatives by the group of S. Neidle.
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Figure 29: Molecular structure of two acridine models: BSU6039 and BRACO-19.

The first ones were the 3,6-disubstituted acridines containing two amine hydrochloride
arms, which were developed by rational design through molecular modelling based on
similar anthraquinone and fluorenone cores.'?® These ligands — such as BSU6039
(Figure 29-Left) — showed stabilisation of G4s by telomerase inhibition and with
moderate cytotoxicity (uM range).’** Furthermore, to improve the selectivity toward G4
and by using molecular modelling, a third arm was added on the acridine core at
different positions, but 3,6,9-trisubstituted acridines emerged to have higher affinities
for G-quadruplexes.’® In the previous disubstituted acridine, the two arms interacted
with two of the three available G4 grooves while the acridine core is stacked on the G-
quartet, improving the selectivity versus duplex DNA. Of all the 3,6,9-trisubstituted
acridines synthesised by the Neid/e's group, BRACO-19 (Figure 29-Right) was the more
efficient to interact with G-quadruplexes (human telomeric G4K,= 1.6 x 10’ M™") and
having a 40-fold selectivity versus hairpin structure (K; = 4.0 x 10> M").12¢ Biological
evaluations of BRACO-19 have shown inhibition of the telomerase activity and
shortening of the telomere length at micromolar concentration.
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The interaction of BRACO-19 with the telomeric bimolecular G-quadruplex has been
characterised by X-ray crystallography as shown in Figure 30.%” The crystal unit
contained two parallel G4s stacked interfaced via BRACO-19, with one G-quartet being
a T-A-T-A tetrad formed by both 5'-end. The n-rt stacking interaction was reported only
for two on the fourth G-quartet guanines as well as only one T-A of the T-A-T-A tetrad.
In addition, the water molecule network has been demonstrated to be necessary to
allows water-mediated interaction for both the positively charged ring nitrogen aligned
with the ion channel and one carbonyl atom of a side-chain with the thymidine base
T24.

Figure 30: Interaction of BRACO-19 with the telomeric bimolecular G-quadruplex. BRACO-19 (purple) interact with the top G-
quartet (blue) and the bottom T-A-T-A tetrad (red) (Figure adapted from Campbell et al., 2008).127

Another important family of ligands are based on the porphyrin core, containing
positive charges by N-methylation and quaternisation of the aza-aromatic moieties,
which improve its water solubility. TMPyP4 (Figure 31) is a tetra cationic porphyrin
presenting good stabilisation for G4 (AT, = 17 °C)'?® and a good affinity value with the
human telomeric G-quadruplex (kp = 0.68 uM). However, TMPyP4 is not a selective G4
ligand presenting a similar affinity for hairpin DNA (kp = 0.70 uM)."?>130 |ts interaction
with antiparallel G-quadruplex induces a conversion to the parallel topology.
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Figure 31: Molecular structure of the G-quadruplex ligand TMPyP4.
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Nonetheless, /n cell experiments have demonstrated its ability to downregulate the
expression of various oncogenes such as c-myc.”® A strategy to improve TMPyP4
interaction with G4s was to take advantage of the chelating properties of the porphyrin
core, which is positioned above the central channel of the G4 structure when
interacting by m-stacking with the external G-quartet. Thus, different metals - such as
Cu(ll), Ni(l), Mn(ll), Pt(ll) and Zn(ll) - have been coordinated to TMPyP4 and all the
resulting derivatives present binding constants laying in the micromolar range (10%-107
M'1).131

NMM

Figure 32: Molecular structure of NMM ligand.

N-Methyl Mesoporphyrin IX (NMM) (Figure 32) is another porphyrin derivative
reported to be able to stabilise G4 structures. NMM is synthesised by N-methylation
of the natural mesoporphyrin IX (MPIX) and the presence of the two propionate groups
makes the molecule soluble in water. NMM shows a medium to low affinity for G-
quadruplexes and preferentially binds to the parallel topology.3?
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Figure 33: Molecular structure of telomestatin.

Natural products have always been an excellent source for finding new ligands
characterised by a large structural variety. A standard method is to screen the natural
products against a target to identify a potential candidate core. Kazuo et a/ have
followed this strategy by screening natural products for telomerase inhibition.'® This
screening identified a neutral macrocyclic molecule with a good potential as
telomerase inhibitor. It was named Telomestatin (Figure 33) and was isolated from
Streptomyces anulatus. This compound presents a large planar aromatic surface with
a size comparable to the one of a G-quartet, which induces a high G4 stabilisation (AT1.2
~ 24 °C) and exhibits a 70-fold selectivity versus duplex DNA.?8
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Following the initial development of G-quadruplex ligands with rigid aromatic cores, %8
new scaffolds characterised by some flexibility were explored with the purpose to
further improve the m-stacking with G4s. This has been achieved by breaking up the
large aromatic surface into smaller aromatic units linked by amine or amide bridges.
This is the case of ligand 12459 (Figure 34-Left) composed of two quinolinium units
anchored by amine linkers to a triazine core.’?® 12459 shows weak G4 stabilisation (AT,
~ 8 °C).
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Figure 34: Molecular structures of 12459, PDC and iPDC.

The triazine core was subsequently replaced by a pyridine core linked to two
quinoliniums by amide bonds giving the PyridoDiCarboxamide family (PDC family). This
structure features a classic planar electron-rich aromatic surface with extra flexibility
from the units. The main representative of this series is 360A (also called PDC)
represented in Figure 34, showing high stabilisation of G4 (AT, = 21 °C) combined with
a strong selectivity versus duplex DNA (> 150-fold)."?® An important feature of the PDC
is its ability to adopt two geometries: a V shape and a linear shape. The V shape forms
when both amides interact by hydrogen bonding with the pyridine core. It has been
demonstrated by two independent experiments that the V shape is crucial for its
interaction with G-quadruplexes. iPDC (Figure 34-right) is a PDC structural isomer
where the amide bridges are reversed. This prevents the formation of the hydrogen
bonds with the pyridine core, thus, iPDC adopts a linear shape, which has a much lower
affinity for G4s as compared to PDC."3* The second demonstration was to induce the
linear PDC form by adding a metal which is chelated by the tridentate center. PDC
binding to G4 was inhibited and G4 unfolded when treated with Cu(ll), process which
was reported to be reversible if Cu(ll) is removed from the solution.’3>
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PDC was modified and functionalised to adjoin new properties. For example, PDC was
radiolabelled with tritium by Granotier et a/ to obtain 3H-360A (Figure 35) for the
detection of the ligand in T98G cells and in metaphase chromosome spreads. It showed
preferential binding at the chromosome ends i.e. telomere, and interstitial regions.’3®
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Figure 35: A) Molecular representation of 3H-360A with in red tritium, and B) autoradiography results of T98G metaphase
chromosomes spreads incubated 48 h with 3H-360A. Black arrows represent silver grains on the terminal regions and red
arrows silver grains on the interstitial regions. (Figure from Granotier et al., 2005)*3°

More versatile PDCs were developed to introduce readily moieties that adds new
functions, for example, clickable PDCs (Figure 36-A) functionalised with a side chain
bearing a terminal alkyne or azide for post-binding functionalisation by Copper(l)-
catalysed alkyne-azide cycloaddition (CuUAAC). These clickable PDCs were employed in
the G-quadruplex Guided Immunofluorescence Staining (G4-GIS) methodology (Figure
36-B) developed in the lab to follow G4 ligand distribution in cells.’¥” A 5-BrdU
immuno-tag was introduced /n situ on the clickable PDCs, and afterwards recognised
by a commercially available antibody which allows performing classical
immunofluorescence staining protocol. This new imaging method combines the
specific recognition of the ligands for G4s with the fluorescence amplification signal
guaranteed by immunofluorescence detection. These ligands mainly localised in the
cytoplasm suggesting a selective interaction with G4 RNA.
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Figure 36: A) Molecular structure of the clickable PDCs and B) the G4-GIS methodology (left) utilising the clickable PDCs to
post-functionalise the PDC (in purple) with a 5-BrdU immuno-tag (in green) to realise immunofluorescence staining in fix cells
(right). The fluorescence is mainly in the cytoplasm indicating interaction with RNA G4 and with some foci in the nucleus
(nucleus in blue) (Figure from Masson et al., 2021).137

57



aYa 5

o o o (0]
NH HN NH HN
__igjé f’}?__
N\ 7 N\ 7"

PhenDC3 PhenDC6

Figure 37: Molecular structure of PhenDC3 and PhenDC6.

Phenanthroline derivatives (PhenDC series) are analogues of PDC featuring an ortho
phenanthroline core in place of the pyridine core.’™* The bended structure of the
phenanthroline motif induces a U-shaped conformation as illustrated by PhenCD3 and
PhenDC6 structures in Figure 37, which results in a perfect match for the G-quartet
geometry. As a result, PhenDC compounds show a very high affinity and selectivity for
G4s, which ranks them amongst the most potent G4 ligands developed so far. Between
PhenDC6 and PhenDC3, the second shows the highest affinity and the ability to induce
G4 folding. These properties have made PhenDC3 a reference G4 ligand and has been
exploited to study G4s both /n vitro and in cells.
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Figure 38: Molecular structure of the PDS.

Pyridostatin (PDS) in Figure 38 is a PDC analogous developed by Rodriguez et al,'38
differing by the cationic charge localisation and the branching connectivity on the
quinoline units. PDS is known for its high affinity toward G-quadruplexes and high
selectivity versus duplex DNA. As for PDC and PhenDC3, many studies used PDS to
stabilise G4 /n cells.
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Another strategy developed was to be inspired by the G-quartet structure and to
synthesise G-quartet biomimetics. Nikan and Sherman have developed a lipophilic
template-assembled synthetic G-quadruplex (TASQ) composed of four guanines
grafted to a lipophilic calixarene, which structured itself as a singular mimic G-
quartet.”® However, the lipophilic nature of the compound is incompatible with
physiological conditions. This strategy was taken over by Monchaud who developed a
series of water-soluble TASQs to resolve this issue. The first reported compound was
DOTASQ (Figure 39) composed by four guanines grafted on a tetraaza macrocycle
(DOTA). However, DOTASQ is not able to structure itself as a singular mimic G-quartet
in the absence of cation and presents low G4 stabilisation properties with Terbium
(AT12 = 10 °C)."% A new scaffold was designed by switching the DOTA macrocycle to
a porphyrin to improve the formation of the G-quartet structure without cation. It
corresponds to the PorphySQ able to structure itself into a singular mimic G-quartet
which showed weak G4 stabilisation properties (AT12 = 6.5 °C)."™" Furthermore, the
guanine neutral side chain was replaced by a protonable side chain (PNA) to add
electrostatic interaction with the negatively charged DNA backbone and try to improve
the interaction with G4s. Improvement was observed for PNADOTASQ as it does not
require terbium to stabilise G4s (ATi,2 ~ 12 °C)."? However, PNAPorphySQ show no
significant G4 stabilisation improvement (AT12 = 7 °C)." The last scaffold developed
was CyTASQ using a cyclene macrocycle which conserves the weak G4 stabilisation
(AT12 = 5 °C), but an enhanced selectivity versus duplex DNA.™* These scaffolds have
been functionalised with different moieties to subjoin some new properties. One of
them was to introduce a biotin to fish the G-quadruplex structures such as BioTASQ
and BioCyTASQ. The biotine in the BioTASQ interacts with one of the guanine arms
preventing the structuration into a singular mimic G-quartet and abolishing the
interaction with the G4. BioCyTASQ succeeded to conserve its affinity and selectivity
toward G4s, and allowed to identify 57,500 G-quadruplex forming sequence in a new
methodology called G4-DNA precipitation and sequencing (G4DP-seq).'® In addition,
more versatile TASQs have been developed by adding an alkyne (MultiTASQ) or an
azide (azidoMultiTASQ) for post-functionalisation by click chemistry.4®
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Figure 39: Molecular structure of DOTASQ.
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G-quadruplexes have been found to be associated to numerous cancer-related
functions, such as control of the expression of several oncogenes and tumour
suppressors. This is why many G4 ligands were developed focused on antitumoral
activities. However, after two decades of research, only a few G4 ligands have reached
the clinical trial steps and none is yet available on the market. The main problem is how
to target a specific G4 sequence such as c-myc or VEGF by using small molecules, with
a n-stacking and electrostatic interactions that are insufficient to drive a sequence
specificity. In addition, it is likely that /n vivo G-quadruplexes are much more structurally
complex and polymorphic than those studied /n vitro which often are mutated and/or
truncated to limit the polymorphism. A more promising G4 ligand activity is to induce
DNA damages leading to cell death when combined with inhibitors of DNA repair
pathway. The quinolone derivatives (CX-3543 and CX-5461) is a family of compounds
that have been explored as drugs in clinical trial.’’

CX-3543 CX-5461

=

Figure 40: Molecular structure of CX-3543 and CX-5461.

CX-3543 (Quarfloxin) (Figure 40-Left) was the first to enter clinical phase 1 in 2005 but
the assays have been stopped due to a lack of efficacy. The reported effect was a
disruption of the nucleolin interaction with rDNA G-quadruplexes inducing apoptotic
death in cancer cells.™8 Currently, efforts are focused on CX-5461 (Pidnarulex) (Figure
40-Right) a known rDNA transcription inhibitor with anti-tumorigenic activity
developed originally by Cylene Pharmaceuticals as an anticancer drug targeting RNA
polymerase |. Recently, CX-5461 was identified to stabilise G4 (AT, = 20 °C) and weakly
binding duplex DNA.™° CX-5461 is actually in phase | clinical trials as a treatment of
BRCA1/2-deficient tumours. These tumours particularity is their homologous
recombination repair pathway deficiency, which prevents double-strand break repair.
CX-5461 G4 stabilisation should cause DNA breaks leading to cellular death. Hence,
these drugs, like others, seem more promising used in combination with inhibitors of
repair pathways or other DNA-damaging agents following the principle of synthetic
lethality.
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3.2. Anti-G-quadruplex antibodies

In addition to the small molecules strategy to target G4 structures, another strategy
was to develop anti-G4 antibodies taking advantage of the known specificity of
antibodies to selectively bind G-quadruplexes.

The two first generated anti-G4 antibodies were reported by Schaffitzel et a/. in 2001
by screening the synthetic Human Combinatorial Antibody Library (HuCAL) against the
Oxytricha telomeric G-quadruplex sequence (T4G4 repeat).”® From the selection, two
single-chain antibody fragments (scFvs) Sty3 and Sty49 were identified. The latter
demonstrated nanomolar affinities for both parallel and antiparallel Oxytricha
telomeric G4 structures, whereas Sty3 presents a strong specificity for parallel
structures. Globally, both antibodies did not exhibit any affinity toward single-, duplex-
, triplex- and hairpin DNA. Sty49 was used for immunofluorescence staining
experiments to visualise the telomeric G-quadruplexes in the macronuclei of
Stylonychia lemnae. The absence of staining observed when using Sty3 suggested that
Stylonychia telomeric G4s fold into the antiparallel structure.

Later in 2008, Fernando et a/. published an engineered anti-G4 scFv hf2 generated by
phage display against the c-kit2 G-quadruplex.®” hf2 antibody has a strong selectivity
for c-kit2 with nanomolar affinity (~ 1.6 nM) compared to submicromolar for c-kit1 (~
0.5 uM) and micromolar for duplex DNA (~ 4.6 uM). The high specificity of hf2 for
particular G4 structures limited its efficiency for pull-down and cell imaging
experiments. The same team published in 2013 the scFv BG4 antibody exhibiting
nanomolar affinity toward various DNA and RNA G-quadruplexes.®® The advantage of
BG4 as compared to hf2 is the absence of preference for a specific G4 topology or
molecularity, displaying strong selectivity versus duplex DNA and i-motif. BG4 has been
utilised in many experiments as it is considered as the reference to target specifically
G-quadruplex using antibodies due to its high G4 selectivity, and absence of other
versatile and non-topology specific anti-G4 antibodies. For example, BG4 has been
used to visualise DNA G4s within the different cell cycle phases and in various human
cell lines.

Other anti-G4 antibodies developed are 1H6 and scFv D1. The first is a monoclonal
antibody anti-G4 generated by Henderson et a/. by immunising hybridoma cells against
the Oxytricha telomeric bimolecular G4 Oxy-2 (T4Ga).">' 1H6 showed subnanomolar
affinity toward Oxy-2 (~ 0.3 nM) and other G4 structures, with no apparent affinities for
other DNA structures. D1 is a parallel-specific anti-G4 generated from the human BCL2
G4 and has been used for the immunoprecipitation of the human parallel G-
guadruplexes.’?
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Antibodies anti-G4 represent useful tools to perform immunofluorescence experiments
allowing visualisation/localisation of G-quadruplexes in cells. However, doubts about
their selectivity have been raised by recent experiments indicating that other potential
targets could cross-react. For example, a strong affinity for some G-rich non-G4
forming single-strand DNA has been found for BG4.">3 1H6 showed a poor affinity for
G-quadruplex sequences lacking thymidines and a high affinity for single-strand

poly(T).™

Recently, SG4 a nanobody specific for the G-quadruplexes has been generate by Galli
et al>> Nanobodies are smaller, simpler to modify, and can be expressed directly inside
cells and fold properly. SG4 shows nanomolar affinity for G4s, and was utilised in G4
ChIP-seq isolating 5,531 and 10,621 G-quadruplex forming sequences from K562 and
U20S cell lines, which is consistent with the result obtained using BG4. The nanobody
was successfully expressed in HEK293T and utilised for live cell imaging.

3.3. Interaction studies

The interaction of a ligand with a G-quadruplex must be fully characterised in terms of
binding parameters (e.g. affinity and stoichiometry) and in terms of binding selectivity.
As well, the determination of binding sites and modes (quartet stacking, loop or groove
binding) is of utmost importance to understand the ligand/G4 interaction. Affinity
measures the efficiency of a ligand to bind a given G-quadruplex and is quantified by
the binding constant (association constant K4 or dissociation constant Kp) when
appropriate methods are available or through a relative indicator via semi-quantitative
methods. Ligand selectivity is the capability of binding G-quadruplexes (or one G4-
topology) preferentially versus other secondary nucleic acid structures, such as duplex
DNA and eventually hairpins or i-motif. Biophysical methods are the prime choice to
study physical interactions and have already been used to characterise dsDNA/ligand
interaction. Those methods can be divided into three categories: structural experiments
with NMR spectroscopy, X-ray crystallography, and CD spectroscopy. Constant binding
experiments including, for example, surface plasmon resonance (SPR) and isothermal
titration calorimetry (ITC). Indirect affinity experiments including FRET-, CD- and UV-
melting, fluorescence intercalator displacement, and others. In parallel to these classical
methods, high-throughput approaches were developed to screen rapidly and
efficiently large collections of new ligands, such as FRET-melting and G4-FID.
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It is essential to evaluate the G-quadruplex/ligand interaction using several methods
since each has advantages and drawbacks. However, it is essential to remember that
those experiments are realised /n vitro and cannot take into account the /in cellulo
complexity, from the uptake and localisation of the ligand, to the chromatin
environment filled with competing duplex DNAs, mRNAs and proteins. In this section,
the focus will be given to some general and high-throughput methods.

3.3.1. FRET-melting

The FRET-melting assay is a thermal denaturation method used to measure the melting
temperature of nucleic acid structures quickly and reproducibly. It is one of the first to
have been used for the interaction study of G-quadruplex ligands, and was optimised
and standardised by De Cian et a/'> This method measures the melting temperature
of G-quadruplexes through a FRET (Forster Resonance Energy Transfer) effect and
study the interaction with G4 ligands. This experiment requires the functionalisation of
both G4 sequence extremities by a donor and an acceptor fluorophore pair, for which
the emission spectrum of the donor overlaps with the acceptor absorption spectrum
to allow the transfer of excitation energy. The standard FRET pair represented in Figure
41-A is the fluorescein (FAM) in 5' position and the tetramethylrhodamine (TAMRA) in
3' position. The Forster Resonance Energy Transfer (FRET) phenomenon is the non-
radiative dipole-dipole transfer of the excitation energy of a donor to an acceptor. Thus,
the emission of fluorescence is realised by the acceptor instead of the donor. FRET
efficiency depends on the distance between the donor and the acceptor. The donor
and the acceptor are close enough to enable the FRET phenomenon when the G-
quadruplex is folded, and in this condition, the fluorescein fluorescence is quenched.
Unfolding the G-quadruplex increases the distance between the donor and acceptor,
thereby preventing FRET and leading to the restoration of the fluorescein fluorescence
as displayed in Figure 41-B.
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Figure 41: A) Structure and fluorescence parameters of the FAM/TAMRA FRET pair functionalising the 5',3' of the G4 sequence.
B) Schematic representation of the FRET-melting experiment.
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The experiment consists in increasing the temperature from 25 °C to 95 °C while
recording the fluorescein fluorescence emission. The melting temperature (7,/°C) is
the temperature that corresponds to the maximum of the melting curve first derivative.
However, sigmoidal FRET-melting curves are often poorly resolved presenting multiple
local first derivative maxima, which makes it impossible to determine the correct
melting temperature. Therefore, Tm is approximated using the half maximum
fluorescence temperature T1,. It corresponds to the temperature at half the maximum
fluorescein fluorescence (i.e. the temperature at a fluorescence of 0.5 when the
fluorescein fluorescence is normalised between 0 and 1). A G-quadruplex can be
stabilised by a ligand which increases its melting temperature. The difference between
the melting temperature of the G4 with and without ligand (ATw) is the parameter
representing the induced stabilisation by the ligand (Figure 42). The ATy is a semi-
quantitative evaluation of ligand affinity, hence, high ATy, usually reflects a strong
ligand/G-quadruplex interaction. ATy, allows affinity ranking of ligands when these are
compared rigorously in the same conditions. Indeed, ATy, is relative to Tm that itself is
strongly dependent on the experimental conditions (K*-buffer) and on the G4
sequence. Hence, comparison with other ligands should be made uniquely for the same
G-quadruplex at the same buffer composition, concentration, and ligand/G-
quadruplex ratio.
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Figure 42: Schematic representation of the FRET-melting curves to measure the ATy values as the difference between the
melting temperature of the G-quadruplex (blue) and the G-quadruplex + ligand (red). The melting temperature is estimated
at half height of the pseudo sigmoidal curve.

By adding an unlabelled competitor, FRET-melting allows evaluating the selectivity
against other nucleic acid structures (e.g. duplex, hairpin, G-quadruplex, i-motif). The
standard competitor is ds26, a self-complementary 26-mer duplex strand used as a
duplex DNA competitor. A ligand is considered selective when the ATy, is not
significantly affected by the presence of the competitor.
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The experiment is usually carried out in 96-well plates allowing up to 14 ligands to be
evaluated for one G-quadruplex in three conditions (without and with 3 and 10 pM
competitor) within 2 h to 3 h. Some verifications must be done before running a FRET-
melting experiment. When using a new G4 sequence, the 5' and 3' bi-functionalisation
can impact the G4 topology, therefore, it should be verified before proceeding with the
experiments. FRET efficiency needs to be sufficient or should be improved by reducing
the 5' or 3' tail length, e.g. F21T correspond to the 22AG sequence shortened by one
nucleotide at the 5'-end. The melting temperature must not be too high to have an
optimal range to measure the stabilisation. For this purpose, potassium concentration
is modulated to maintain the melting temperature inferior to 65°C. The standard
potassium concentration is 1 mM to have the lower G-quadruplex melting temperature
and best range to measure the induced stabilisation. It is not always possible, for
example, F21CTAT have the same melting temperature at T mM and 10 mM K* but
requires 10 mM to fold into the antiparallel G-quadruplex.’®” Also, less stable G4s can
require 10 mM K* since they are not stable enough (i.e. low melting temperature) at
lower potassium concentrations, such as for F21T. For the competitors, it must not be
complementary to the G4 sequence and have a melting temperature significantly
higher than the G-quadruplex to avoid that the competitor unfold before the G-
quadruplex. Some ligands are fluorescents and can overlap the fluorescein emission,
preventing the measure of the melting temperature. Using another fluorophore FRET-
compatible pair, such as cyanines and BODIPY, allows to overcome this issue.

3.3.2. G4-FID

Fluorescence intercalator displacement (FID) studies the displacement of an
intercalating molecule from a duplex DNA by a putative ligand. It has been adapted by
Monchaud et al. to evaluate the interaction of G4 ligands on G-quadruplexes.’81>° The
experiment consists on the displacement of an on-off probe by a G4 putative ligand.
Standard G4-FID use Thiazole Orange (TO), a versatile probe that binds nucleic acid
structures such as duplex-DNA, G-quadruplex and i-motif without discrimination. TO
fluorescence is "off" when free in solution: the excitation energy dissipates due to the
free rotation of the monomethine bridge between the dihydrobenzothiazole and the
quinolinium moiety as represented in Figure 43-A.
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This monomethine bridge cannot rotate when TO interacts with the aromatic surface
of any nucleic acid turning the fluorescence emission "on". This results in a low
quantum yield when free in solution (OF = 2 x 104 that is enhanced by a factor of 500
to 1000 when bound to nucleic acids.’® TO interacts with most G-quadruplexes with a
1:1 stoichiometry and an apparent binding constant of about 10 M-1.7®" The on-off
probe must have a modest affinity toward the target to allow neglecting the
displacement equilibrium of the probe and to reflect the ligand fixation equilibrium.

A) B)

Thiazole orange

Figure 43: A) Molecular structure of the thiazole orange (TO) with the rotative monomethine bridge (blue arrow). B)
Representation of the equilibrium in the G4-FID experiment.

During this experiment, the fluorescence decrease is recorded as a function of the
successive addition of a putative G4 ligand that displaces the TO from the G-
quadruplex as represented in Figure 43-B. TO displacement is expressed as
TOD(%) = 100 (1—F/FO) with F indicating the fluorescence after addition of the

ligand and Fo representing the initial fluorescence. G4-FID is a semiquantitative assay
because the TO displacement adds a step to the ligand interaction with the G-
quadruplex. This results in a supplementary chemical equilibrium that impedes the
computation of the affinity constant. The DCso and TOD value are two parameters that
can be used to express the interaction of a ligand with a G-quadruplex. The DCsp value
corresponds to the ligand concentration required to displace 50% of TO as displayed
in Figure 44. Ligands with DCso lower than 0.5 uM are considered strong binders and
ligands with DCso between 0.5 uM and 1 uM are medium binders. The TO displacement
(TOD in %) obtained at a given ligand concentration can also be used as an indicator.
The ligand concentration is usually fixed at 1 yM (4 eq. of ligands vs G-quadruplex),
and strong ligands display TOD values above 80% (up to 100%) in these conditions.
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Figure 44: Representation of the displacement curve obtained by plotting TO fluorescence variation (TOD in %) as a function
of ligand concentration. The main interaction parameter is the DCso which corresponds to the concentration of ligand inducing
50% TOD.

G4-FID titration curves can be used to determine the ligand apparent affinity constant
uniquely if TO displacement equilibrium can be neglected (Kiiganas >> K70). For example,
Halder et al. determined high association constants for PhenDC3 (k3= 9.4 108 M"") and
PDC (K>= 9.6 10’ M") on the RNA G-quadruplex (G3U)4."%> G4-FID is a convenient and
rapid method requiring no specific equipment or modified oligonucleotide. This
method has been adapted for high-throughput screening in 96-well plates and
similarly to FRET-melting, it allows rapid evaluation and ranking of G4 ligands. TO can
also be used with duplex DNA (ds26) enabling evaluation of G-quadruplex vs duplex
G4 ligand selectivity. Finally, it is possible to change the TO probe (Figure 45) with a
blue-shifted probe (Hoechst 33258) or a red-shifted probe (TO-PRO3) in case of
optically incompatible ligands significantly absorbing or emitting at the TO
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Figure 45: Molecular structures of the different G4-FID compatible probes.
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3.3.3.CD

CD spectroscopy is a robust method to characterise the G-quadruplex/ligand
interaction and a good alternative for faster low-resolution characterisation compared
to high-resolution but complex NMR spectroscopy and X-ray crystallography
methodologies. Some G4 ligands can induce topology changes upon interaction with
the G-quadruplex target. Thus, CD is the preferential method to assign the new
topology. This is an interesting feature to control since modification of the G4 topology
may impact its function. This phenomenon was observed for both PDC and PhenDC3,
able to change the topology of telomeric sequences from hybrid to antiparallel.®°
Marchand et al have reported that structural change of the hybrid human telomeric
G4 by PhenDC3 was more complex than just a topology switch to the antiparallel
structure, but PhenDC3 could also eject one potassium cation to take its place.’® In
addition to structural characterisation, CD-melting is a typical experiment that allows
measuring the induced stabilisation of a G-quadruplex by a ligand. The melting curve
is obtained by measuring the decrease of the maximum ellipticity intensity upon
temperature increase.

3.3.4. UV-visible and fluorescence titration

UV-visible and fluorescence spectroscopy are commonly used to determine the
binding affinity of a ligand on a G-quadruplex through classical titration based on the
successive addition of a G4 solution at fixed ligand concentration. In the case of UV-
visible titration, the ligand absorbance spectrum should vary during the addition of G-
quadruplex until reaching a plateau and must not overlap to the G4 absorption band.
The curve obtained by plotting the absorbance variation versus the G-quadruplex
concentration is then fitted with a model (generally 1:1 or 2:1 depending on the
interaction stoichiometry) to determine the affinity constant.

The same approach is applied in the case of fluorescence. The best-case scenario is
represented by ligands exhibiting very large fluorescence variation upon binding,
typically ON/OFF probes, such as the thiazole orange. The latter is OFF in solution and
ON when interacting with the G-quadruplex as explained above. Another example is
represented by naphthalene diimide (NDI) which fluorescence is OFF in solution due to
self-aggregation and ON when interacting with the G4 target.’®*
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In addition, the stoichiometry of interaction between the fluorescent ligand and the G4
can be determined using the continuous variation method (also called Job plot).'® The
fluorescence is recorded as a function of the ligand mole fraction from 0 to 1 at a fixed
total concentration with the G-quadruplex. This should give a bell-shaped curve whose
maximum indicates the binding stoichiometry.’6®

_ G4 in excess _:Ligand in excess

Fluorescence

0 025 050 075 1
XL

Figure 46: The bell-shaped curve allows to determine the stoichiometry of interaction between the G4 ligand and G4 structure.

The bell-shaped curve as represented in Figure 46 shows that the G-quadruplex is in
excess between 0 to the maximum and that the ligand is in excess between the
maximum and 1. The rapport between the two gives the binding stoichiometry, for
example, a maximum at 0.5 identify a 1:1 stoichiometry.
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4. G-quadruplex alkylation

4.1. Thermally activatable compounds and metalation agents

DNA alkylation is the reaction of transferring an alkyl group to DNA (mainly at
nucleobase sites). Nucleobases are subjected to chemical alkylation by several
exogenous chemical agents, and often induces DNA damage which, if not repaired,
may lead to cell death. Therefore, the use of alkylating agents represents one of the
primary therapeutic treatments against cancer. A common strategy used to enhance
the recognition of a particular DNA structure is to tether the alkylating moiety to a
target-affine ligand, combining both advantages with a more straightforward synthesis
pathway than to develop an original 2 in 1 ligand.

A well-known dsDNA alkylating agent is the nitrogen mustard chlorambucil (Chl)
presenting the chloroethylamine functional group. Each 2-chloro ethyl arm can cyclise
intramolecularly by releasing chloride to form the electrophilic unstable aziridinium ion,
which can be attacked by the N7 nucleophilic site of the guanine to form a covalent
adduct with DNA as represented in Figure 47.167.168 Displacement of the second chlorine
allows chlorambucil to perform the second alkylation within the same strand or with
the opposite strand (interstrand).
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Figure 47: Schematic representation of the alkylation by chlorambucil moiety.

Chlorambucil is a drug approved to treat various types of cancer such as chronic
lymphocytic leukaemia and Hodgkin and non-Hodgkin lymphomas.'®® Chlorambucil
has been tethered to PDS to obtain the alkylating ligand PDS-Chl (Figure 48).17° This
ligand was able to alkylate specifically the G4 structures formed by c-MYC22 and 22AG.
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Figure 48: Molecular structure of PDS-Chl,?7° PDC-C4-C and PhenDC3-C4-C.171

Later, PDC-C4-C and PhenDC3-C4-C were synthesised by tethering chlorambucil to
PDC and PhenDC3 link through a diaminoalkane spacer. These compounds were used
to characterise the mode of binding of the compounds on a G-quadruplex.'! This
functionalisation had an important impact on the binding affinity which is 10-fold lower
for the PDC and >100-fold lower for the PhenDC3. Furthermore, PDC-C4-C alkylation
experiments in the presence of 22AG highlighted the ability of this ligand to form
monoalkylation adducts in proximity of the central loop, suggesting binding of the
ligand in this region.

Another approach is based on the synthesis of quinone-methide precursor (QMP).
Quinone-methide (QM) are electrophilic intermediate capable of reacting with DNA
nucleophilic sites (Figure 49)."72 QMP can be activated by specific trigger such as
fluoride ions, thermal treatment and UV irradiation.’® An important aspect of QMs is
the reversible nature of the DNA covalent adducts.'’*

HNu
e — CL = CC.
QM precursor Quinone-methide Alkylation

Figure 49: Mechanism of the quinone-methide alkylation.

Naphthalene diimide (NDI) has been tethered to a quaternary ammonium salt of a
Mannich base to obtain a new family of quinone methide precursors. NDI-QMP (Figure
50) is a thermally activable alkylating G4 ligand that has been demonstrated to form
reversible binding with G-quadruplexes.t’>

O
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NDI-QMP
Figure 50: Molecular structure of NDI-QMP by Di Antonio et al.!”> R = C1, C2, or C3.

71



A different family of compounds is represented by metalation agents that has been
tethered to different G4 ligands. Cisplatin is a well-known anticancer drug that interacts
with the DNA after intracellular activation by substituting of the two chlorines by water
to form an aquo complex. The latter hydrated agent reacts mainly with the N7 of the
guanine, and less efficiently with adenine, to form a monofunctional or a bifunctional
adducts (Figure 51).776 The bifunctional adduct corresponds to either the intrastrand or
interstrand crosslinking products generated between neighbour purine bases.
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Figure 51: Mechanism of platination by cisplatin.

This strategy was utilised for G4 platination by Bertrand et a/. They reported Pt-MPQ a
quinacridine tethered with a monofunctional platinum complex (Figure 52)."77 This
compound has been reported to be able to alkylate 22AG selectively on the guanines
located on the same external G-quartet. Another derivative was developed by
functionalising PDC with a N-heterocyclic carbene-platinum complex (NHC-Pt).78
NHC-Pt-PDC presents a similar 22AG platination pattern as the one reported above,
but in addition, was also able to generate metalation bonds with the adenines located
in the loops of the structure. This compound was evaluated in cells and showed relevant
effects at telomeres.
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Figure 52: Molecular structures of Pt-MPQ’” and NHC-Pt-PDC.178
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4.2. Photoactivatable G4 ligands

The previous methodology lacked the possibility of spatiotemporal control for the
alkylation or platination due to the thermal activation of the alkylation moieties. It is
why, there has been recent development of photoactivatable G4 ligands, designed in
a similar way with a known G4 ligand tethered to a photoactivatable moiety, to control
the spatiotemporal alkylation.

Verga et al. reported a PDC functionalised by either a benzophenone or a
tetrafluorophenyl azide to form a new family of photoactivatable G4 ligands.”® Both
photoactivatable moieties are well-known for their efficiency and have been utilised in
photolabelling strategy. The benzophenone (Figure 53-Top) upon UV irradiation
generates a triplet transient that has a biradical character, which reacts specifically with
thymine to give an oxetane product.’® The tetrafluorophenyl azide (Figure 53-Bottom)
upon UV irradiation generates a singlet carbene transient which reacts by H-abstraction
and with nucleophile sites.'®!

3 o

Figure 53: Alkylation mechanisms upon UV irradiation for benzophenone (top) and tetrafluorophenyl azide (bottom).

Each photoactivatable moiety (Figure 54) was tethered to the PDC by a C4, C8 or a PEG
spacer. Functionalisation slightly negatively impacted the PDC core affinity for the G-
quadruplexes but conserved its selectivity versus duplex DNA. The photochemical
reactions displayed good alkylation yields for C4 and PEG derivates comprised between
20% and 30%. Differently, the C8 derivatives showed poor alkylation (< 12%). This result
can be explained by considering the lipophilic character of the linker, which places the
alkylating moiety far apart from the G4 structure. Sequencing experiments highlighted
a preferential reactivity of benzophenone derivatives for the thymine bases located in
the loops of the telomeric G-quadruplex structures. Differently, aryl azide derivatives
prefer to react with the guanines of the quartets.
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Figure 54: Molecular structure of PDC-R-Bp and PDC-R-N3 developed by Verga et al.17?
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Recently, Lena et al. have published a new class of photoactivatable G4 ligands using
photoactivable quinone methide precursors (QMP) as photoactivatable moiety and
also in the scaffold to interact with the G-quadruplex.!® These compounds are
composed by a benzene tethered to two QMPs, either phenol or 2-naphthol
derivatives, to form a broad V-shape structure (Figure 55). These QMPs showed poor
G4 stabilisation properties surely due to poor superposition with the G-quartet. The
photoactivatable ligands show the ability to generate monoalkylated and crosslinking
products with the human telomeric sequence (22AG), but with modest yields and
reduced selectivity.

L O // \\ 0 L HO // \\ OH L
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Figure 55: Molecular structures of the new class of photoactivatable G-quadruplex ligands developed by Lena et al.182 | = -
NMe; and -NMesCl.
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Another approach was developed by using a bimolecular tool comprising a pro-
reactive furan tethered to a G4 ligand and a photosensitiser. The latter is triggered by
light to generate '0, which oxidases and activates the furan group as a keto-enol
derivative, which can react with nucleophilic sites of a G4 structure. Cadoni et a/.
proposed PDC-A (Figure 56) as a PDC functionalised with a furan, which can be

activated by methylene blue, capable to alkylate G4s.183
A) B)
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Figure 56: A) Representation of the alkylation mechanism activated by UV irradiation through the photosensitiser. B)
Molecular structure of PDC-A from Cadoni et al.183

Recently, the same group followed the same approach by tethering the
photoactivatable moiety between a peptide nucleic acid (PNA) and PDC (Figure 57-A)
to improve its G4 recognition properties.’® In addition to the furan derivative, two new
photoactivatable moieties (aliphatic diazirine and aryl azide) were evaluated (Figure 57-
B). In the presence of the c-kit G-quadruplex, the aliphatic diazirine did not form any
alkylated adduct, aryl azide showed a poor conversion, and the furan derivative showed
alkylation yields of about 30%. The PDC-Furan-PNA compound is a good candidate to
alkylate a specific G4 sequence thanks to the PNA allowing specific sequence
recognition and the PDC to bring the crosslinker at proximity of the G-quadruplex.
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Figure 57: A) Molecular structure of PDC-Photoalkylating-PNA,8* and B) mechanism for each photoactivatable moiety. PS =
Photosensitiser.

4.3. Photoaffinity labelling

The photoaffinity labelling (PAL) strategy is a method used to study a wide range of
interactions between a binder and its target, such as to identify binder-target
interactions, localisation of the binding site within the target, and to investigate the
structure-function relationships.’> For this purpose, the PAL strategy converts the
reversible non-covalent binding interaction of the binder to its target into a covalent
binding interaction through light activation (Figure 58). For that, a photoactivatable
moiety must be introduced into the binder scaffold.”® Upon activation by light, the
photoactivatable moiety generates a highly reactive species able to covalently bind its
close environment. It can be the surface of a macromolecule during protein-protein
interactions or the binding pocket during small molecule-protein interactions.'®’

hv
o —
Non-covalent Covalent
interaction interaction

Figure 58: Representation of the photoaffinity labelling strategy.
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The modification of the binder scaffold by tethering the photoactivatable moiety must
be designed in such a way that the structural features required for the reversible non-
covalent binding with the target are retained. It is important to conserve the high
binding affinity and functional properties of the binder, as the labelling is the result of
the transient species lifetime and the dissociation rate.”® To schematise, labelling
tightens proportionally to the binding of the photoactivatable binder to its binding site.
Another important factor is the position of the photoactivable moiety inside the binder
structure as poor positioning relative to the binding site can prevent the efficient
labelling.

The photoaffinity labelling lies on the features and limitations of the introduced
photoactivatable moiety.'®87 |deally, its activation wavelength should be of low
energy (>320 nm) to avoid irradiating endogenous chromophores and generating
photo-oxidative damage. The generated highly reactive species should be able to react
with any chemical groups, and avoid intramolecular rearrangement into less reactive
species or quenching through intramolecular reactivity. However, there is no
photoactivatable moiety sharing all these qualities, and choosing one should be done
in accordance with its compatibility with the application. There are three main
photoactivatable moieties used in PAL strategies: aryl azide, benzophenone, and
diazirine (Figure 59).'8°

salivavlvalie

Benzy] Allphatlc
Aryl azide Benzophenone Diazirine
Figure 59: Representation of the four photoactivatable moieties utilised in photoaffinity labelling.

Aryl azide is activated by high energy light (<320 nm) and generates a nitrene transient,
which react by C-, N- and O-H insertion. Aryl azide moiety has a relatively small size,
therefore, can be introduced in any binder, however, it also reacts by intramolecular
ring expansion to generate the less reactive benzazirine and ketenimine transients
which react with nucleophiles (Figure 60).1%
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Figure 60: Reactivity of the aryl azide photoactivatable compound.
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Benzophenone is activated by lower energy light (> 320 nm) and generates a triplet
state having a diradical character.® Benzophenone has a preference for C-H insertion,
with its main reactivity being the hydrogen abstraction by one radical reacting on the
C-H bond generating a new radical on the target carbon, which can couple with the
second initial radical to form a C-C bond between the binder and the target (Figure
61).7%2 It is also known to react specifically with thymidine in DNA to form oxetane
products or to promote thymidine dimerisation by triplet-triplet energy transfer.’® The
benzophenone triplet state has a long lifetime in water and reverses to the ground
state when not reacting, allowing it to be repeatedly excited over long irradiation times.
Benzophenone is a large moiety increasing the risk for steric clash, however, it has been
widely used in pharmaceutical studies.’
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Figure 61: Reactivity of the benzophenone photoactivatable compound.

Diazirine in the benzyl'®1% or aliphatic’” form is considered the gold standard.
Diazirine is activated by low energy light (> 320 nm) and generates a carbene, a species
more reactive than the correspondent nitrene. The generated carbene has been
described to react without preference by C-, N-, and O-H insertion and to react with
amino acid side chains and backbone (Figure 62).798-201 |ts advantage over the aryl
azide and benzophenone is its small size and highly reactive short living carbene, which
is responsible for efficient alkylation, with no apparent labelling preference, and high
labelling yield.
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Figure 62: Reactivity of the A) aliphatic and B) benzyl trifluoromethyl diazirine photoactivatable compounds.

The photoaffinity labelling strategy has been applied mainly to protein-protein
(introduction of unnatural photoactivatable amino acids) and small molecule-protein
interactions, but other targets have been studied such as cofactors, lipids and
carbohydrates with photoactivatable proteins.’”®” The covalent modifications are
visualised by gel electrophoresis and proteins identified by mass spectroscopy. It is
now standard to add a tag for recognition and isolation of the covalently bound target,
mainly by the addition of a terminal alkyne or a stable azide for post-covalent
functionalisation using click chemistry.'®

Recently, the PAL strategy has been applied for the identification of new G-quadruplex
binding proteins through the generation of a tertiary complex. In this case, it is not the
direct binding site that is covalently bound but it mediates the photoalkylation towards
G4 protein by a small photoactivatable molecule sharing the binding feature for G4
structures. This approach has been developed independently by Su et a/.?%> and Zhang
et al?®3 both by tethering an aliphatic diazirine-alkyne chain into the scaffold of a G4
ligand (PDB and PDS respectively). The methodology is similar for both of them (Figure
63): the photoactivatable G4 ligand is incubated in cells and then the irradiation is
carried out. The nucleus content is extracted and biotin is introduced by click chemistry.
The covalently bound proteins are enriched, digested, and analysed by LC-MS/MS.
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Figure 63: Representation of the PAL strategy utilised by Su et al.292 and Zhang et al.?% to identify new G4 proteins.

The first one allowed to identify 114 and 281 G4 bound proteins in SV589 and MM231
cells respectively,?%? and the second one identified 248 G4 bound proteins in HEK293T
cells.?% Importantly, among well-established G4 binding proteins others unknown
partners were identified. The binding of the latter was confirmed by additional /n vitro
experiments.?%> The outcome of these two works confirmed the possibility to employ
photoaffinity labelling approaches to identify new G4 binding proteins.

However, the study of small molecules or proteins with nucleic acid was limited due to
the absence of powerful methods to identify the covalent binding position on the
nucleic acid sequence. Recently, new covalent strategies have been developed to
investigate the interaction of small molecules with RNA. Mortison et a/. determined the
binding site of tetracycline analogue Col-3 and doxycycline on 80S ribosomal RNA by
tethering the photoactivatable diazirine and stable azide for post-covalent binding
functionalisation on the tetracycline structures.?®* Similarly, Mukherjee et al. showed
the possibility to identify new RNA binders and their binding sites by tethering aryl
azide and aliphatic diazirine into the potent RNA binder scaffold.?® These results
demonstrate the possibility of identifying the binding site of a ligand in the nucleic acid
sequence. This result opens the possibility to localise non-canonical structures into the
RNA and DNA sequences by tethering photoactivatable moiety into non-canonical
structure selective binder.
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Aims of the work
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G-quadruplexes are DNA and RNA structures reported over 30 years ago.>#206207
Accumulation of evidence supports their formation /n vivo, and they seem to play
important roles in regulating biological phenomena such as transcription and
translation.®® Thus, an important question was, and still is, to identify and localise
putative G4 sequences (PQS) forming in the genome and to better understand their
impact on the organisms. The distribution of G4s determined by /n silico approaches
identified over 350,000 PQS. These studies highlighted that they are distributed non-
randomly and non-uniformly in the genome, and are enriched in regulatory regions
such as at promoters and in 5'- and 3'-UTR.?%® More recent /n vitro experiments
performed in the presence of purified DNA extracts allowed to identify over 700,000
G4 sequences genome-wide.®8 Recently, /n cellulo experiments carried out in the
presence of a selective G4 antibody (BG4) and with the chromatin organisation
preserved identified over 10,000 forming G4s genome-wide, confirming the
distribution observed with the /n silico approaches and demonstrating the importance
of the chromatin organisation for the G4s formation.” The difference in chromatin
organisation between cell lines, such as normal vs. cancer cell lines, could lead to the
identification of overrepresented G4s which could become therapeutic markers and
targets. The latter methodology is based on immunoprecipitation experiments
performed after cell chemical fixation.®> However, the chemical fixation freezes the
genome at one specific state and misses the information associated to the dynamic of
G4 folding processes.

Many G4 ligands have been developed to interact selectively with G-quadruplex
structures.’ Quite recently, new approaches have been developed to functionalise
well-established G4 ligands with moieties allowing fluorescence detection, covalent
bond generation, and antibody/protein recognition.?®® So far, only a few G4 ligands
have been developed to isolate and identify G4s.9>%614> However, these strategies rely
on non-covalent interactions (n-stacking and electrostatic) between the ligand and the
G4 structure. Therefore, the generated complex can dissociate during the enrichment
and isolation protocol and the ligand can relocalise on a different genomic site.

83



The principal objective of this PhD project was to synthesise new chemical biology tools
able to pave the way for the development of a new G4 mapping methodology based
on the generation of a covalent bond between the ligand and the G4 structure, making
impossible the dissociation and relocalisation of the ligand on different genomic sites.
We called this method: Chemical immunoprecipitation sequencing (Chem-IP-seq). The
strategy is represented in Figure 64: i) cells are incubated with a photoactivatable G4
ligand, ii) UV irradiation allows the generation of a covalent bond between the
photoactivatable moiety and the G4 structure, iii) post-binding functionalisation with a
tag by copper(l)-catalysed alkyne-azide cycloaddition (CuAAC), and iv) enrichment,
isolation and sequencing. The final objective is to map genomic G4s in a dynamic
context, avoiding G4 ligand relocalisation to different genomic sites and having a
precise view of the accessibility and localisation of G4s genome wide.

Chem-IP-seq methodology

N\ Incubation with /\ ﬂeﬂb

Photoactlvatable ligand f‘sﬁ\ Washing

| \ Extraction - JN. Elution &
,\ =N
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.
~_ in nucleus\/

Figure 64: Representation of the chemical immunoprecipitation sequencing (Chem-IP-seq) methodology based on

Streptavidin-Bead NGS

photoactivatable G4 ligands.

For this PhD project, two new families of photoactivatable G4 ligands have been
synthesised and studied as candidates to be used in the future Chem-IP-seq
methodology. These two new families of photoactivatable G4 ligands have been
developed by functionalising the aromatic core of PDC (aka 360A) able to interact with
high affinity and selectivity with G4s. The PDC core was functionalised with two
different moieties: a photoactivatable moiety to trap covalently G-quadruplexes and
an alkyne moiety for post-binding functionalisation. The latter will allow adding an
hapten by CuAAC reaction necessary to realise the pull-down experiments. Two
different families of compounds have been designed and synthesised: we called them
in-line compounds and branched compounds.
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The first family was obtained by tethering 4-diaizirine-7-octynoate, bearing the
photoactivatable aliphatic diazirine and the terminal alkyne, to PDC through a diamino
C2, C4 and DEG linker. The second one was obtained by tethering one of the three
photoactivatable moieties - benzophenone (Bph), benzyl trifluoromethyl diazirine (N2),
and tetrafluorophenyl azide (N3) - with one of the four spacers bearing the alkyne -
C1, C3, DEG and TEG -, to PDC through an N-azaneylbutyl-4-azaneylbutanamide linker.
The two different families of compounds are represented in Figure 65. The synthesis of
the different photoactivatable G4 ligands studied in this PhD project was realised by
different people: Dr. T. Masson synthesised the in-line family, Mrs. C. Landras Guetta
synthesised all branched G4 ligands except the ones belonging to the DEG series
synthesised by myself.

A)

AN

Y@W A A e A

YO0 Y. X

Ry: Benzophenone (Bph) Benzyl diazirine (N2) Aryl azide (N3)
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Figure 65: Representation of the molecular structure of the branched (top) and in-line (bottom) compounds. The orange box
corresponds to the DEG series synthesised during this thesis. The photoactivatable moiety is in purple and the alkyne function
with (branched) or without (In-line) spacer in green.

G4 photoalkylation is controlled by two steps represented in Figure 66. The first step is
the primordial interaction of the photoactivatable G4 ligand with the G4 structure to
form a G4 ligand:G4 complex. The PDC core is known for its ability to selectively and
strongly stabilise G4 structures. However, the presence of a functionalisation can be
detrimental for its affinity and selectivity toward G4s. This is why, interaction and
selectivity of the photoactivatable G4 ligands with G-quadruplexes were assessed by
biophysical methods.
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Figure 66: Two steps process controlling G-quadruplex photoalkylation.

The second step is the ability of the photoactivatable moiety to form a covalent bond
with the G4 structure. The capacity of the photoactivatable G4 ligands to generate
covalent adducts was evaluated by denaturing gel electrophoresis. In addition,
chemical and enzymatic sequencing experiments were carried out to try to determine
the exact G4 alkylation sites.

Finally, the photochemical properties of the compounds and alkylation mechanism
were studied in the laboratory of Prof. Mauro Freccero in Italy, taking advantage of the
experience of the lab in the characterisation of photoreactive species and
photoadducts. To facilitate the experiment, solely the photoactivable moieties were
used for the study. To complete this goal, photoactivatable mimic prototypes (Figure
67-A) were designed by taking into account the nature of the linker tethering the
photoactivatable moiety to PDC as the latter could modify their photoreactivity
properties. The in-line photoactivatable moiety is tethered to PDC through a diamino
linker, thus, an A-methylamide function was added to the 4-diaizirine-7-octynoate
precursor. Differently, the branched photoactivatable moieties are linked to PDC
through a diamino C4 linker and to the terminal alkyne through a spacer. It was decided
to replace both linker and spacer with an ethyl group, which results in their NN~
diethylamide derivatives. The prototype structures were used to characterise the nature
of the transient species by laser flash photolysis (LFP). Then, the photoreactivity of these
compounds was studied by product distribution analysis of reaction carried out in the
presence of different nucleosides and the generated adducts were characterised by
NMR (Figure 67-B).
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Figure 67: Representation of the mimic strategy using photoactivatable prototypes to study the generation of the transient
intermediates and the formation of the photoadducts in the presence of nucleobases. The orange box highlights the mimic
strategy.
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Chapter Il

Synthesis of photoactivatable G4 ligands
and
biophysical evaluation
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To achieve the final aim of this PhD project, we designed and synthesised two different
families of G4 ligands. The molecular tools designed for this purpose comprise three
motifs: i) a recognition motif able to interact selectively with G4s, ii) a photoactivatable
moiety able to trap covalently G4 structures, and iii) a sorting function that enables
pull-down experiments. The recognition motif chosen for this work is the PDC core,
which is well-known for its high affinity and selectivity for G-quadruplex structures. In
addition, PDC-NHz, its amino derivative, has been synthesised before and is suitable
for grafting functions.’?21° Concerning the photoactivatable motif, we selected a panel
of four different compounds known for their high efficiency in photoaffinity labelling
approaches: benzophenone (Bph), tetrafluorophenyl azide (N3), aliphatic (~N2) and
benzyl trifluoromethyl diazirine (N2)."® Finally, it was decided to graft a spacer bearing
a terminal alkyne, allowing post-binding functionalisation by CUAAC with a hapten
(Biotin). The latter can be used for enrichment and isolation with streptavidin-coated
beads. This post-binding functionalisation is intended to be used after recognition and
alkylation steps: this approach should reduce the ligand bulkiness that could negatively
impact the recognition. On this basis, two new families of photoactivatable G4 ligands
have been synthesised featuring in-line and branched compounds represented in
Figure 69.

The in-line compounds comprise a unique linear photoactivatable-alkyne moiety
corresponding to the N-4-diazirine-7-octynamide represented in Figure 68. Thus, the
aliphatic diazirine (~N2) is the only photoactivatable moiety tethered to the in-line
compounds. This series' structural variation comes from the three different linkers
utilised to connect the N-4-diazirine-7-octynamide moiety and PDC: two aliphatic C2
and C4 linkers, and a hydrophilic DEG linker. The synthesis of this family of compounds
was conducted by Dr. T. Masson during his PhD and described in more detail in his
PhD manuscript.2™

linear photoactivatable-alkyne moiety
N-4-diazirine-octynamide
_— linear photoactivatable-alkyne precursor

4-diazirine-octynoate
R, // Y A5
HN m o |

In-line c2 c4 DEG

Figure 68: In-line G4 ligand retrosynthesis.
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Figure 69: Representation of the photoactivatable G4 ligand library synthesised by the team. These compounds are divided
into two different families: in-line compounds (PDC-C2-I-N2, PDC-C4-I-N2, and PDC-DEG-I-N2), which vary only for the diamino
linker length and nature (C2, C4, and DEG) connecting the PDC core and the diazirine-alkyne moiety; and the branched
compounds. The latter present three different photoactivatable moieties (benzophenone (Bph) (left), benzyl diazirine (N2)
(center), and aryl azide (N3) (right)) and four different spacers characterised by different length and nature (aliphatic C1 and
C3, hydrophilic DEG and TEG). The orange box put in evidence the series of compounds | synthesised in this work. In each
series, the simplified name for each compound corresponds to the length of the variable linker (for in-line) or spacer (for
branched) and the nature of the photoactivatable moiety.
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The branched compounds share a ramified-type structure where PDC is linked to the
terminal alkyne and photoactivatable moiety by an A-azaneylbutyl-4-
azaneylbutanamide chain represented in Figure 70. The amine in C3 is converted into
a tertiary N,N-amide by tethering the photoactivatable moiety and the terminal alkyne.
The first variability corresponds to the three different photoactivatable moieties
(benzophenone, benzyl trifluoromethyl diazirine, and tetrafluorophenyl azide)
introduced in the branched compounds, aiming to identify the most efficient
photoactivatable moiety.

VST SWRIR ¢4

Ry: Benzophenone (Bph) Benzyl diazirine (N2)  Tetrafluorophenyl azide (N3)

N AN \(\/O\/\o/\\\ \(\/O\/\o/\/ox///

Ry C1 c3 DEG TEG

Figure 70: Representation of the branched scaffold and the different combinations of photoactivatable moieties (R; in purple)
and alkyne spacers (R, in green).

The second structural variability corresponds to the nature and length of the spacer
bearing the terminal alkyne. The reason for this diversity is to improve its accessibility
for post-binding functionalisation by copper-catalysed azide-alkyne cycloaddition
(CuAAC) reaction. The four spacers are the aliphatic C1 and C3, and the hydrophilic
DEG and TEG. The combination of these structural variations provided a family of 12
compounds. C1-, C3-, and TEG derivatives were synthesised by Mrs. C. Landras Guetta
and M. M. Seze, and are described in Dr. T. Masson’s PhD thesis manuscript.2'" The
remaining DEG series have been synthesised by myself.
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1. Synthesis

1.1. PDC-NHZ2 synthesis

PDC has an excellent affinity and selectivity for G4s and has often been used as a
recognition core in many molecular tools.?' PDC-NH; derivatives were designed and
synthesised to functionalise easily the PDC core with different moieties. Structurally,
PDC-NH: were obtained by functionalising the position 4 of the central pyridine with
a diamino-alkane linker, thus leaving a primary amine available for functionalisation
(Scheme 2).

a AN,
OH a HN
1 2) ) 3) SN
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N N 63% L o 35% N
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Chelidamic acid PDC-CI PDC-C4-NH,
1 3 5
+ +
oH SN
XN
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o] Z (o]
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N
NH HN
¥
PDC-OH Byproduct NH,
6
Scheme 2: Synthesis of PDC-C4-NH; (5) from chelidamic acid (1). Conditions: 1) SOCl,, DMF, 80 °C, 16 h. 2) 3-aminoquinoline,
TEA, DMF, r.t., 16 h. 3) 1,4-diaminobutane, TEA, 90 °C, 16 h.

Various linkers differing by nature and length can be introduced following the same
synthetic pathway, and the more common PDC-NH: derivative, named PDC-C4-NH,
is obtained by aromatic nucleophilic substitution of PDC-CI in the presence of diamino
butane (C4). This is a key compound used in the synthesis of both in-line and branched
compounds. This section is going to describe the synthesis of PDC-C4-NHz. This
compound was synthesised by following the synthetic pathway reported by Dr. Masson
in his PhD thesis manuscript.?!’
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PDC-CI (3) was synthesised following an improved one-pot procedure published by Xie
et al?? In this synthesis (Scheme 2), 4-chloropyridine-2,6-dicarbonyl chloride (2) was
obtained by reacting chelidamic acid (1) with thionyl chloride. The formed acyl chloride
2 functions were used to introduce the 3-aminoquinoline by nucleophilic acyl
substitution reaction to form PDC-CI. PDC-C4-NH: (5) was obtained by following a
published protocol.’”® PDC-Cl was submitted to an aromatic nucleophilic substitution
(SnAr) to replace the chlorine in position 4 of the pyridine by the 1,4-diaminobutane
present in excess to generate PDC-C4-NH.. Specifically, the reaction was carried out
overnight at 90 °C using 1,4-diaminobutane as solvent.
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Scheme 3: Byproduct 6 is generated from PDC-C4-NH; (5) as the theoretical quinoline substituted derivative 7 is not detected
by LC-MS.

In literature, these reactions are reported to be efficient and generate products with
high yields. However, | encountered different pitfalls. During the synthesis of PDC-C4-
NHa, | obtained the product with a poor 24% yield and the reaction mixture showed
the presence of a byproduct. The latter was characterised by MS and its mass matches
byproduct 6 obtained from transamidation reaction of one 3-aminoquinoline by a 1,4-
diaminobutane. Intermediate 7 could not be found in the LC-MS chromatogram (Figure
71), thus, the byproduct must have been formed by substitution of one 3-
aminoquinoline of PDC-C4-NH: (Scheme 3).
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Figure 71: LC-MS chromatograms of the synthesis of PDC-C4-NH; at 70 °C after 10 min, 1 h, 2 h and 3 h of reaction.
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Decreasing the reaction temperature allowed better control of the reaction
progression, limiting the formation of the byproduct to an insignificant trace. The
reaction occurs in 1-2 h at 90 °C, 3 h at 70 °C and over 6 h at 50 °C. However, the yield
(~ 30%) remains low regardless of the temperature. Filtration was not enough to
remove completely the byproduct, this is why it was essential to monitor the reaction
by LC-MS to avoid forming large quantities of byproduct. In addition, monitoring the
substitution of the aromatic hydroxyl group into chlorine by NMR is essential to avoid
the formation of PDC-OH (4).

1.2. Synthesis of Branched DEG G4 ligands

The branched compounds are bifunctional PDC compounds comprising a
photoactivatable moiety and a spacer bearing a terminal alkyne, both introduced on a
branched linker coupled to PDC-C4-NHo. The three photoactivatable moieties used to
functionalise this family of compounds are benzophenone (Bph), benzyl
trifluoromethyl diazirine (N2) and tetrafluorophenyl azide (N3). The spacers bearing the
terminal alkyne are the aliphatic C1 and C3, and the hydrophilic DEG and TEG. In these
derivatives, the position of the photoactivatable moiety is always the same,
independently of the nature and spacer series. Thus, the relative distance of the
photoactivatable moieties from the G4 structure is fixed. Only the distance between
the interaction site and the alkyne changes depending on the spacer. In principle, this
should modify the accessibility of the terminal alkyne during CuAAC.

The syntheses of the C1, C3, and TEG series have already been covered in Dr. Masson's
thesis manuscript, and only the DEG series (Figure 72) will be described in this section.
The four series globally share similar synthetic pathways, starting from the introduction
of the spacer bearing the terminal alkyne and the photoactivatable moiety into a
common branched linker, which can later be tethered to the PDC.

BRI S

T &
DEG/Bph DEG/N2 DEG/N3

Figure 72: Branched compounds of the DEG series (8-10) synthesised in this work.
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1.2.1. Synthesis of the common linker intermediate

The photoactivatable moieties are all introduced on a common intermediate linker
bearing a secondary amine. Only after, the functionalised linker is tethered to the PDC
core. The common intermediate linker is obtained by nucleophilic substitution between
the ester-protected y-aminobutyric acid 12 and compound 15 (scheme 3). At first, the
carboxylic acid precursor 11 is protected in its ester form by using thionyl chloride in
ethanol and precipitated into the amine hydrochloride form 12. Precursor 14 is
synthesised by a nucleophilic substitution reaction of one of the free hydroxyl groups
of diethylene glycol 13 with propargyl bromide. Compound 15 is generated by Appel
reaction conducted on compound 14 using tetrabromomethane and
triphenylphosphine. Finally, ethyl 4-aminobutanoate hydrochloride 12 is deprotonated
to allow the nucleophilic substitution with compound 15 to form the common
intermediate linker 16 with 48% yield.

o
Ho)]\/\/NHZ 94% /\OJJ\/\/NH3 a 48% /\OJJ\/\/H\/\O/\/O///
12

16

Pz
2) = _ 0 (\o/\/o// P
HON NN — “0\/\0/\/0// —> B’\/\O/\/O// /\OJ\/\/N\/\O/\/O//
68% 72%

13 14 15 17

Scheme 4: Synthesis of the common intermediate linker. Conditions: 1) SOCl,, EtOH, 80 °C, 5 h. 2) 3-Bromopropyne, t-BuOK,
THF, r.t., 16 h. 3) CBr4, PPhs, DCM, r.t., 16 h. 4) TEA, ACN, 40 °C, 48 h.

However, during this reaction step, we could observe the generation of a byproduct
obtained from a second nucleophilic substitution reaction occurring on compound 16
forming the tertiary amine 17. These two products have a close polarity, making them
not separable by classic silica or alumina chromatography with or without ammonia or
triethylamine. RP-HPLC was avoided since the products do not have chromophores to
be detected. Therefore, it was decided to use the mixture containing both products in
the following step, since the tertiary amine cannot react in such reaction conditions.
The mixture was characterised by LC-MS and NMR, bisubstituted byproduct 17
represents 20% of the mixture (NMR proportion, Figure 73)
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Figure 73: Left) 1H NMR (300 MHz) spectrum. Right) MS chromatogram of the mixture of common linker intermediate 16 and
byproduct 17. M/z (ESI+) [M+H]* pic 4.2 min = 258.4 and pic 5.0 min = 384.5, and calcd. for 16 [M+H]* = 258.3 and for 17 =
384.5.

1.2.2 Synthesis of the photoactivatable G4 ligands

The different photoactivatable moieties are introduced on compound 16 in their acyl
chloride forms (21-23) (Scheme 5). These compounds 21-23 are obtained by reacting
benzophenone acid 18 and benzyl trifluoromethyl diazirine 19 with thionyl chloride,
and tetrafluorophenyl azide 20 with phosphorus pentachloride.
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Scheme 5: Synthesis of the DEG series photoactivatable G4 ligands. Conditions: 1) Acyl chloride derivative (21-23), TEA, DCM,
r.t., 16 h. 2) NaOH, DCM/EtOH/H-0, r.t., 16 h. 3) PDC-C4-NH,, HATU, DIPEA, DMF, 0 °C to r.t., 1 h. 4) Mel, DMF (for 8 and 9)
or ACN (for 10), 40 °C, 16 h. 5) SOCl,, 80 °C, 2 h. 6) SOCl5, 80 °C, 20 h. 7) PCls, Et,0, r.t., 2 h.
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The secondary amine group of compound 16 reacts with the appropriated acyl chloride
to form the corresponding N, N-disubstituted amides 24-26. Then, the carboxylic acid
function is recovered by saponification reaction, giving the expected products 27-29.

The next step consists in the peptide coupling reaction carried out with HATU and PDC-
C4-NH2 (5). To verify the efficiency of the coupling system, HATU activation of the
benzophenone derivative 27 was monitored by LC-MS after quenching with methanol.
The chromatogram showed a rapid and total conversion. The latter presented a major
peak, which mass corresponds to methyl ester 34, and multiple small peaks, which we
associated to degradation products. Product 34 is formed by reaction of the HOBt
activated product 33 with the methanol used to quench and prepare the LC-MS sample
(Figure 74). It is interesting to note that a similar assay was realised on TEG
benzophenone derivative, but the HOBt activated product showed higher stability and
slower quenching reaction (data not shown). To avoid any product degradation, it was
decided to mix the carboxylic acid precursors (27-29) and PDC-C4-NH. (5) before
slowly adding HATU to the solution. This protocol gave the expected products (30-32).
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Figure 74: A) scheme of the HOBt intermediate 33 formations by the HATU activation of the carboxylic acid benzophenone
derivative 27, which is quenched by methanol during the preparation of the sample for LC-MS analysis. Conditions: 1) HATU,
DIPEA, DMFF, r.t., 2) MeOH, r.t. B) LC chromatogram of the reaction before adding HATU (left) and LC-MS ran 5 min after
adding HATU (right).

Finally, the quinoline rings are methylated using an excess of iodomethane to obtain
the final products PDCcs-DEG-Bph (8), PDCcs-DEG-N2 (9) and PDCcs-DEG-N3 (10)
(Scheme 5). After the workup, we realised that the tetrafluorophenyl azide derivative
(10) was not pure. LC-MS analysis highlighted the presence of a second peak, which
corresponds to the reduction of azide group. Indeed, azides are known to be sensitive
to heat, and the removal of the DMF occurs at 40 - 45 °C, which could induce azide
reduction. Therefore, DMF was replaced by acetonitrile to avoid heating when
removing the solvent and successfully gave the expected product. The conversion
could not be pushed to 100%, and traces of mono-methylated product remained in
mixture (< 5%). PDCcs-DEG-N3 (10) was used without any further purification for the
biophysical and biochemical assays.
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2. Biophysical evaluation of the photoactivatable G4 ligands

After having synthesised all the target compounds, it was essential to ensure that all
the functions of the trifunctional molecular tools did not significantly affect PDC
binding properties. This section focuses on the propensity of the PDC core to still
interact and stabilise G4 structures selectively once embedded into the in-line and
branched architectures. Indeed, it is well-known that adding functional moieties to a
G4 ligand may negatively impact its interaction with G-quadruplexes and its selectivity
versus duplex DNA.'® In general, this impact is correlated with the engendered
bulkiness of the newly introduced moiety. In our case, in-line compound binding
properties (stabilisation and selectivity) should not be impacted significantly due to the
tiny size of the linear moiety. However, a more critical impact might be expected with
the branched compounds due to the ramified structure and the bulkied
photoactivatable moieties. FRET-melting and G4-FID are two biophysical routines and
high-throughput methods described in the introduction (Chapter 1.3.3, p. 62), and were
utilised to confirm that the stabilisation and selectivity for G4 structures were not
affected. FRET-melting measures the stabilisation induced by a compound for a specific
G4 structure.’® It can be used to evaluate the selectivity with DNA or RNA, using a
duplex DNA or a transfer RNA (tRNA) as competitors. The G4-FID measures the
displacement of the Thiazole orange (TO) probe by a compound in a competition
assay.’”®1>9 These two biophysical methods are complementary and allow to obtain
information on the interaction by G4-FID and the stabilisation and selectivity by FRET-
melting. Thus, these methods are well adapted to verify the remaining efficiency of the
new PDC derivatives.

2.1. DNA and RNA seguences used in the biophysical studies

A panel of G4 forming sequences representative of the polymorphism and structural
characteristics of the G4s have been selected (Table 1). It comprises six DNA sequences
covering the three G4 topologies (parallel, antiparallel, and hybrid), small to long loops
and mix-quartet. One RNA sequences have also been selected to evaluate the ligand
interaction with RNA G4 by competitive FRET-melting.2’ Most DNA sequences have
been utilised in both biophysical methods. However, FRET-melting requires 5'-FAM /
3'-TAMRA functionalisation, and the sequences may be truncated to optimise the
energy transfer, thus, making them slightly different from the unmodified ones used
for G4-FID.
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The tables below summarise the sequences utilised in both FRET-melting and G4-FID
experiments with the buffer utilised and associated G4 melting temperature (T1,2)
measured by FRET-melting, and the thiazole orange/G4 association model and TO
association constant (Kz) for each sequence for G4-FID.16121>

Name F/T derivative Topology Sequence Buffer Ti2 Ref
DNA G-quadruplexes
22AG F21T Hybrid 5'F-AGGGTTAGGGTTAGGGTTAGGG-3'T K10 57°C 63
22CTA F21CTAT Antiparallel 5'F-GGGCTAGGGCTAGGGCTAGGG-3'T K10 59 °C 69
cMYC22 FMyc22T Parallel 5'F-TGAGGGTGGGTAGGGTGGGTAA-3'T K1 57 °C 216
CEB25wt FCEB25witT Parallel 5'F-AAGGGTGGGTGTAAGTGTGGGTGGGT-3'T K1 57°C 218
VEGF FVEGFT Parallel 5'F-CGGGGCGGGCCTTGGGCGGGGT-3'T K1 66 °C 220
HIV-Prol FHIVPROL1T  Antiparallel 5'F-TGGCCTGGGCGGGACTGGG-3'T K1 60 °C 68
RNA G-quadruplexes
NRAS Parallel 5'-GGGAGGGGCGGGUCUGGG-3' K1 n.m. 222
Name Topology Sequence Model TO/G4 log Ka (M) Ref
22AG Hybrid 5'-AGGGTTAGGGTTAGGGTTAGGG-3' 1:1 6.1 161
22CTA Antiparallel 5'-GGGCTAGGGCTAGGGCTAGGG-3' 1:1 6.2* 161
cMYC22 Parallel 5'-TGAGGGTGGGTAGGGTGGGTAA-3' 1:1 6.7 161
CEB25wt Parallel 5'-AAGGGTGGGTGTAAGTGTGGGTGGGT-3' 1:1 5.9 215
VEGF Parallel 5'-CGGGGCGGGCCTTGGGCGGGGT-3' 1:1 6.2 o

Table 1: G4 sequences and important parameters in top) FRET-melting and bottom) G4-FID. The T,/ values are the ones
measured in FRET-melting experiment. * Log Ka for 21CTA. ** Log Ka for VEFG was determined during this PhD project. n.m.
:not measured.

2.1.1. G4 DNA sequences and related topologies

The first sequence utilised was the human telomeric sequence that features tandem
repeats of TTAGGG. 22AG is a 22-mer sequence folding into a hybrid 3+1 in potassium
buffer®® and antiparallel in sodium buffer (Figure 75).%4 However, it is known that one
of the PDC properties is to convert hybrid G4 into antiparallel form upon binding, even
in potassium buffer.% In the same way, the photoactivatable G4 compounds convert
the 22AG hybrid into its antiparallel form, as demonstrated in Dr. Masson's thesis using
CD.Zﬂ
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Figure 75: Representation of the different G4 topologies adopted by 22AG. It adopts an antiparallel structure in sodium
buffer®* and a hybrid structure in potassium buffer.5> The hybrid structure is converted into the antiparallel topology when
incubated with PDC.

22CTA is a synthetic G-quadruplex sequence derived from the human telomeric
sequence. The tandem motif is modified by substituting the first thymine by a cytosine
to give the CTAGGG repeats. This modification is sufficient to change profoundly the
G4 structure, switching from hybrid to antiparallel topology (Figure 76) with the
particularity of forming a G-C-G-C mix-quartet.®®

v
b4
b
|

Antiparallel
5-AGGGCTAGGGCTAGGGCTAGGG-3’
22CTA

Figure 76: Representation of the antiparallel structure formed by 22CTA with a G-C-G-C mix-quartet.®®

The c-Myc proto-oncogene is a proto-oncogene found to be overexpressed in a wide
variety of human cancers. The c-MYC promoter region contains the nuclease
hypersensitive element NHE Ill1 comprising a G-rich sequence able to fold into a G-

quadruplex, which regulates the transcription of the main c-MYC upstream promotor
(P1), as described in the introduction.’%14 The cMYC22 sequence chosen for this study

is a 22-mer folding into a parallel G4 structure (Figure 77).2'®
v

parallel
5'-TGAGGGTGGGTAGGGTGGGTAA-3’
cMYC22
Figure 77: Representation of the G4 parallel structure formed by cMY(C22.216
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CEB25wt is a 26-mer sequence found in the human subtelomeric regions called
minisatellites, which are known to be genetically unstable and involved in cancer
onset.>>217 This sequence adopts a parallel topology and is characterised by a 9-nt long
central loop (Figure 78). It is also described as L191, indicating the number of
nucleotides in the loops, i.e. composed of two short propeller loops and one central 9-
nt long loop.?8

parallel
5'-AAGGGTGGGTGTAAGTGTGGGTGGGT-3’
CEB25WT

Figure 78: Representation of the parallel G4 structure formed by the CEB25wt sequence characterised by a 9-nt long central
loop.218

The vascular endothelial growth factor (VEGF) is a signal protein stimulating the
formation of blood vessels in both vasculogenesis and angiogenesis.?'? It is a common
factor overexpressed in cancer cells to increase blood supply for tumour growth. VEGF's
proximal promotor region contains five G-repeats that can fold into highly polymorphic
G-quadruplexes. VEGF Pu22-T12T13 sequence utilised in this study forms a highly
stable parallel G4 structure (Figure 79) with a melting temperature of about 66 °C.°%°

parallel
5’-CGGGGCGGGCCTTGGGCGGGGT-3'
VEGF

Figure 79: Representation of the highly stable parallel G-quadruplex formed by the VEGF sequence.?2°

The human immunodeficiency virus 1 (HIV-1) has a ssSRNA genome characteristic of
the retrovirus family to which it belongs. The genomic RNA is reverse transcribed into
dsDNA and integrated into the host genome. This integration is helped by the long
terminal repeats (LTRs) located at each extremity of the virus genome. These LTR
regions contain a G-rich region featuring three superimposed G-quadruplexes: LTR-I,
LTR-IIl, and LTR-IV. As described in the introduction, the 28-mer LTR-IIl sequence forms
a particular 3+1 hybrid G4 comprising a hairpin.®®
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To avoid having two structures (G4 and hairpin) combined in one, the LTR-IIl sequence
was truncated to remove the hairpin part. HIV-Pro1 is an antiparallel G-quadruplex
(Figure 80) with only two G-quartets and one Watson-Crick G-C base pair.%8

A
[
.

Antiparallel
5’-TGGCCTGGGCGGGACTGGG-3’
HIVPRO1

e —

Figure 80: Representation of the HIV-Pro1 antiparallel structure comprising an apical GC base pair.58

2.1.2. RNA sequence and related topology

NRAS is another sequence utilised in this study. This sequence was found at the 5'UTR
region of the NRAS transcript and its responsible of the regulation of its translation.??
NRAS belong to the RAS family, which are translated into GTPase. NRAS is often
mutated in human cancer and plays an important role in cell growth and survival. NRAS
is an 18-mer sequence folding into a parallel RNA G-quadruplex (Figure 81).222

\lg

parallel
5-GGGAGGGGCGGGUCUGGG-3’
NRAS

Figure 81: Representation of the parallel RNA G-quadruplex formed by the NRAS sequence.???
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2.2. FRET-melting and G4-FID assays

2.2.1. FRET-melting protocol

FRET-melting was first conducted using a “double dilution”protocol that the team had
already utilised and represented in Figure 82-A. It consists of making the final solution
directly inside the well by adding a DNA solution containing the G-quadruplex and the
competitors in the appropriate buffer. Then, the pre-diluted-in-buffer ligand solution
(200 pM in DMSO -> 8.33 uM in buffer) was added to make the final solution at the
right concentration (8.33 uM -> 1 uM in buffer) inside the well. However, the results
using this protocol with 22AG showed unreliable data (Figure 82-Right, in red) with a
lack of reproducibility and poor stabilisation for some of the photoactivatable G4
ligands. We hypothesised that precipitation of the compounds occurs between the first
and second dilution. To avoid this, we used the “simple dilution” protocol where the
solution of each well is prepared in an Eppendorf and the photoactivatable G4 ligands
are diluted only once from DMSO to buffer in the final solution (100 uM in DMSO -> 1
uM in buffer). This overcomes the problem giving reproducible data. (Figure 82-Right,
in blue). These results indicate a problem of solubility for some of the branched
compounds, which must be kept in mind.

A) B)

Double dilution Simple dilution
| I [ | =3 | =0 1.0+
G4 | ds26 | ] G4l 1 ds26 | | = :
) . a v o TEG/N3
| v § 0.8,
\/ d‘llstt. \ l /dilution g
. Hution N
= 2 5 0.6
S - - s -
G4 | Ligand . G4 ! %
ds26 | | gand ] ds26 g 044
| | ] Ligand ', s
\ ; g
\/ l 5 0.24
2nd dilution ) - z
““““ / ; 0.0 papef Bl
3 , 30 40 50 60 70 80 90

Temperature (°C)
[G4]=0.2uM [ds26]=0,3 or10uM [Ligand] =1 uM

Figure 82: Two protocols have been tested for the FRET-melting experiments: A) the double dilution protocol with a first pre-
dilution of the ligand from DMSO (written in orange) into buffer before a second dilution directly into the well. B) The simple
dilution protocol was used to overcome this problem by preparing the final solution in an Eppendorf by diluting the ligand only
one time.
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2.2.2. G4-FID protocol

G4-FID method has been first developed in cuvette but has been rapidly adapted to
microplate for high-throughput application.’™8' However, the microplate preparation
is similar to the FRET-melting “double dilution” protocol, which could lead to
precipitation in our specific case. This is why a panel of photoactivatable G4 ligands
was utilised with 22AG to evaluate the results obtained by G4-FID both in cuvette and
microplate, the comparison among the two helped us to choose the best methodology.
The panel of compounds was selected to cover a range of F21T stabilisation measured
by FRET-melting, which will be discussed later, but to summarise: C4-£FN2 and C3/N2
are highly stabilising compounds (ATy2 = 22 °C and 23 °C respectively), C1/N2 is a
modest stabilising compound (AT12 = 10 °C), and PDC used as reference (AT12 = 28
°C). (For the names of the compounds refer to Figure 69, p. 90)
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Figure 83: G4-FID experiment can be realised in cuvette ( ®) or in 96-well microplate (). Right) The results obtained with both
methods in the presence of PDC, C4-I-N2, C1/N2, and C3/N2 evaluated with 22AG.

Strong stabilising compounds such as PDC, C4-£N2, and C3/N2 present similar
displacement curves (Figure 83) with the two methods, with slight increase DCsp values
for microplates, as previously reported (0.1-2 uM) (Table 2). For the modest stabilising
compound C1/N2, the DCsp is not measurable in microplate since the data points do
not reach 50% TO displacement as compared to the cuvette measurement. Thus, the
microplate protocol is not compatible for our specific case as some photoactivatable
G4 ligands might not reach 50% TO displacement preventing to obtain any DCsg values
for those compounds. Therefore, all the further results obtained by G4-FID have been
realised in cuvettes.
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PDC C4-I-N2 C1/N3 C3/N2

FRET-melting ATy (°C) 28 22 10 23

Cuvette 0.35 0.44 1.12 0.61
DCso (UM)

96-well plate 0.51 0.54 n.d. 0.77

Table 2: DCsq values obtained in cuvette and 96-well microplate, and AT/, values reported as a reference. DCsq value for C1/N3
was not determinable (n.d.) in 96-well microplate.

2.2.3. TO binding to VEGF G-quadruplex

G4-FID is a competitive assay where a G4 ligand displaces a fluorescent probe bound
to a G4 structure, as described in the introduction (Chapter 1.3.3.2, p. 65). Thus, it is
essential to characterise the interaction of the probe with the G4 structure to better
understand the competition process. The stoichiometry of the TO/VEGF complex was
determined using the Job’s method of continuous variations: TO fluorescence was
measured for a range of VEGF molar fractions without modifying the total molar
concentration of the two binding partners (1 uM). The Job plot (Figure 84-A) presents
a maximum between 0.5 and 0.6 indicating a predominant 1:1 stoichiometry.
Furthermore, the affinity constant of the probe (K3 was determined by fitting the
fluorometric titration curve of TO binding to VEGF using a 1:1 binding model (Figure
84-B), which gave a K; value of 1.68 10°® M (log K; ~ 6.2). These two results are
consistent with those previously found (log Kz TO/G4 between 5.9 and 6.7) for the other
sequences of the panel (Table 1).16121>
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Figure 84: A) Job plot of VEGF/TO with a maximum between 0.5 - 0.6, indicating a 1:1 binding stoichiometry. B) Fluorescent
titration of TO by increasing concentration of VEGF.
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2.3. Compounds evaluation

We performed FRET-melting and G4-FID assays to evaluate the propensity of the PDC
core to still interact and stabilise G4 structures selectively once embedded into the in-
line and branched architectures. In FRET-melting, stabilisation values are comparable
uniquely using the same sequence. For each ligand, three values are shown
corresponding to no-competition (in black), and with 3 uM (red) and 10 uM (blue) of
ds26 competitor. In addition, G4-FID gives complementary information on the
interaction through the DCso value (in black), when FRET-melting informs on the
stabilisation induced by the ligand.

2.3.1.22AG/F21T
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Figure 85: Left) AT,/ values (°C) obtained by the FRET-melting with F21T in K10-buffer plotted for each compound without
(black) or with 3 uM (red) or 10 uM (blue) of ds26 competitors. Right) DCso (uM) values obtained by G4-FID experiment with
22AG plotted for each compound.

Globally, from the results of FRET-melting shown in Figure 85-Left, the compound
series can be classified into two groups, with the in-line and N3 compounds presenting
a high stabilisation of F21T (AT1/2 > 20 °C), and the Bph and N2 compounds presenting
a more modest stabilisation (AT12 = 10 °C). Similarly, G4-FID data (Figure 85-Right)
show the in-line compounds displacing efficiently TO with DCso < 0.50 uM, the N2 and
N3 compounds displacing TO with a medium efficiency (DCso = 0.60 uM), and the Bph
derivatives displacing TO with a low efficiency (DCso > 0.80 uM).
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Five compounds are clearly above the others, with first all the in-line derivatives
presenting high stabilisation (AT12 = 22-24 °C) slightly lower than the one of PDC (AT1,2
~ 28 °C) and efficient TO displacement (DCso < 0.50 uM). The C3/N2 derivative is
remarkably above in terms of stabilisation (AT12 = 23 °C) compared to the rest of the
N2 series (AT12 = 10 °C). The C1/N3 derivative is slightly better to stabilise F21T (AT1.2
~ 21 °C) than the rest of the N3 compounds series (AT12 = 12-19 °C).

The two compounds C3/Bph and C1/N2 seem to present weaker interaction by G4-FID
compared to the other members of their series. C3/Bph presents a weak interaction
displaying a DCso value of 1.44 pM, while the rest of Bph derivatives displayed DCso
values < 1.00 pM. Similarly, C1/N2 shows a weak interaction with a DCso value of 1.12
UM vs. 0.57-0.70 uM for the rest of the N2 series.

2.3.2.22CTA/F21CTAT
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Figure 86: Left) AT/, values (°C) obtained by FRET-melting with F21CTAT in K10-buffer plotted for each compound without
(black) or with 3 uM (red) or 10 uM (blue) of ds26 competitors. Right) DCso (uM) values obtained by G4-FID experiment with
22CTA plotted for each compound.

The different series of photoactivable G4 ligands stabilise 22CTA with various efficiency
(Figure 86). The interaction of the in-line compounds remains excellent with high
stabilisation (AT12 = 17-21 °C) and efficient TO displacement (DCso = 0.20-0.24 pM)
close to that of PDC (AT1/2 = 24 °C and DCso = 0.15 pM). In addition, three compounds
of the branched series stand out. C1/N3 and DEG/N3 show performances (respectively
ATq2 = 20 °C and 18 °C, DCso = 0.29 pM and 0.48 uM) slightly below the in-line
derivatives.

107



The rest of the branched compounds stabilises more weakly 22CTA (AT1/2 < 10 °C) but
with DCso values around 0.50 pM, except for C3/N2, which presents a modest
stabilisation (ATi2 = 14 °C) and an efficient TO displacement (DCso = 0.26 pM).
Moreover, most of the branched compounds show a lower G4-selectivity, as shown by
the slight decrease of A 77,2 value in the presence of the duplex competitor ds26. Finally,
the C1/N2 derivative is the weakest of the series regarding stabilisation (AT12 = 4 °C).
However, the TO displacement shows a medium efficiency (DCso = 0.66 uM) that was
not expected for such a weak stabilisation value. All compounds showed lower DCso
value with 22CTA as compared to 22AG (e.g. DCso = 0.15 vs. 0.35 uM respectively for
PDC).

2.3.3.cMYC22/FcMYC22T
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Figure 87: Left) AT,/ values (°C) obtained by FRET-melting with FcMYC22T in K1-buffer plotted for each compound without
(black) or with 3 uM (red) or 10 uM (blue) of ds26 competitors. Right) DCso (uM) values obtained by G4-FID experiment with
cMYC22 plotted for each compound.

The interaction of the compounds with cMYC22 presents globally a similar trend: the
in-line derivatives are the best stabilisers (AT12 = 14-16 °C) followed by the N3
derivatives (AT12 = 10-14 °C) while the Bph and N2 series are weaker (ATq2 = 8-9 °C
and 7-13 °C respectively) (Figure 87). However, the in-line functionalisation seems to
have a more negative impact on the PDC core stabilisation (AT12 = 27 °C) with cMYC22
compared to previous data obtained with 22AG and 22CTA. Indeed, the ATy, value of
the three in-line compounds drops down of approx. 10 °C as compared to that of PDC
when it is only half this value with 22AG and 22CTA.
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Again, the C3/N2, C1/N3, and DEG/N3 derivatives present a higher stabilisation than
the other members of their respective series, which appears to be a constant feature.
Globally, the DCso data are consistent with ATq/> data and confirm the main trend, with
the most active compounds, i.e. the in-line have DCso = 0.26-0.32 uM, whereas all the
others show DCsg between 0.31 to 0.50 uM. As well, the high DCso of C1/N2 consistent
with its low stabilising effect (DCso = 0.83 pM) confirms the weaker G4 interaction of
this compound.

2.3.4.CEB25 wit/FCEB25 wiT
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Figure 88: Left) ATy, values (°C) obtained by FRET-melting with FCEB25wtT in K1-buffer plotted for each compound without
(black) or with 3 uM (red) or 10 uM (blue) of ds26 competitors. Right) DCso (uM) values obtained by G4-FID experiment with
CEB25wt plotted for each compound.

The results with CEB25wt (Figure 88) present a similar trend for the stabilisation
induced by the compounds: In-line (AT12 = 8-9 °C) > N3 (AT12 = 5-9 °C) > Bph (AT12
~ 5-6 °C) and N2 (AT12 = 3-6 °C). Similarly to the behaviour observed with cMYC22,
the ATy,2 of the in-line series drop-down of approx. 8 °C as compared to PDC (AT12 =
16 °C). Notably, the AT1,2 value of PDC is significantly lower as compared to the other
G4 tested, whilst the Tq2 (57 °C) is in the same range as F21T or F21CTAT (57-59 °C),
meaning that globally this G4 matrix accommodates less easily G4 ligands. The less
efficient binding of compounds to CEB25wt is confirmed by the higher range of DCsp
values measured for PDC and the in-line series between 0.39 and 0.52 uyM. Consistently,
the Bph and N3 series exhibit higher DCso between 0.50 and 0.85 uM, whereas the N2
series (without C1/N2) appeared more active with DCsg comparable to the in-line
compounds (DCsg = 0.41-0.51 uM). Finally, the C1/N2 derivative confirms its outsider
position with weak stabilisation (AT12 = 3 °C) combined with a DCsp off the charts >
1.50 uM.

109



2.3.5.VEGF/FVEGFT
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Figure 89: Left) ATy, values (°C) obtained by FRET-melting with FVEGFT in K1-buffer plotted for each compound without (black)
or with 3 uM (red) or 10 uM (blue) of ds26 competitors. Right) DCso (uM) values obtained by G4-FID experiment with VEGF
plotted for each compound.

VEGEF is a highly stable G-quadruplex with a melting temperature of 66 °C in 1T mM K*
buffer. Thus, lower AT1,, values are expected upon G4 ligands binding. This is clearly
illustrated by the moderate increase of melting temperature induced by the reference
compound PDC (AT12 = 14 °C), whereas its DCso is maintained at a low level (0.23 uM),
revealing strong binding (Figure 89). In this context, the in-line compounds and two
branched derivatives (C3/N2 and DEG/N3) still induce significant stabilisation (AT12 =
4-8 °C for the in-line series and AT/ = 5-8 °C for C3/N2 and DEG/N3 derivatives) but
again reduced of approx. 7 °C as compared to PDC.

Very poor stabilisation is obtained for all the other branched derivatives with AT1.
values lying <5 °C or barely measurable (e.g. C1/N2). In these conditions, only the in-
line, C3/N2 and C1/N3 are not strongly affected by the ds26 competitor, whilst all the
other branched compounds do not resist the competition. On the contrary, the G4-FID
results indicate low DCso (DCso = 0.24-0.36 uM) for the in-line compounds similar to
PDC (DCso = 0.23 uM), and globally, between 0.30 up to 0.60 uM for all the other
derivatives. This indicates that ligands may have strong interaction while inducing poor
stabilisation. The strong discrepancy between the two assays points to the limit of
FRET-melting and the lower significance of the data when the G4 target has a high
thermal stability. This underlines the importance of using systematically a second
method like G4-FID to collect more reliable information and have a global picture.
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Figure 90: AT,/ values (°C) obtained by FRET-melting with FHIVPRO1T in K1-buffer plotted for each compound without (black)
or with 3 uM (red) or 10 uM (blue) of ds26 competitors.

HIV-Pro1 forms a particularly stable (T12 = 60 °C in T mM K* condition) antiparallel
structure with an apical G-C base pair, which is likely to impact the interaction and
hence the stabilisation by G4 ligand, for example, the PDC stabilisation is the lowest
from the G4 panel with AT12 = 8 °C. Same trend is observed as with the previous
sequences (Figure 90): in-line series, C3/N2 and DEG/N3 derivatives have a stabilising
effect comparable to that of PDC and resist pretty well to the competition. All the
others (Bph, N2, N3 series) derivatives show slightly weaker stabilisation, which is
drastically reduced by the presence of the competitor. Finally, C1/N2 derivative
continues to display poor stabilisation (ATq2 = 3 °C).
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2.4. RNA G-quadruplex in FRET-melting

To study G4 ligand binding to RNA a FRET-melting competition methodology?'™ was
utilised. The binding of the G4 ligands to DNA G-quadruplex F21T was challenged by
3 uM of unlabelled RNA G-quadruplex NRAS used as competitor.
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Figure 91: ATi/, values (°C) obtained by FRET-melting competition experiment using F21T in K10-buffer plotted for each
compound without (black) or with 3 uM (red) of RNA NRAS competitors.

Two cases are visible from the results (Figure 91): all the branched compounds are
displaced by NRAS sequence from their G4-DNA target with drastic decrease of AT1,2
(e.g. C3/N2, the most striking example, displaying a decrease from 28 °C to 12 °C). This
fully demonstrates the branched compounds' propensity to interact with RNA G-
quadruplex. Surprisingly, poor to no competition between NRAS and F21T is observed
with the in-line compounds. This indicates that F21T sequester too efficiently a
significant fraction of the in-line derivatives, indicating a higher affinity for F21T vs.
NRAS. To observe a significant variation of the T+, values for high affinity compounds
such as the in-line derivatives a much lower G4 ligand:G4 ratio should have been used
as previously reported.?™
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2.5. Conclusion

Each of the different families of photoactivatable G4 ligands stabilises DNA G-
quadruplexes differently. Globally, the trend order shows an excellent interaction of the
in-line and then the N3 compounds, and a more modest interaction for the Bph and
N2 compounds. The branched compounds are more impacted by the presence of a
duplex DNA competitor when stabilising 22CTA, CEB25wt VEGF and HIV-prol.
However, there is almost no competition with 22AG and cMYC22, which could indicate
a slight preference of the branched compounds for some particular G-quadruplexes.
All the in-line compounds present very similar interactions inside the series, and
behaviour close to PDC, with no effect of the ds26 competitor on the stabilisation. The
N3 series comprises two compounds that stand out with C1/N3 and DEG/N3, which
reach stabilisation similar to the ones displayed by the in-line derivatives, but more
affected by the presence of a duplex DNA competitor: effect highly depend on the
nature of the G4 sequence. The N2 series comprises the two interaction ends. C3/N2 is
the compound showing stabilisation properties very close to the in-line derivatives,
with binding almost not affected by the presence of a competitor and no preference
for a specific G4 structure. The same series contains the outsider of all the compounds
that is C1/N2. It presents the poorest stabilisation over all the sequences and a DCsg
always over 0.50 uM and even over 1.50 uM with CEB25 w¢ The Bph series is interesting
for its constancy with almost identical stabilisation and DCso values for all the
compounds. There is no impact of the length or type of the terminal alkyne spacer on
the stabilisation by the Bph series. This remark can be extended to all the branched
compounds, which do not show a rational impact of the spacer length or type on the
stabilisation. Indeed, the three stand-out branched compounds comprise three of the
four spacers (C1, C3, and DEG). However, even if these results cannot be rationalised,
the length and type are still relevant, directly impacting some combination of
photoactivatable G4 ligands. The latter can interact with DNA G4 and RNA G4 without
selectivity.
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Chapter Il

Photochemical reactivity with G-quadruplex structures
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The second functionality bore by the photoactivatable G4 ligands is the
photoactivatable moiety, which has for purpose the covalent capture of G4 structures.
This section presents the ability of these new families of photoactivatable compounds
to generate covalent adducts with a variety of G-quadruplexes upon UV activation. To
validate the alkylation properties of these compounds, the G4 ligand is at first
equilibrated with the G4 to form a G4 ligand/G4 complex. Then, UV irradiation activates
the photoactivatable moiety to generate a highly reactive species, which rapidly reacts
with its close environment. At first, we have studied the efficiency of these
photoactivatable G4 compounds to trap different G-quadruplexes. Afterwards,
different sequencing methods were applied to determine the exact G4 alkylation sites.

1. G4 Alkylation efficiency?

The alkylation efficiency of the compounds was studied by Dr. T. Masson on
radiolabelled 22AG, cMYC22 and CEB25wt by denaturing gel electrophoresis. This
technique allows the separation of DNA fragments in denaturing conditions as a
function of their mass and charge. Each DNA fragment generates a band whose
migration depends on its electrophoretic mobility associated to the total mass and
charge, which is revealed by autoradiography. Technically (Figure 92), the
photoactivatable G4 compound (2 eq.) was equilibrated with the folded 3°P-5'-labelled
G4 for 30 min at room temperature, and then the solution was irradiated up to 1 h at
360 nm in a multirays photoreactor. The adducts obtained by irradiation and the
unreacted G4 were separated by denaturing polyacrylamide gel electrophoresis
(denaturing-PAGE).

ﬁ
32p-5’-end G4 [10 uM] Multirays photoreactor Denaturing-PAGE
+ Irradiation: 1 h (15% acrylamide)
Compound [20 pM] 360 nm — 10 lamps (60W)

Figure 92: Representation of the alkylation efficiency experiment. The folded 32P-5'-labelled G4 is mixed with one
photoactivatable G4 compound in an Eppendorf tube, which is irradiated at 360 nm with 10 lamps (60 W) up to 1 h. The
reaction mixture is then separated by denaturing-PAGE.

® Experiment realised by Dr. T. Masson.
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The generated covalent adducts should migrate differently compared to the reference
unmodified DNA due to the principle on which denaturing gel electrophoresis is based.
The photoadducts have a bigger molar mass than the G4 reference sequence (about 3
to 4 dNMP) and introduce two positive charges. Both additional mass and positive
charge should make the adduct bands migrate slowly as compared to the unmodified
G4.

A summary of Dr. T. Masson'’s works is presented here as it is essential for the context
and global understanding of this PhD work. Much more detailed information on
alkylation experiments can be found in Dr. T. Masson's thesis.?!" The alkylation process
is regulated by different parameters related to the interaction between the compound
and the G4 structure (Figure 93). The first one is associated to the affinity (k) of the G4
ligand, which was evaluated by biophysical methods and has been reported in the
previous chapter. As a matter of fact, the alkylation process should be more efficient
for high-affinity compounds, high K, values increase the residence time of the
compounds on the G4 structure, and as a consequence increase the probability of the
alkylation event (see section 1.4.3, p. 75). Therefore, in-line compounds should display
higher alkylation yields due to their strong interaction with G4s. Differently, N2 and N3
branched compounds showed more substantial variability in their binding properties,
as a function of the nature and length of the spacer bearing the terminal alkyne, and
the outcome seemed less obvious. The second important element is associated to the
spatial proximity between the photoactivatable moiety and the reactive sites of the G-
quadruplex and the positioning and nature of the photoreactive intermediate. All the
branched compounds present the same distance between the PDC core and the
photoactivatable moieties. Therefore, they should present equal spatial proximity and
the efficiency of the alkylation should be associated exclusively to the positioning and
nature of the reactive intermediate. However, it will be interesting to observe the results
obtained with the in-line compounds since the distance between the PDC core and the
photoactivatable moiety depends on the linker (C2, C4, and DEG). Therefore, the linker
may modify the accessibility of the photoactivatable moiety toward the G4 reactive
sites.

Figure 93: Representation of the molecular steps for the alkylation of the G4 structure. The first step corresponds to the
mandatory non-covalent interaction of the PDC core with the external G-quartet. The second step is the formation of the
covalent bond with the G4 structure through UV irradiation.
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1.1. Photoreactivity of in-line compounds

In this paragraph, we compare the alkylation efficiency of the in-line compounds
(Figure 94) in the presence of three different G4 structures after 1 h irradiation at 360
nm. In the presence of the human telomeric sequence 22AG, the alkylation adducts are
presented by a band migrating slower than the reference DNA G4 and showed
alkylation yield between 57 and 60%. The alkylation adducts obtained in the presence
of cMYC22 protooncogene sequence are represented mainly by a faster migrating
band characterised by a conversion of 39 to 48%. A similar result was achieved for the
alkylation reaction performed in the presence of the minisatellite sequence CEB25 wt,
the main adducts are represented by faster migrating bands and were obtained with a
yield ranging between 64-74%. It is interesting to note that both cMYC22 and CEB25 w¢
G4s adopt a parallel topology, and their alkylated adducts are represented by faster
migrating bands in gel electrophoresis experiments. However, cMYC22 shows a lower
conversion as compared to CEB25wt The higher alkylation yield observed for the latter
may be explained by the presence of the 9-nt long central loop, which in combination
with its dynamics can expose a higher number of accessible alkylation sites as
compared to cMYC22. Differently, 22AG forms adducts represented by slow migrating
bands and with a conversion close to the one of CEB25wt¢ This could be explained by
the hybrid topology formed by 22AG in potassium conditions, characterised by the
presence of lateral loops, which are more accessible for alkylation. Surprisingly,
cMYC22 and CEB25wt alkylation adducts are represented by faster migrating bands.
This may be due to the formation of stable secondary structures, which remain partially
folded also in denaturing conditions. These results highlighted the excellent propensity
of the in-line compounds to alkylate all the different G4 structures used for this study.

22AG cMYC22 CEB25wt
C2-I-N2  C4-I-N2  DEG-/-N2 C2-I-N2 C4-I-N2 DEG-/-N2 C2-/-N2 C4-I-N2 DEG-/-N2
hv: - + + + + - + + + + - + + + +
63% 57% 63% 48% 41% 39% 74% 72% 64%

asan M- - —

i wes 5o

Figure 94: Denaturing gel electrophoresis (15% acrylamide) experiments of the photoalkylation reaction performed in the
presence of 22AG, cMYC22 or CEB25wt (10 uM) in K* buffer (100 mM) with C2-I-N2, C4-I-N2, and DEG-I-N2 (20 uM). hv:
absence (-) or presence (+) of irradiation at 360 nm for 1 h.
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1.2. Photoreactivity of the branched compounds

As for the in-line G4 ligands, branched compound reactivity was studied in the
presence of the same G4 structures mentioned above. The photochemical reactions
performed in the presence of 22AG (Figure 95) showed the formation of covalent
adducts characterised by two main bands running slower than the reference DNA G4
in denaturing gel electrophoresis. Globally, the conversion is poor for the three
photoactivatable series and similar for all compounds bearing the same
photoactivatable moiety: benzophenone derivatives showed the highest conversion
from 8 to 18%, aryl azide (N3) derivatives displayed alkylation yields included in the
range between 6-9%, and benzyl diazirine (N2) derivatives showed a poor conversion
(3-5%). The alkylation of cMYC22 (Figure 96) generated covalent adducts, which
showed a faster migration as compared to the reference DNA G4 and displayed high
conversion, between 50% to 100% for most of them except for the C1/N2 derivative,
which seems not to react. The alkylation products obtained with CEB25wt are
represented by migration bands, which show an electrophoretic mobility almost
identical to the reference DNA G4. As the two bands are too close and partially
overlapping, it was impossible to clearly determine the alkylation yield, however, it
seems closer to 50%. Interestingly, the branched compounds showed excellent
alkylation yields in the presence of cMYC22 compared to the in-line compounds, which
showed alkylation yields up to 50%, opposite results were obtained in the presence of
22AG.

22AG Bph N2 N3
C1 Cc3 DEG TEG C1 Cc3 DEG TEG C1 Cc3 DEG TEG
hv: - + + + + + + + + + + + + +
18% 8% 11% 17% 5% 4% 3% 4% 9% 8% 6% 7%
-

STer sher e epraEr e E> o O 9 S

Figure 95: Denaturing gel electrophoresis (15% acrylamide) experiments of the photoalkylation reaction performed in the
presence of 22AG (10 uM) in K* buffer (100 mM) with benzophenone derivatives: C1/Bph, C3/Bph, DEG/Bph, and TEG/Bph,
benzyl diazirine derivatives: C1/N2, C3/N2, DEG/N2, TEG/N2, and aryl azide derivatives: C1/N3, C3/N3, DEG/N3, TEG/N3 (20
HM). hv: absence (-) or presence (+) of irradiation at 360 nm for 1 h.
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cMyc22 CEB25wt
Bph Bph

Cc1 Cc3 DEG TEG C1 c3 DEG TEG
hv: - + - + - + - + - + - + - + - +

G i 3 n ‘

N2 N2
Cc1 c3 DEG TEG Cc1 c3 DEG TEG

N3 N3
c1 c3 DEG TEG c1 c3 DEG TEG

Figure 96: Denaturing gel electrophoresis (15% acrylamide) experiments of the photoalkylation reaction performed in the
presence of cMYC22 (left) or CEB25wt (right) (10 1zM) in K* buffer (100 mM) with benzophenone derivatives: C1/Bph, C3/Bph,
DEG/Bph, and TEG/Bph, benzyl diazirine derivatives: C1/N2, C3/N2, DEG/N2, TEG/N2, and aryl azide derivatives: C1/N3,
C3/N3, DEG/N3, TEG/N3 (20 uM). hv: absence (-) or presence (+) of irradiation at 360 nm for 1 h.
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2. Chemical and enzymatic sequencing methods

Identifying the alkylation sites on the G-quadruplex structures was attempted using
chemical sequencing methods. DMS footprinting is a chemical sequencing method
developed by Maxam and Gilbert and described in detail in Chapter 1 (see section
1.2.2.2, p. 40).”4 The latter is a specific guanine (and adenine to some extent)-sequencing
method performed in two steps: i) methylation reaction in the presence of
dimethylsulfate (DMS), and then, ii) basic treatment with piperidine and heating to
induce depurination and B-elimination reaction to cleave the 2'-deoxyribose backbone
into the 32P-5'- and 3'-fragments. Another sequencing exploited the alkylation of the
covalent G4 compounds: the samples were exclusively treated with piperidine. If the
covalent modification destabilises the N-glycosidic bond enough, the piperidine
treatment should enable B-elimination reaction. These two chemical sequencing
methods were applied to the alkylation products obtained from the in-line and
branched benzophenone derivatives, which gave the highest alkylation yields, in the
presence of 22AG to try to find the exact alkylation sites. The experiments with the in-
line derivatives were realised by Dr. T. Masson and the ones with the branched
benzophenone derivatives by myself.

2.1. Chemical sequencing on the in-line alkylated adducts

The chemical sequencing of the unique adducts (1.1, 2.1, and 3.1) generated by the
three in-line compounds shows a product distribution different from the non-alkylated
22AG (1.0, 2.0, and 3.0) as displayed in Figure 97. Remarkably, the guanosine bands
showed a reduced intensity as compared to 22AG. This may indicate a direct alkylation
of the guanosines or that the alkylation induced by the G4 ligands keeps folded the G4
structure, protecting it from DMS methylation. In addition, new bands not matching
22AG pattern can be observed: for example, C2-FN2 adduct (2.1) presents a new
fragment just above G3 (i.e. 5'-AG fragment) that could correspond to a short alkylated
fragment, suggesting modifications located at the close proximity of the 5'-end.
However, it is interesting to observe that each covalent adduct generated by the three
in-line derivatives presents different patterns, indicating that the difference in distance
between the PDC core interacting with the G-quartet and the aliphatic diazirine moiety
has an impact on the preferential alkylation positions. Finally, the covalent adducts
show very high thermal stability: no significant dealkylation/depurination was observed
upon heating at 95 °C.
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A) B) 22AG
22AG: 5 3P AGGGTTAGGGTTAGGGTTAGGG 3'

C2--N2  C4-I-N2  DEG-/-N2

DMS/Pip cleavage products Cleaved base h: - + + + +
32p AGGGTTAGGGTTAGGGTTAGG G-22 63% 57% 63%
32p AGGGTTAGGGTTAGGGTTAG G-21
32p AGGGTTAGGGTTAGGGTTA G-20
32p AGGGTTAGGGTTAGG G-16
32p AGGGTTAGGGTTAG G-15
32p AGGGTTAGGGTTA G-14
32p AGGGTTAGG G-10 2.1 al; 3.1
32p AGGGTTAG G- 9 &
32p AGGGTTA G- 8 .- !
32p AGG G- 4 - e
2p AG G- 3 -_— e
32p A G- 2 2.0 1.0 3.0
) C4-I-N2 C2-/I-N2 DEG-/-N2
22AG 1.1 2.1 3.1
DMS - + + - - - + - - - + - - + -
PiP - + o+ o+ -

G20?/*
T17 -
G164
G15
G14
A13 -
T12 T12
T11 T11?/*
G10
-e .2 . &
Go - - . «
G8 . . GS?/* GS?/* .
A7 A7?/* AT?/* .
A7?/*
*
T6 T6 T6
*
* .
*
T5 T
* . *
« @
G4 .‘ - G4 = G4 =
* i

G3
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Figure 97: A) Reference fragmentation pattern after DMS/piperidine treatment of the 22AG sequence. B) Denaturing gel
electrophoresis (15% acrylamide) experiments of the photoalkylation reaction performed in the presence of 22AG (10 uM) in
K* buffer (100 mM) with €C2-I-N2, C4-I-N2, and DEG-I-N2 (20 piM). hv: presence (+) of irradiation at 365 nm for 1 h. Bands have
been numbered with respect to their migration as compared to a control, band X.0: no alkylation, band X.1: alkylation retarded
band. C) Denaturing gel electrophoresis (20% acrylamide) of alkylatted products of bands 1.1, 2.1, and 3.1 with or without
DMS treatment and/or piperidine treatment. 22AG band correspond to band 1.0 wih DMS and DMS/piperidine treatment to
give a reference scale for fragment migration. DMS: dimethylsulfate treatment; Pip: piperidine treatment; A: sample was
heated at 90 °C for 25 min; * correspond to the formation of a new fragment absent in the control DMS/piperidine pattern.
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2.2. Chemical sequencing on the benzophenone alkylated adducts

The chemical sequencing of the main two adducts generated by three branched
benzophenone derivatives, C1/Bph (1.2 and 1.3), DEG/Bph (4.2 and 4.3) and TEG/Bph
(3.2 and 3.3), in the presence of 22AG did not allow the identification of the alkylation
sites. After treatment, we observed (Figure 98) an almost complete dealkylation and
regeneration of the starting G4 sequence. As a consequence, piperidine treatment did
not allow us to make any substantial hypothesis about the nature of the alkylation
products. Nevertheless, these results highlighted the thermal instability of the covalent
adducts generated by the reaction of the benzophenone reactive species and 22AG.

A) B) C1/Bph TEG/Bph DEG/Bph
'l —~ N — N — N
22AG Bph 22AG 1.2 13 3.2 33 4.2 43
DMS- + 4+ - - 4+ - - + - - 4+ - - + - - + - - + -
cl  DEG TEG .
Pip - + ++ - ++ - + 4+ - + + - ++ - + + - + +
hv: - + + + +
18% 1% 17% . - -w 8™ ‘x
spg el ieb-meed -
B o G2l -
43 =0
1.3 33 g - -
32 4.2 B - G16 - -
1.2 1 - G15 - — - -
- 14 -

- -

- G10 = 2 - a
- G9 - -
e Gs -

- - . -
e I - &

- - - -
L. S - e

Figure 98: A) Denaturing gel electrophoresis (15% acrylamide) experiments of the photoalkylation reaction performed in the
presence of 22AG (10 uM) in K* buffer (100 mM) with C1/Bph, TEG/Bph, and DEG/Bph (20 1/M) after irradiation at 365 nm
for 1 h. Bands have been numbered with respect to their migration as compared to the control, band X.0: no alkylation, band
X.2 and X.3: alkylation retarded bands, numbered in the order of the speed of migration. B) Denaturing gel electrophoresis
(20% acrylamide) of alkylatted products of bands 1.2, 1.3, 2.1, 2.2, 3.1 and 3.2 with or without DMS and/or piperidine
treatment. 22AG band correspond to band 1.0 wih DMS and DMS/piperidine treatment to give a reference scale for fragment
migration. DMS: dimethylsulfate treatment; Pip: piperidine treatment.
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2.3. Enzymatic sequencing with 3'-exonuclease

Chemical sequencing did not allow to identify the alkylated sites neither for the in-line
or the branched compounds. This is why we decided to apply to these covalent adducts
the 3'-exonuclease enzymatic sequencing.?®3 3'-exonuclease digests single-stranded
DNA nucleotide by nucleotide from the 3'- to the 5'-end, and it is unable to recognise
modified nucleotide. Thus, the 3'-exonuclease digests the sequence until it encounters
the alkylated nucleotide and stops to give a 3°P-5'-fragment (Figure 99). The thermal
reversibility of the adducts generated by the branched benzophenone derivatives can
be used for the identification of the alkylated sites. The migration of the partially
digested fragments, after dealkylation, can thus be compared with the migration of the
non-alkylated 22AG ladder to identify the exact alkylation sites. The 3'-exonuclease
sequencing experiments on the adducts generated by the in-line compounds were
realised by Dr. T. Masson, differently 3'-exonuclease sequencing on the adducts
generated by the branched compounds were performed by myself.

= ==

3'-exo

A
32p.5' 3 32p.5' 32p.5'

Figure 99: Representation of the 3'-exonuclease digestion and subsequent dealkylation process. In-line compounds cannot be
dealkylated upon heating, thus the second step is not realised. The branched benzophenone derivatives can be dealkylated,
thus the second steps was realised.

2.3.1. 3'-exonuclease treatment of in-line covalent adduct

The covalent adducts generated from the photoreaction of the in-line compounds with
22AG show a product distribution different from the non-alkylated 22AG as displayed
in Figure 100, but almost identical for the three in-line covalent adducts. Increasing unit
of 3'-exonuclease (from 0.0013 to 0.04 U/uL) does not show the formation of new
bands. Remarkably, five fragments present a slower migration as compared to the non-
treated alkylated band. This is characteristic of very short alkylated fragments where
the negative charges are not sufficient to compensate the impact of the PDC core
positive charges and corresponding mass. Thus, these bands correspond surely to
fragments where the alkylation is located in the first 5'-AGGGTT motif.
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C4-I-N2 C2-I-N2 DEG-/-N2

22AG 1.1 2.1 3.1
3-exo: - a b ¢ d - a b ¢ d - b ¢ d - a b ¢ d
1 i 1. “ - 1. - .
2
: 2
3 - -
34 v i - -

-

(6]
#
BES

s

i im4
:llll‘
.

1 8 & 11

T6 -

T5

G4

G3

Figure 100: Denaturing gel electrophoresis (20% acrylamide) of 3'-exonuclease digestion of bands 1.0 (22AG), 1.1, 2.1 and 3.1.
Enzyme units/uL: absence (-), 0.0013 U/ulL (a), 0.002 U/uL (b), 0.004 U/uL (c), and 0.04 U/uL (d).
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2.3.2. 3'-exonuclease treatment of benzophenone covalent adduct

The 3'-exonuclease sequencing was realised on the main covalent adducts generated
by the four branched benzophenone compounds. Two main slow migrating bands .2
and .3 where isolated for the four derivatives, and the weaker slow migrating band .1
were isolated for C3/Bph and DEG/Bph, as represented in Figure 101.

C1/Bph C3/Bph TEG/Bph DEG/Bph
1.3—>

ﬂ: 4f -

Figure 101: Denaturing gel electrophoresis (15% acrylamide) experiments of the photoalkylation reaction performed in the
presence of 22AG (10 uM) in K* buffer (100 mM) with C1/Bph, C3/Bph, TEG/Bph, and DEG/Bph (20 uuM) after irradiation at
360 nm for 1 h.

Each adduct was treated with different activities of 3'-exonuclease and the generated
5'-fragments migrate faster than the undigested sequence (Figure 102). Globally, all
the covalent adducts share similar migrating fragments. The more abundant digested
fragments were isolated and heated at 90 °C for 25 min in water to induce partial
dealkylation. The resulting product distribution was analysed by denaturing PAGE.
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Figure 102: Denaturing gel electrophoresis (20% acrylamide) of 3'-exonuclease digestion of bands 1.0 (22AG), 1.2, 1.3, 2.1,
2.2,2.3,3.1and 3.2. Enzyme units/uL: absence (-), 0.001 U/ul (a), and 0.0013 U/uL (b). Each isolated fragment band is labelled
with a letter (A, B, C, D, E, F, G, H) in function of their migration order from top to bottom.
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Figure 103: Denaturing gel electrophoresis (20% acrylamide) for the thermal treatment of the digested fragments by heating
at 90 °C for 25 min the isolated fragments (A, B, C, D, E, F, G) from Figure 102. Each dealkylation is only partial: the slow
migrating band corresponds to the reference alkylated fragment and fast migrating arrests corresponds to the dealkylated
fragment. The numbered nucleotides correspond to the digestion dealkylated arrests.
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The migration of the faster migrating bands corresponding to the dealkylated fragment
(Figure 103) can be compared with the reference 22AG ladder. The slower migrating
fragment are used as a reference of the initial alkylated fragment. Globally, all
dealkylated fragments correspond to the thymidines located in the different loops of
the G4 structure of 22AG, as reported in Table 3.

Arrest | 2.1 41 1.2 2.2 3.2 42 13 2.3 3.3 43 Main
A T18 T17/T6* A19,T18| Ti8
B T17  T18,T17 T17 T17/T6* T17/T6* T17/T6* | T17/T6*
C * % * %k k%
D | T11 T12,T11 T12,T11 T12,Til A13,T12,T11 Ti1,T12 T11,T12
E * %k %k % * % * % k%

F T2  T12,T11 T11,T12
G T12,T11 T11
H TS5 TS5 TS5 T5 TS5 TS TS

Table 3: Summary of the products generated from the dealkylation. * The T6 position is found in addition to the T17.
** Presence of a degradation pattern.

The arrests A and B gave respectively T18 and T17, the arrests D, £, and G gave both
T12 and T11, and the arrest A4 gave T5. In addition, arrests C and £ present a partial
degradation. Surprisingly, arrest A for 3.3 and B for 1.3, 2.3 and 4.3 present the
formation of two alkylation sites corresponding to T17 and T6. The T17 site is consistent
with the results obtained for arrest Bin 1.2, 2.2, and 3.2, and in theory, the T6-alkylated
arrest should be migrating faster and been between arrests G and H. This additional
site may be due to partial degradation as observed in arrests Cin 1.3 and 4.3 with an
intense A7 fragment band. The observed degradations may originate from the
numerous treatments we submitted the samples to or to an intrinsic instability of the
photoadducts non-thermally reversible.

*T5

Hybrid 3+1 A

Hybrid 3+1B

Figure 104: Representation of the alkylation sites (*) on 22AG structure considering the hybrid structure.
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3. Conclusion

The in-line compounds present excellent alkylation yields with the diverse G-
quadruplexes studied, showing alkylation yields in the range between 40 and 70% with
no selectivity for a particular G4 topology. Sequencing experiment did not allow the
characterisation of the alkylated nucleotide. However, the numerous alkylation
fragments observed by chemical sequencing experiments and 3'-exonuclease
digestion highlighted a specific 5'-region localisation of the alkylation sites.

The branched compounds present an important alkylation selectivity towards specific
G4 topologies showing poor alkylation (8-18% Bph, 6-9% N3, and 3-5% N2) with the
hybrid structure of 22AG, and high alkylation yields with the parallel topologies of
cMYC22 and CEB25wt It is interesting to note that there is no strict correlation between
the ability of the ligand to stabilise a G4 structure and the efficiency of the alkylation
process. This indicates that the interaction between ligand and G4 is strong enough to
guarantee the alkylation. Thermal treatment of the alkylated products produced by
branched benzophenone derivatives in the presence of 22AG, obtained by enzymatic
sequencing, underlined the thermal reversibility of these products. The latter
highlighted the strong selectivity of these G4 ligands to form covalent bonds with the
thymidine located in the loops of the G4 structures.

A family of photoactivatable G4 ligands functionalised with benzophenone (Bp) and
aryl azide (N3) moieties was previously synthesised and studied in the laboratory by
Verga et al'”® These ligands present a similar scaffold as the one used in this study with
the exception of the terminal alkyne spacer. In these compounds, the photoactivatable
moieties were connected to the PDC core by various linkers (C4, C8, and PEG), as
represented in Figure 105.

These benzophenone ligands displayed alkylation yields ranging between 26-33% for
PDC-C4-Bp and PDC-PEG-Bp and poor alkylation yield for PDC-C8-Bp (3%). Also in this
previous work, alkylation adducts were represented by three slower migrating bands,
as observed for our benzophenone derivatives. The new benzophenone series presents
a lower alkylation yield (8-18%) as compared to PDC-C4-Bp and PDC-PEG-Bp, but a
better yield than the PDC-C8-Bp. This last observation is quite interesting since the new
benzophenone series scaffold is structurally closer to the latter (linker with a similar
length). The yield improvement could be due to the presence of the central amide
adding some polarity and flexibility to the aliphatic chain, and thus to the
benzophenone moiety. In addition, 3'-exonuclease sequencing experiments on their
benzophenone adducts showed the formation of covalent adducts strongly selective
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Figure 105: A) Representation of the photoactivatable G4 ligands developed by Verga et al. (2014)17? (left) and the scaffold
benzophenone and aryl azide derivatives studied in this thesis (right). B) Representation of the alkylation sites generated by
PDC-PEG-Bp on the two hybrid forms of 22AG.

for thymidine (Figure 105), which corroborates with the results of the previously
developed benzophenone series. Alkylation efficiency was also studied with cMYC22,
but no alkylation was observed in the presence of PDC-C4-Bp and PDC-PEG-Bp.
Differently, the molecules presented in this PhD work showed yields comprised
between 50 to 100% with cMYC22, suggesting that the nature of the linker plays a
relevant role for these kinds of studies. In a near future, the information collected with
these data will help us to design more efficient photoactivatable G4 ligands.
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Chapter IV:

Detection of the reactive species by LFP
and
Structural characterisation of the photoadducts by NMR
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In this new chapter, we have focused on the detection and characterisation by Laser
Flash photolysis (LFP) of the transient species generated by the photoreactive moieties,
as well as their reactivity with nucleosides including the characterisation of the reaction
kinetics, whenever it is possible. Finally, products distribution, isolation, and NMR
characterisation were realised for the adducts generated from the aliphatic diazirine
and the benzophenone. Indeed, the investigation was not conducted directly with the
PDC conjugated to both the photoactivatable and alkyne moieties (in-line compounds
and branched benzophenone derivatives listed in Figure 69), but instead on prototype
compounds to mimic the reactivity of the photoactivatable G-quadruplex ligands, to
improve the water-solubility at high concentration (mM range for photochemical
experiments vs. UM range for biophysics and biochemistry experiments).

1. Presentation of the photoactivatable moieties

1.1. Benzophenone

Benzophenone is a well-known photoactivatable compound known for its ability to
form covalent adducts through C-C bond by UV-activation. Benzophenone can be
excited by absorption of a low energy photon (1 ~350 nm) inducing an electronic
transition from the nonbonding n-orbital of the oxygen to the antibonding n*-orbital
of the ketone (n -> rt* transition).??* A higher energetic transition is possible (1 ~250
nm) inducing an electronic transition from the bonding n-orbital to the antibonding mt*-
orbital (m -> nt* transition). Both result in the generation of a singlet biradical excited
state (S1) that undergoes efficient and fast (¢ < ns) intersystem crossing (ISC) to
generate a triplet excited state (T1) with a long lifetime (¢ > ps) with biradical
character.??> The quantum yield (¢) of the C-H abstraction is close to 1 for the n -> n*
triplet state and much lower (< 0.1) for the it -> nt* triplet state.??® This triplet state can
react by H-abstraction to form the benzophenone ketyl radical (benzhydryl) transient
(Figure 106).18°

T
e hv (350 nm) o H-abstraction O.H
— —

Triplet transient Ketyl radical

Figure 106: Molecular representation of the benzophenone transient species. The UV activation at 350 nm generate a triplet
state transient having a biradical character. During its lifetime, the triplet state transient can react by H-abstraction to
generate the ketyl radical transient.
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Benzophenone has been exploited as photoactivatable moiety for biolabelling due to
the biocompatible activation absorption (330 - 360 nm) with endogenous
chromophores (A <300 nm) and the high quantum yield. The photolabelling is
theoretically possible with any biotargets such as proteins and DNA. Benzophenone
can react with any amino acids by a first H-abstraction to generate an a-carbon radical
and the benzophenone ketyl radical reacts with the latter to form the photoadduct as
displayed in Figure 107.227.28

T

I r$
o o) OH HN
hv (350 nm) H oK Q X w O HO
+ —_ + N\-HK —_
— e 1 SA®
Amino acid Covalent adduct

Figure 107: Photolabelling of an amino acid by the activated benzophenone.

Benzophenone photolabelling of DNA shows a selectivity for the thymidine bases over
the rest of the purines as observed by the measured quenching kinetic constant in
Figure 108 by Charlier and Helene.™ It reacts with the double bond of the thymine by
a [2+2] cycloaddition named Paterno-Biichi reaction, yielding an oxetane.’? Another
described mechanism is the triplet-triplet energy transfer to the thymidine forming
thymine-thymine dimers leading to DNA damage.’®® However, a limited number of
studies use benzophenone with DNA strands and not only nucleosides and
nucleobases. For example, benzophenone derived as nucleotide has been used to
crosslink DNA strands,??® or tethered on PDC to alkylate selectively G-quadruplexes.’”
The benzophenone was incorporated into proteins to investigate protein-protein and
protein-DNA interaction.23023
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Figure 108: A) Total rate constant for the quenching of benzophenone triplet state by pyrimidine nucleosides in aqueous
solution. (Figure modified from Charlier and Helene, 1972).189 B) Molecular representation of the oxetane adducts formation
by the [2+2] cycloaddition of the triplet state benzophenone on the thymidine.
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1.2. Aryl azide

Aryl azide is a widely used photolabelling moiety generating a nitrene through
photochemical activation. The azidobenzene activation is triggered by absorbing high
energy light (1 ~250 nm) and losing N> to generate a short living (< ps) singlet nitrene
transient,’® which can be used for photolabelling. However, the photochemistry of the
azidobenzene is complex due to many intermediate species formed shown in Figure
109.79" The singlet nitrene ('N) can rearrange by ring expansion into a ketenimine from
an intermediate bicyclic azirine (benzazirine), both structures can be attacked by a
nucleophile. In addition, the singlet nitrene can be converted into the triplet nitrene
(®N) by intersystem crossing, which can dimerise into azobenzene.

RS \u SR
NH,
J— O
+ RSH

N3 N H “
hy N N\ +RNH N NR Neg T
-N2 = — —
Benzazirine Ketenimine
|scl \
.R
3N HN
@ +RH
T
© R-H insertion

Figure 109: Photolysis pathways of the azidobenzene.

However, irradiation at ~250 nm can lead to the excitation of endogenous
chromophore and cause substantial damage making it incompatible for biological
environment. In addition, phenyl azide is poorly reactive due to the rearrangement to
form benzazirine and ketenimine producing undesirable products. Different aryl azide
derivatives have been developed to overcome these problems such as the
tetrafluorophenylazide moiety exploited in this thesis (Figure 110).'8 Its nitrene can be
triggered at lower energy (4 ~350 nm) and the presence of the halogens raised the
energy barrier of the ring expansion reaction and significantly increased the lifetime of
the corresponding singlet phenylnitrenes.??> The longer lifetime increases the
probability to react with surrounding molecules.

Na N HN
F F hv F F +RH F F
— —
FI;:F -N2 F F F F
R R R

Figure 110: Representation of the tetrafluorophenylazide moiety and the insertion pathway.
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1.3. Diazirine

Diazirine (N2) is a small lipophilic and non-bulky photoactivatable moiety, which upon
irradiation at 350 nm generates a diazoisomer transient and a carbene after releasing
a dinitrogen molecule. Common diazirines are found in two forms: aliphatic diazirine
and phenyl diazirine. The aliphatic diazirine' generates a singlet carbene having a
zwitterionic character, it presents one fully occupied orbital and one empty orbital. The
fully occupied orbital acts as a nucleophile realising H-abstraction on the nucleophile,
which reacts with the empty orbital, in a concerted mechanism, by X-H insertion (X =
C, O, N). However, the singlet carbene has a short lifetime and reacts quickly by
intramolecular H-shift yielding an alkene (Figure 111).

N~
H-shift ~

N hv
NN

\)K/
carbene +}A \)R\/

N=
—
- N2
l / R-H insertion

1
N

\)J\/

diazoisomer
Figure 111: Photolysis pathway of the aliphatic diazirine.

Benzyl diazirines have been developed to reduce these problems, for example, the
trifluorophenyldiazirine designed by Brunner et al is a well-known photolabelling
moiety.’> It forms mainly the triplet state carbene, which has a longer lifetime and
behaves as a biradical. This feature reduces the competing H-shift. However,
trifluorophenyldiazirine also has drawbacks, it can be quenched by additional pathways
represented in Figure 112. For example, it can react with an amine by N-H insertion
and hydrolyse to generate a ketone, significantly reducing the overall efficiency of the

R .R
HN HN 0
-HF +H,0
Ty o 1727 CHF,
T+ RNH,
0
©)<CF hv er IS¢ Nep, O CF,
s — ©/\ s — s —p .
-N2

alkylation step.1%¢

Singlet triplet
l l +RH l+ RH
1l
N* H R H
diazoisomer C-H insertion

Figure 112: Photolysis pathway of the trifluorophenyldiazirine.
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The photochemical activation of the diazirine is considered to generate a carbene and
a diazoisomer, the latter is trusted to be converted into the carbene during continuous
UV irradiation. Recently, this reactivity has been questioned by O'Brien et a/. (2020).233
They succeeded to trap the diazoisomer generated from an aliphatic diazirine using
bicyclononyne (BCN) into the 3H-pyrazole form with a 22% yield (Figure 113-A). In
addition, they observed that the alkenes, lactone and O-H insertion product yields
diminished. This indicates that not only the diazoisomer is formed but reacts to
generate the alkenes, lactone, and O-H insertion products as well. Finally, they
evaluated the labelling of bovine serum albumin (BSA) and observed up to 69%
decrease in labelling efficiency when adding the BCN competitor (Figure 113-B),
confirming that the main reactive species was the diazoisomer and not the carbene.

Reduction O-Hinsertion  Lactonisation 3H-pyrazole
[e]
H
) w A)\)\ W N
A
N - BCN 52 % 29% 18% 0% .
w, Yield
NN A / +BCN 33% 14% 10% 22%
AN —>
\ BCN - 2 4 8 10mM
+ BSA
hv - + 0+ o+ o+ o+
= oo
Fluorescence %
b Mefo”\vfo W
CcB 1

Figure 113: Summary of O'Brien et al. results with A) the trapping of the diazoisomer into the 3H-pyrazole by BCN and B)
competitive labelling of BSA in presence of BCN. (Gel figure from O'Brien et al., 2020)?33

Similarly, West et al. (2021) challenged the statement that diazirine could label amino
acids without preference.'® At first, they demonstrated a difference in the reactivity
toward natural amino acids between the aliphatic and benzyl trifluoromethyl diazirine.
The first one reacted with only nine amino acids and displayed a strong preference for
acidic amino acids, such as tyrosine, glutamic acid, cysteine, aspartic acid and histidine.
Differently, the second one reacted with all of the 20 natural amino acids with
preference for cysteine, glutamic acid and aspartic acid. They attributed the difference
of reactivity to the stability of the diazoisomer generated from the benzyl
trifluoromethyl diazirine, in which the negative charge is stabilised by both the aromatic
ring and the trifluoromethyl substituent. In addition, they demonstrated that the
reaction of the aliphatic diazirine with the acidic amino acids (glutamic acid, histidine,
and tyrosine) is pH-dependent.
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This reactivity can be explained by the ability of the diazoisomer to react with acidic
amino acid through a proton transfer mechanism, producing the amino acids anion
and the diazonium ion, which react together to generate the insertion product. Finally,
the labelling of BSA is pH-independent using benzyl trifluoromethyl diazirine, but pH-
dependent using aliphatic diazirine leading up to 50% labelling decrease when
changing pH from 5.8 to 8.0 (Figure 114).
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Figure 114: BSA labelling utilising the aliphatic diazirine 3 or benzyl trifluoromethyl diazirine 5 in function of the pH. (Bottom
figure from West et al., 2022)198

To summarise, aliphatic diazirine generates a carbene and a diazoisomer that are both
responsible for the labelling through at least one pH-dependent mechanism. The
benzyl trifluoromethyl diazirine seems to generate mainly a carbene (singlet and
triplet), which labels through pH-independent mechanisms. Thus, excluding the
carbene to follow a similar pH-dependent “ion pair” pathway. It remains to be
confirmed as evidence of an "“ion pair’ pathway, in addition to the concerted O-H
insertion and alcohol ylide pathways, which has been described with diarylcarbenes
interacting with O-H bonds.201:234.235

140



2. Synthesis of the prototype photoactivatable moieties

The mimic prototypes have been designed to keep the global structure including the
linker functional group tethering the photoactivatable moiety, as its nature could
modify their reactivity and properties. The photoactivatable moieties in the branched
compound are linked to the PDC and the terminal alkyne-spacer by an A/N-
disubstituted amide, thus, the branched prototype was designed by linking an N, /N-
disubstituted amide with two ethyl chains on the photoactivatable moiety. The
branched photoactivatable precursors are commercially available in their carboxylic
acid form, which were used to synthesise the branched compounds as detailed in
chapter Il (see section 11.1.2.2, p. 96). A similar approach was followed here by coupling
the carboxylic acid photoactivatable moiety with diethylamine (Scheme 6).
2 EDCI-HCI, HOBY 7
Bph-COOH o %» h(/ Bph-CONE,
s O s O
E@Y HATU

N=N
DMF
FiC
— ¥\©Y ' N2-CONEt,
43% ~

0o e}
19 36

N2-COOH
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t EDCI-HCI, HOBt
Ny F DMF Ny F I/
N3-COOH —_— N3-CONEt.
. OH 20% . N~ 2
F O F 0
20
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Scheme 6: Synthesis of the branched mimic prototype (X-CONEt;) from their corresponding carboxylic acid precursors (X-
COOH). X = photoactivatable moiety.

Precisely, the synthesis of the 4-benzoyl- N, N-diethylbenzamide (35) and the 4-azido-
N,N-diethyl-2,3,5,6-tetrafluorobenzamide (37) were carried out by adding 1.1 eq. of
EDCI-HCI and 1.1 eg. of HOBt to a solution containing the corresponding carboxylic
acid precursor (18 and 20) in DMF. The reaction was run for 2-3 h at room temperature
and products were extracted in the organic phase to give Bph-CONEt: (35) and N3-
CONEt2 (37) with 74% and 70% yields, respectively. For the synthesis of the A, V-diethyl-
4-(3-(trifluoromethyl)-3H-diazirin-3-yl)benzamide (36), the use of EDCI-HCI was not
successful with a conversion of 20% determined by LC-MS after stirring overnight. The
reaction was repeated by replacing EDCI-HCI and HOBt by 1.5 eq. of HATU to give N2-
CONEt2 (36) with 43% yield. Product purities were checked by HPLC with over 95%
purity for all three.
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Scheme 7: Synthesis of the I-N,NHMe prototype from the I-N,COOH precursor.

The in-line compounds are composed of the diazirine-alkyne moiety linked to the PDC
by a C2, C4 or DEG spacer through an A-monosubstituted amide. It has been decided
to functionalise the diazirine-alkyne moiety precursor 4-diazirine-octynoic acid F
N2COOH (38) by coupling the methyl amine to form the A-methyl amide diazirine-
alkyne /-N2NHMe prototype (39). It has been synthesised by Mrs. C. Landras Guetta by
mixing the methylamine, DIPEA and HATU with AN,COOH (38) for 3 h at room
temperature to obtain FN2NHMe (39) with a 61% yield (Scheme 7).

2. Photophysical studies

The photoactivatable moieties must absorb light to be activated which correspond to
the Grotthus-Draper law. It was further precise by Stark and Einstein that a primary
chemical reaction occurs when a molecule is activated by absorbing a single photon.
After light absorption, a molecule is generated in its excited state and the process to
return to the ground state can follow different pathways, depending on the properties
of the specific molecule. Deactivation of an excited state can occur through non-
radiative decay, intermolecular energy transfer, fluorescence (S1 -> SO0),
phosphorescence (T1 -> TO) or by reacting through the transient specie formed. It is
the last possibility that interests us as it generates photoadducts. Thus, it is important
to know the efficiency and properties of the photoactivatable moieties utilised, as well,
to record the compound UV-visible spectra to identify any modification and band
superpositions.

2.1. Photoactivatable moieties

The spectra of the branched precursors and prototypes have been recorded in
acetonitrile and they show globally no difference between the precursors and the
corresponding prototypes.
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The benzophenone spectra in Figure 115 present an intense m -> n* transition with a
maximum at 258 nm more intense for Bph-COOH than Bph-CONEtz. They present also
a weak n -> mt* transition of similar intensity with a maximum at 340 nm, generated y
the overlapping of the m -> rt* transition, ranging from 320 nm to 390 nm.
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Figure 115: Spectra of the Bph-COOH precursor (left) and Bph-CONEt; prototype (right) at 20 uM in acetonitrile.

The benzyl diazirines spectra in Figure 116 present an intense m -> nt* transition with
a maximum centred at wavelengths lower than 250 nm and a hypsochromic shift for
N2-CONEt,, and the weak n -> m* transition with a maximum at 350 nm, ranging from

310 nm to 390 nm.
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Figure 116: Spectra of the N2-COOH precursor (left) and N2-CONEt, prototype (right) at 20 uM in acetonitrile.

The aryl azides spectra in Figure 117 is interesting due to the presence of a unique
transition corresponding to the an intense m -> n* transition with a maximum at 265
nm for N3-COOH and a hypsochromic shift for N3-CONEtz with a maximum at 255 nm,

extending to 380 nm.
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Figure 117: Spectra of the N3-COOH precursor (left) and N3-CONEt, prototype (right) at 20 uM in acetonitrile.
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The spectrum in Figure 118 of the /~-N2NHMe prototype was also measured and shows
an intense m -> nt* transition with a maximum at 210 nm and a weak n -> n* transition

peak with a maximum centred at 350 nm and ranging from 310 nm to 380 nm.
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Figure 118: Spectrum of the I-N,NHMe prototype at 3 mM in acetonitrile.

2.2. In-line and branched compounds

The spectra of the in-line and branched compounds in Figure 119 are very similar and
exhibits an intense mt -> n* transition with a maximum at 275 nm and a medium n ->
n* transition with a maximum at 350 nm with a peak ranging from the m -> n* transition

overlaps around 320 nm to 380 nm.
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Figure 119: UV-visible spectra of in-line and branched compounds in water at 50 uM. The PDC spectrum in water at 50 uM

is used as a reference.
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To avoid irradiating endogenous chromophores, the irradiation target is the n -> nt*
transition at 366 nm. However, the PDC strongly absorb in this region, as observed
from the UV-visible spectrum in Figure 120, compared to the in-line and branched
prototype. Nonetheless, biochemistry studies have shown that the PDC moiety was not
preventing the activation of the photoactivatable moieties and the generation of the
photoadducts with good conversion. This may be due to an energy transfer from the
PDC chromophore to the photoactivatable moiety.
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Figure 120: Spectrum of PDC at 50 uM in water.

3. Laser flash photolysis studies

Laser Flash photolysis (LFP) is a spectroscopy method used to study the formation of
transient species (e.g. radical intermediate or short-lived UV-vis-absorbing excited
state) or reactive intermediate photochemically generated.?3¢ However, the formation
of these species can be followed only if they absorb in the UV-visible region. LFP begins
with a short pulse (<5 ns) of light generating the desired species, which relaxation to
the ground state is followed by absorption spectroscopy recorded as a function of time,
allowing us to observe the species decay. This technique is used to determine the
physical/chemical properties, generation efficiency and reactivity of the desired
species, and it can be applied to measure the reaction rate constant with spectroscopic-
compatible agents by following the impact on the transient decay.
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Figure 121: A) Representation of nanosecond Laser Flash Photolysis. A laser pulse irradiates the sample, and a perpendicular
light source passing through the sample is recorded in function of time to record the change produced by the laser pulse
activation. B) Example of activation of an absorbing excited species by laser excitation: after producing the single excited state
(S1), S1 instantaneously convert by intersystem crossing (ISC) to the triplet state (T1) which absorbs UV light and can be follow
through time.

Technically (Figure 121), a high energy laser with nanosecond pulses generates the
transient species by populating higher energy electronic states. A second light source,
the probe beam, is perpendicular to the laser and produces a continuous light source.
The light passes through the sample then the monochromator selects the desired
wavelength which is recorded by the detector. In our case, the detector can follow
microsecond-to-second processes, which allows us to study different light-triggered
processes, such as free radicals or triplet (long-lived) excited states, and to obtain
information on lifetimes and reaction kinetics.

3.1. Photochemical investigation of benzophenone derivatives

Benzophenone is a well-known photoactivatable moiety already characterised by LFP:
it forms a long-living triplet state and its reaction kinetics with nucleobases are
known.™ We decided to study the transient generated from the mimic benzophenone
prototype (Bph-CONEt>) as well as the carboxylic acid benzophenone (Bph-COOH) and
methylamide benzophenone (Bph-CONHMe) synthesised by Dr. A. Benassi (Figure

122).

Bph Bph-COOH Bph-CONHMe Bph-CONEt,

Figure 122: Molecular representation of the different benzophenone derivatives studied in this thesis.
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3.1.1. Detection and characterisation of the reactive species

The Bph-COOH decay in water and in the absence of oxygen (i.e. deaerated by flushing
with argon) (Figure 123) shows the formation of a long living (¢ >10 ps) transient
species similar to the one of the benzophenone.’® The transient decay does not return
at an absorbance null but shows the generation of a second more stable species. The
first species possess a maximum at 545 nm and one at wavelength higher than 750 nm
corresponding to the triplet state of the Bph-COOH. This triplet assignment was
confirmed by the quenching observed in presence of oxygen (i.e. without argon
flushing).'® The triplet quenching is due to the triplet-triplet interaction between the
triplet transient and the oxygen triplet state (*02), which results in the de-excitation to
the ground state of Bph-COOH and in the excitation of the oxygen molecule to the
singlet state ('0.). The second long-living species can be attributed to the ketyl radical
formation with the maxima centred at 575 nm and 725 nm, which is very similar to that
of the benzophenone ketyl radical.’®

N w -y v

Absorbance (102)
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Absorbance (10?)
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Figure 123: Left) Transient species decay of the Bph-COOH precursor (3.5 mM) without (orange) and with (blue) oxygen
recorded at 540 nm. Right) Full spectrum of the Bph-COOH precursor (3.5 mM) without oxygen recorded in function of the
time: the triplet state with the maxima at 545 nm and >750 nm decays after tens of microseconds, and generates the ketyl
radical transient with maxima at 575 nm and 725. The black arrows highlight the maxima.

Similarly, the Bph-CONHMe decay (Figure 124), recorded in acetonitrile without
oxygen, presents a long living (¢ >10 ps) triplet excited state transient with maxima at
550 nm and > 740 nm, and a more effective quenching in the presence of oxygen
compared to Bph-COOH. The Ketyl radical is still observed with maxima at 575 nm and
725 nm.
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Figure 124: Left) Transient species decay of the Bph-CONHMe derivative (4 mM) without (orange) and with (blue) oxygen
recorded at 540 nm. Right) Full spectra of the Bph-CONHMe derivative (4 mM) recorded in function of the time in the absence
of oxygen. The triplet state with maxima at 545 nm and >740 nm decays after tens of microseconds, and generates the ketyl
radical transient with maxima at 575 nm and 725 nm. The black arrows highlight the maxima.

On the contrary, the benzophenone prototype Bph-CONEt, decay (Figure 125) exhibits
a very short lifetime (112 <50 ns) without oxygen, and addition of oxygen has no effect
on the transient decay. This could indicate that the generated transient is not a triplet
state, but the lack of the oxygen effect could also be due to the too short living state.
In addition, the spectrum is recorded at the limit of the LFP capacity, in the range of
the laser pulse (10 ns), which explains this bell-shaped curve instead of an exponential
decay. Thus, it is not possible to confirm that the short living transient is a triplet state.
Interestingly, only the N, N-disubstituted amide is strongly affected by its conjugation
compared to the A-monosubstituted amide. This difference could be explained by the
rotor thermal de-excitation process.

Absorbance (1072)
N
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Figure 125: Transient species decay of Bph-CONEt, prototype (3.5 mM) without (orange) and with (blue) oxygen in acetonitrile
recorded at 540 nm.
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3.1.2. Reactivity study with nucleosides

As a photoactivatable moiety, Benzophenone is known to be thymidine-selective,
forming a substituted oxetane derivative. Similarly, the biochemistry results indicate
that the branched benzophenone conserves this thymidine-selectivity over the rest of
the nucleobases (see section 111.2.3.2, p. 127). However, the benzophenone Bph-CONEt
prototype cannot be used to measure the rate constant of the transient quenching
reaction by nucleobases due to its too short lifetime. That is why, the rate constant has
been evaluated for Bph-COOH and Bph-CONHMe. The quenching decay by a
nucleobase can be followed by LFP and results in a shortening of the transient half-life
time. The second order rate constant for the reactivity with a nucleoside can be
calculated using the pseudo-first order principle considering the generated transient
concentration being negligible compared to the nucleoside concentration. Thus, ks =
In(2)/7,,, can be calculated for each nucleoside concentration by measuring by LFP
the transient half-life time. Finally, the second order rate constant k> corresponds to
the slope of the koss vs [nucleoside] curve. Bph-COOH triple state quenching was
measured at 3.5 mM titrated with a rising concentration of nucleoside from 0.2 to 1.4
mM.
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Figure 126: Left) Decay quenching of the Bph-COOH triple state recorded in function of the increasing concentration of
thymidine (dT) in aqueous solution. Right) Plot of the K.ps versus the concentration. The Kops is calculated using the half-life
time obtained from the quenching decays. The slope of the linear curve Kqps versus concentration correspond to the total rate
quenching constant k.

The quenching with the thymidine (dT) represented in Figure 126 is very efficient with
an effective quenching for a thymidine concentration starting at 0.2 mM. The
computation of the second order rate constant gave a fast quenching of kyp =
9.90 108 M~ s~1, which is 2.6-fold slower than the quenching rate measured with
unsubstituted benzophenone.’ The quenching was also measured with deoxycytidine
(dC), deoxyuridine (dU) and uridine (U) which is summarise in Figure 127.
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Figure 127: Summary of the total rate constants for the quenching of the Bph-COOH precursor (3.5 mM) triple state by
thymidine (dT), 2'-deoxycytidine (dC), 2'-deoxyuridine (dU), and uridine (U) in aqueous solution (n = 3). The Kobs vs

OH OH

concentration slope of the linear plot corresponds to the total rate quenching constant k,. The dU solubility is limited in water
to 1 mM, thus, no data above this concentration has been measured.

The dT quenching rate constant can be compared with dC and dU with a value of
respectively kgc = 4.01 108 M~1 s71 and kg = 4.50 108 M~ s71, which is roughly half
the quenching rate of dT. dC and dT structurally differ only from a methyl in position 5
of the pyrimidine, but its presence results in an increase of the quenching rate by more
than two, which highlight the importance of the 5'-methyl to stabilise the radical during
the [2+2] cycloaddition. The uridine quenching rate was measured with a value of ky =
0.96 108 M~ 571, which is five times lower than with dU. Interestingly, the 2' position
seems to take part of a reactional pathway that is inhibited in the presence of the 2'-
hydroxyl, and not negligible to understand the total reactivity of the benzophenone.
However, the main pathway remains with thymidine and its [2+2] cycloaddition into
the oxetane product. Similarly, the same experiments were realised with Bph-CONHMe
(Figure 128), which shows a similar trend with the subsequent selectivity: dT (kqr =
412108 M~ ts™) > dC (kge =1.87108M1s™1) > U (kgr=0.68108 M~ 1571
However, the reactivity is decreased by two-fold for dT and dC, and slightly less for U.
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Figure 128: Summary of the total rate constants for the quenching of Bph-CONHMe (4 mM) triplet state by thymidine (dT),

2'-deoxycytidine (dC), and uridine (U) in acetonitrile (n = 1). The Kops vs concentration slope of the linear plot corresponds to
the total rate quenching constant k.
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In these experiments, only four nucleobases have been evaluated for their quenching
properties and more precisely, only pyrimidines have been evaluated. In fact, for
purines (dA and dG), Bph-COOH triple excited state was quenched very rapidly (¢ <1
MS) generating a secondary transient with a maximum absorbance at 570 nm (Figure
129), which can be assigned, by comparing with previously reported data,* to the
formation of Bph-COOH ketyl radical resulting from an overall H-abstraction.
Therefore, it was not possible to evaluate the quenching with purines due to the too

fast formation of the ketyl radical, which overlaps with the Bph-COOH transient at 540
nm.
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Figure 129: A) Bph-COOH (3.5 mM) triplet state transient decay recorded without oxygen at 540 nm in the presence of dG (0.5
mM). B) Generated ketyl radical decay monitored at 570 nm. C) Spectra between 540 nm and 580 nm recorded in function of
the time. Bph-COOH triplet state is the main species observed just after irradiation (0 us), then a rapid conversion is observed
with a mixture at 0.4 us and the main species become the ketyl radical at 0.8 us.
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3.2. Photochemical characterisation of the In-line prototype

The in-line ~N2NHMe prototype forms a carbene upon irradiation, which is not UV
active and thus cannot be directly detected by LFP. However, it is possible to trap the
carbene by using pyridine to form the corresponding pyridine ylide (Figure 130).2*’

S
| <
N=N hv Pyridine N
-2
UV off UVon

Figure 130: Mechanism to trap the carbene using pyridine.

The decay of the pyridine ylide from ~N2NHMe was recorded in acetonitrile with an
excess of pyridine. It showed the formation of a short living transient (< 50 ns), which
has been assigned to the related pyridine ylide (Figure 131), based on a striking
similarity of the absorption spectra to a similar ylide.?38 This short life time is at the limit
of the LFP device, which explains the bell-shaped curve.
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Figure 131: I-N;NHMe (6 mM) transient decay without (orange) and with (blue) oxygen recorded at 425 nm. Right) Full
spectrum of I-N;NHMe (6 mM) without oxygen recorded in function of time. This presents a band between 370 — 460 nm with
a maximum at 425 nm corresponding to the pyridine ylide, which decay after tens of nanoseconds.
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4. Benzophenone photoadducts distributions

4.1. Product distribution

The reaction of Bph-COOH and Bph-CONEt, with thymidine was followed by HPLC. The
mixture of Bph-COOH (3 mM) and dT (3 mM) was flushed with argon and irradiated
with four lamps centred at 366 nm in a multirays photoreactor for 1 h. The reaction
presents a rapid conversion with 40% of dT and 66% of Bph-COOH consumed to
generate new products (Figure 132-in blue). The difference in consumption between
the dT and Bph-COOH is due to a fraction of Bph-COOH being reduced. This was
confirmed by the photolysis of Bph-COOH alone in a 1:1 mixture water:isopropanol
that generated three new peaks (Figure 132-in red) with two having a faster retention
time and one a slower retention time compared to Bph-COOH peak. These three
products were not isolated and characterised but should correspond, in theory, to the
reduction in alcohol, and dimerisation of the ketyl radical. This reaction should produce
a couple of diastereoisomers, corresponding to two peaks at 24.5 min and 25.5 min in
the chromatogram reported in Figure 132. We still observe the formation of these three
adducts in the reaction between dT and Bph-COOH. In the reaction mixture, we
detected the formation of at least 7 additional photoadducts.

200 + dT Bph-COOH
150
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Figure 132: HPLC chromatogram (blue) of the reaction mixture between thymidine (3 mM) and Bph-COOH (3 mM) after 1 h
irradiated at 366 nm. The reduction (red) of Bph-COOH (3 mM) was studied in water/isopropanol 1:1 upon irradiation for 1 h
at 366 nm.

Preliminarily, the same condition has been applied for the reaction between Bph-
CONEt2 and dT, but we did not detect any photoadducts. Considering the shorted
lifetime of the reactive Bph-CONEt, excited state, we decided to modify the reaction
condition by increasing dT concentrations from 10 mM to 100 mM and extending the
irradiation time to 38 h. The resulting chromatogram (Figure 133) exhibits seven or six
peaks when flushed (red) or not (blue) with argon, respectively. We have decided to
isolate and characterise the adducts corresponding to the seven peaks, generated by
the reaction between Bph-CONEt> and thymidine, flushed with argon before
irradiation.
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Figure 133: HPLC chromatogram of the reaction mixture between Bph-CONEt, (10 mM) and dT (100 mM) after 38 h irradiated
with 4 lamps at 366 nm in the presence (top) or absence (bottom) of oxygen.

4.2. Structural characterisation of the photoadducts

The mixture of products was purified as one and "H NMR spectrum of the mixture was
recorded as displayed in Figure 134-B. The main change in comparison to the '"H NMR
spectrum of dT (Figure 134-A) is the strong shielding of the H6 protons to the upfield
6.00 — 5.00 ppm region, with eight new singlets and a weaker shielding of the Me7
methyl group, formed after irradiation. This "TH NMR features suggest a mixture of eight
new oxetanes.
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Figure 134: 1H NMR spectra of: A) thymidine, B) mixture of products (#A-#X) purified from the reaction between Bph-CONEt,
and dT, and C) Bph-CONEt ;.
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A closer look reveals eight H6 protons identified in the 6.00 — 5.00 ppm oxetane region
and their integration sum up for 1 (normalised on the reference anomeric protons as
shown in Figure 135), which indicates the formation of two regioisomers, each of them
existing in four different stereoisomers. The oxetanes obtained are a family of two
regioisomers that differ depending on the oxygen position: the "hemiaminal ether"
oxetane, exhibiting H6 resonance downfield at 6.00 — 5.70 ppm and the "ether" oxetane
with H6 signals upfield at 540 — 5.00 ppm. The main oxetanes are the hemiaminal
ethers with 71%, and only 29% for the ether oxetanes. This may be explained as the
hemiaminal ether isomer reduces the steric clash with the 2'-deoxyribose, and the
ternary Cs carbon stabilises more the intermediate radical than the secondary Ce

carbon.
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Figure 135: Zoom on the 1' and oxetane H6 region of the 'H NMR spectrum of the purified mixture (#A-#X) from Bph-CONEt,
and dT reaction.

In addition, the peaks are again divided into two groups of two peaks, i.e., group at
6.00 ppm composed of subdivided peaks #1 and #2 and the group at 5.79 ppm
composed of subdivided peaks #3 and #4. The division into two groups is due to the
absolute configuration of the Ce-H and Cs-Me7, i.e. (5R, 6S) or (5S, 6R), as previously
reported in the literature.?®® The subdivided peaks (6.02 vs 5.99 ppm and 5.80 vs 5.77
ppm) are due to the third stereocenter (Cg) in the oxetane ring bound to the different
aryl groups (-phenyl (Ph) and -PhCONEt,). Each HPLC peak has been purified and "H
NMR spectra were recorded as shown in Figure 136, except for #X, which does not
present an oxetane profile and will be describe later. To define the relative and absolute
(using the configuration of the 2'-deoxyribose protons as reference)?*? configuration
of each oxetane isomer, Nuclear Overhauser Effect Spectroscopy (NOESY) experiments
were performed on each adducts from purified HPLC peaks and are resumed in Figure
137 centred on the H6 protons.
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Figure 136: 1H NMR spectra (700 MHz) of the six HPLC peaks - A) #A, B) #B, C) #C, D) #D, E) #E, F) #F) - comprising oxetane H6
peaks.

NOESY experiments allow to identify protons that interact together by correlating
through space. It means that the two protons must be at a spatial proximity to correlate
without requiring them to be bound at proximity. We focused the NOESY on the
characteristic H6 proton expecting to identify the stereochemistry of the Cs-H/Cs-Me7
carbon atom vs. the 2'-deoxyribose carbons vs. the C atom bound to the aryl groups
(Ph or PhCONEt,). As expected for a [2+2] Paterno-Biichi cycloaddition, H6 and Me7
correlate together indicating that the two groups exhibit a ¢is relative configuration.
However, it was not possible to define the absolute configuration for C¢-H/Cs-Me7
from NOESY experiments as the eight H6 protons correlate with the 2'-deoxyribose
protons.?*° For the aryl relative configuration, it was possible to assign the cis/trans
configuration from the spatial correlation with the H6 proton, excepted when aromatic
peaks were overlapping such as for the mixture of oxetanes #3/#5/#7 and for oxetane
#8.
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Nevertheless, according to the assignments published by Miranda for the hemiaminal
ether oxetanes obtained between benzophenone and thymidine,?3%24° the (5R, 6S)
stereoisomer exhibits the most deshielded Ce-H proton, among the [2+2]
photoadducts. Therefore, compounds #1 and #2 (Figure 135) should exhibit the same
(5R, 6S) configuration. Additionally, we have been able to assign the absolute R/S
configuration to the Cg-Aryl carbon for the hemiaminal ether thanks to their relative
cis/ trans configuration vs. H6/Me7 groups. The information obtained from the analysis
of the NMR spectra and NOESY experiments is summarised in Table 4.

Cs-H/Cs-Me7 H6 vs Aryl

HPLC peak Adduct Regioisomers configuration spatial coupling JH6
#A #6 Ether *cis Ph 0.06**
#3 Hemiaminal 55, 6R n.d. 0.13
#B #5 Ether *cis n.d. 0.06**
#7 Ether *cis n.d. 0.08**
#C #8 Ether *cis n.d. 0.08**
#D #1 Hemiaminal 5R, 65 PhCOEt; 0.24
HE #4 Hemiaminal 55, 6R Ph 0.14
#F #2 Hemiaminal 5R, 6S Ph 0.20

Table 4: Summary of the NMR data analysis for each adduct from the purified HPLC peaks. n.d.: not determinate. * Only the
relative cis/trans configuration is indicated obtained from NOESY experiments as it was not possible to determine the absolute
configuration. ** The integral was divided by two by considering each H6 peaks been of equal intensity.

From these results, we can attribute for #3 and #5 the opposite ¢/s configuration
between the H6 and the aryl groups from their corresponding Cg diastereoisomers #4
and #6. The latter oxetanes H6 protons are in cis configuration with the phenyl groups,
thus, #3 and #5's H6 protons are in cis configuration with the PhCONEt2 group. In
addition, we can observe a pattern with the ¢/s PhCONEt. downfield and cis phenyl
upfield, which we assume should be similar for #7 and #8 as summarised in Figure 138.
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Figure 138: Summary of the assigned peaks based on knowledge with in green the experimental results and in orange the
ones-assigned by elimination.
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Overall, it has been possible to assign the absolute configurations of the four
hemiaminal ether oxetanes, as reported in Figure 139.
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Figure 139: Hemiaminal ether oxetane structures with their absolute configuration.

Oxetane are known to be thermally reversible and biochemical experiments from
Chapter Il (see section 111.2.3.2, p. 127) show mostly the generation of thermally
reversible photoadducts as well as some irreversible photoadducts. To confirm the
thermal reversibility, the pure hemiaminal ether oxetane #2 collected as HPLC fraction
#F and pure ether oxetane #6 collected as HPLC fraction #A were heated in water at
95 °C for 2 h. The results are presented in Figure 140. Hemiaminal ether oxetane #2
undoubtedly shows thermal reversibility with regeneration of Bph-CONEt, and dT, as
expected for a reverse [2+2] cycloaddition. However, the ether oxetane #6 is a
thermally stable adducts.
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Figure 140: HPLC chromatogram of A) hemiaminal ether #2 and B) ether #6 before (red) and after (blue) heating treatment
for2 h at 95 °C.
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'"H NMR spectrum (Figure 141) of the adduct from the HPLC fraction #X does not
present the characteristic oxetane chemical shift. It was obtained in low amount, and
therefore, difficult to fully characterise. The 2'-deoxyribose peaks (1', 2', 4' and 5') are
still present with the 5' peaks deshielded. Bph-CONEt> aromatic and ethyl groups are
still present, which confirms the formation of a photoadduct.
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Figure 141: NMR spectra (700 MHz) of the A) thymidine, B) adduct #X and C) Bph-CONEt; prototype.

It is possible that this photoadduct corresponds to the insertion of the prototype
transient into the 5'-OH bond as the signal shows an important downfield shift, thus, it
could be the result of an O-H insertion into the 5'-OH bond (Figure 142). However, the
concentration prevents to record a carbon spectrum and 'H-'3C 2D experiments
(HSQC/HMBC) even by using a 700 MHz NMR, making it impossible to confirm our
hypothesis using the carbon chemical shift to confirm the hemiketal formation and
HMBC to confirm the 5'-OH insertion through coupling between the two H5' protons
and the hemiketal quaternary carbon.
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Figure 142: Hypothesised structure of photoadduct #X isolated by HPLC.

160



5. Study of the photoreactivity of aliphatic diazirine

5.1. Photolysis study

The reactivity of the /~N.COOH precursor and the FN2NHMe prototype were
investigated using GC-MS by adapting the protocol of O'Brien et a/,?*3 which have
studied similar ester and A-monosubstituted amide aliphatic diazirines (60 mM) in
methanol irradiated at 350 nm for 2 to 16 h. Their photolysis experiments, resumed in
Figure 143, showed mainly the formation of the alkene reduction product by [1,2] H-
shift and hydroxyl product by O-H insertion from methanol, and the lactone product
by lactonisation uniquely with the ester derivative for the latter.
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Figure 143: Results reported by O’Brien et al.,?33 products were identified after 2 h irradiation at 350 nm of ester (top) and N-

monosubstituted amide (bottom) aliphatic diazirine (60 mM) in methanol.

We have adapted this methodology to study the photolysis of the /~N2COOH precursor
and the ~N2NHMe prototype at 5 mM in methanol and/or water and irradiating at 366
nm for 10 to 30 min. Using O'Brien et al. results, it was possible to predict the results
tacking in account the additional terminal alkyne, which is the main difference between
our and O'Brien et al. aliphatic diazirines. Indeed, the carbene could react with the
alkyne through an intramolecular cyclisation to form a cyclopentene, which would
prevent post-covalent functionalisation by click chemistry. The different photoproducts
we might obtain according to O'Brien et a/. are described in Figure 144. The reactions
were analysed by GC-MS using electrospray ionization method, which generated a high
level of fragmentations with loss of the reference molecular ion for small molecules.
Thus, it is not possible to attribute the product from the reference molecular ion,
instead, they were identified depending on their fragmentation profile, retention time,
and predicted products.
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Figure 144: Theoretical products we might obtain after photolysis of I-N,COOH precursor and I-N;,NHMe prototype according
to O’Brien et al.,?33 and the cyclopentene product from the intramolecular cyclisation with the alkene.

Photolysis of the ~N2COOH precursor in water shows the formation of a unique
product with a retention time of 9.64 min (Figure 145), with almost total consumption
of the precursor after 10 min of irradiation. The product presents the absence of the
carboxylic acid fragment indicating the formation of the lactone product. No O-H
insertion with the water was observed, indicating that ~AN2COOH precursor is not a
good candidate to isolate photoadducts for photoaffinity labelling as the main and
only pathway seems to be the intramolecular lactonisation.
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Figure 145: GC-MS chromatogram of I-N,COOH photolysis in water without irradiation (0 min, bottom) and after 10 min
irradiation at 366 nm (top). I-N,COOH (10.43 min) is converted into a unique product (9.64 min) corresponding to the lactone
product.

The FN2NHMe prototype in theory cannot form a lactone product and thus could be
a better candidate. Photolysis of the ~N2NHMe prototype in water shows the formation
of three products with total conversion after 30 min (Figure 146-Left). The two first
peaks (11.60 and 11.74 min) have a short retention time, while the third one (13.81 min)
has a longer retention time. The latter has a fragmentation compatible with O-H
insertion from water, and the two first peaks have been attributed to the two alkenes
reduction products.
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Figure 146: GC-MS chromatogram of the photolysis of the I-N,NHMe prototype in water (left) and in methanol (right) after 30
min irradiation at 366 nm. The I-N,NHMe prototype (12.77 min) is converted into two alkene products (11.60 and 11.74 min)
and one O-H insertion with the solvent (13.81 min for the water insertion and 13.23 min for the methanol insertion).

In methanol, a similar profile is observed after 30 min of irradiation with the formation
of the two alkene reduction products, having the same retention time at 11.60 and
11.74 min observed in water. In addition, there is an O-H insertion from methanol at
13.23 min (Figure 146-Right). Thus, the ~N2NHMe prototype is a good candidate for
intermolecular reaction with nucleoside. In addition, the intramolecular cyclisation
involving the alkyne was not observed, making it still available for post-
functionalisation after the photoalkylation.
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5.2. Photoproduct distribution

Taking into account the preliminary evaluation of the photoreactivity of the diazirines
described in the previous section, the FN2NHMe prototype has been chosen to
generate photoadducts in the presence of different nucleosides since the photolysis
experiments suggest the formation of the O-H insertion product, and also because the
prototype is structurally closer to the in-line photoactivatable G4 ligands developed
and studied in this thesis. -N2NHMe was irradiated in water/acetonitrile 1:1 at 10 mM
for 30 min at 366 nm in the presence of dT, dC, dG, and dA at 50 mM, and the resulting
chromatograms are shown in Figure 147.
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Figure 147: HPLC chromatogram of the reaction between I-N;NHMe prototype (10 mM) in the presence of A) dT, B) dC, C) dG,
and D) dA (50 mM) in water/acetonitrile after 30 min irradiation with four lamps (15 W) at 366 nm. The chromatogram is
zoomed in the photoproducts region (16 - 23 min). The relative intensity is the same for all four chromatogram. The full
chromatogram is available in the annex section.

The photoreaction between /~N2NHMe and either dC or dA did not generate any
detectable photoadduct. However, the irradiation at 366 nm in the presence of dT or
dG generated at least three peaks (Figure 147-A/C) with a major peak (#dT3 and #dG1)
and two minor peaks (#dT1/#dT2 and #dG2/#dG3) for each. In addition, dG major peak
is large with a shoulder and most likely corresponds to at least two overlapping
photoadducts.
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It is evident by the absence of reactivity with dA and dC that the 2'-deoxyribose is not
the target of the photogenerated carbene intermediate from ~N2NHMe, and thus, the
nucleobase cores have to be involved. However, the imidazole ring can be eliminated
as no photoadduct is generated with dA. Thus the carbene reacts with the pyrimidine
ring to generate the photoadducts. In addition, dG exocyclic amino group and dT
double bond can be ruled out as there is no reaction on dA exocyclic amino group and
on dC double bond.
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Figure 148: Molecular structure of dT, dG, dC, and dA: in red are represented the non-alkylation sites and in green the possible
alkylating sites.

The above considerations drastically reduce the number of reactive sites, represented
in green in Figure 148 and we can assume that the photoadduct formation results from
an R-H insertion for R = N or O atom, the latter accessible from the tautomeric enol
forms, although slightly populated.?*' Thus, it is reasonable to assume that the reactive
site corresponds to the N3 for dT and N1 for dG. We hypothesise that the main
photoadduct is the N-H insertion forming the main HPLC peak (#dT3 and #dG1), and
the two minor HPLC peaks (#dT1/#dT2 for dT and #dG2/#dG3 for dG) could arise by
an N- or O-H insertion from the tautomeric forms. This would generate photoadducts
with N3, O2, and O4 for dT, and N1, 06, and N3 for dG. The following section is going
to describe the characterisation, after isolation and purification, of the photoadducts
#dT1-#dT3 and #dG1-#dG3 to confirm the above hypothesis.
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5.3. Structural characterisation of the photoadducts

5.3.1. dT adducts

We first have purified and characterised the main adduct exhibiting an HPLC peak
labelled #dT3 (Figure 147), which 'TH NMR spectrum is displayed in Figure 149-B. The
"H NMR spectrum shows the conservation of all the 2'-deoxyribose protons (1', 2', 3,
4', and 5') and H6/Me7 thymine protons from dT, as well for the aliphatic protons (A,
D, E, G, H, and J) from the /~N2NHMe moiety. In addition, two new quintet peaks (F,
Figure 149-B) are present at 5.09 and 4.94 ppm, integrating for 0.6 and 0.4, respectively,
which should correspond to the abstracted proton by the carbene on the thymidine
reactive site.
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Figure 149: 1H NMR spectra (700 MHz) of A) I-N.NHMe prototype, B) purified #dT3 product, and C) thymidine.

To confirm our hypothesis that this photoadduct (as a mixture of two diastereoisomers)
is the result of the N-H insertion reaction, HSQC and HMBC experiments (Figure 150)
have been recorded to assign the proton-carbon correlation, and to determine
structural correlation between the protons of the ~N2NHMe moiety and the thymidine,
respectively. The HSQC indicates the one-bond coupling between protons and carbons
(Jen). The two peaks Fa and Fy correlate to two different carbons at 54 ppm and 56
ppm, which are carbon chemical shift values characteristic of a C-N bond. The HMBC
indicate proton-carbon coupling separated from multiple bonds. Fa proton is coupled
in equal intensity with both carbonyl C; and C4 at 152 ppm and 167 ppm, respectively,
indicating that the proton is in equidistance from them.
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Figure 150: A) HSQC experiment of the purified #dT3 product centred to the F peaks. B) HMBC experiment of the purified #dT3
product centred to the two protons F interacting with the two carbonyl carbones 2 and 4.

These two elements confirm that #dT3 is a mixture of two diastereoisomers differing
only by the carbon F absolute configuration, generated from the N-H insertion reaction
as predicted, which structures are presented in Figure 151.
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Figure 151: Structure of the two diastereoisomers produced by N-H insertion corresponding to the #dT3 peak on the
chromatogram.

Then #dT1 was analysed by NMR spectroscopy, but the "H spectrum (Figure 152) was
not helpful for a structural assignment as the concentration in the sample was too low.
Thus, this photoadduct has yet to be characterised.
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Figure 152: 1H NMR spectrum (700 MHz) of the purified #dT1 adduct.
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The photoadduct detected as #dT2 peak was characterised by NMR, and "H NMR
spectrum is displayed in Figure 153. Similarly to #dT3 photoadduct, all the thymidine
(2'-deoxyribose and thymine) and aliphatic protons from the prototype are conserved.
A new quintet signal (F) at 5.44 ppm integrating for 1 proton appeared in the '"H NMR
spectrum, which should correspond to the inserted H atom. This F proton is slightly
downfield compared to #dT3 F protons (5.44 ppm vs 4.9-5.1 ppm for #dT3), which
might result from an O-H insertion reaction we predicted.
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Figure 153: 1H NMR spectrum (700 MHz) of the purified #dT2 adduct.

To confirm this hypothesis, HSQC and HMBC experiments have been recorded, but
HMBC experiment did not provide any coupling information for the F proton. However,
HSQC experiment (Figure 154) shows the coupling of the F proton with a carbon at 80
ppm, which is a chemical shift characteristic to C-O bond.
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Figure 154: HSQC experiment of the #dT2 product centred to the F proton and F carbon peaks.

Thus, we can confirm that #dT2 product is a new photoadduct resulting from an O-H
insertion as predicted. However, it is not possible to assign on which oxygen of dT the
insertion took place, as no HMBC coupling between the carbonyl C> or C4 with the
inserted proton were observed. The structures of the two possible photoadducts are
drawn in Figure 155.
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Figure 155: Representation of the two possible O-H insertion for the product #dT2.

5.3.2. dG adducts

We first have purified and characterised the main adduct exhibiting an HPLC peak
labelled #dG1 (Figure 147), which "TH NMR spectrum is displayed in Figure 156. The 'H
NMR spectrum shows the conservation of all the 2'-deoxyribose and guanine proton
(H8) from dG, as well for the aliphatic protons from the ~N2NHMe moiety. However,
there are five H8 peaks and multiple H1' peaks overlapping. This indicates the presence
of more than one photoadduct. In addition, two new peaks at 5.70 ppm (Fa) and 4.44
ppm (Fb) integrating respectively for 0.17 and 0.54 are present, which should
correspond to the H-abstracted proton of two different photoadducts. The integration

sums up to 0.71, indicating that other photoadducts may be generated but their H-

abstracted protons could not be found.
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Figure 156: 1H NMR spectrum (700 MHz) of A) #dG1 adduct with peak region 8, 1', F, and F, magnified (top), and B) 2'-
deoxyguanosine reference (dG).
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We focused on identifying the two photoadducts #dG1a and #dG1b from Fa and Fp
peaks, respectively. The first one has an H-abstracted proton (Fa) with a strong
downfield effect with a chemical shift at 5.70 ppm, which is a very high chemical shift
that corresponds more to an O-H insertion than to the N-H insertion predicted. The
HSQC experiment (Figure 157) indicates a coupling with a carbon at 52 ppm that is not
visible in 13C spectrum, surely because of its too low proportion in the mixture (Fa
proton integrated for only 0.17). This carbon chemical shift is not compatible with an
O-H insertion but is for an N-H insertion. As the chemical shift of the proton and carbon
F are not compatible together, confirming an N-H insertion over an O-H is complicated.
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Figure 157: HSQC experiment for the adduct #dG1 centred to the H-abstracted F, and Fp, peaks.

For the photoadduct #dG1b, the H-abstracted proton (Fb) at 4.44 ppm has a chemical
shift matching a CH-N proton. In addition, HSQC experiment (Figure 157) allows to
identify the carbon at 58 ppm matching a C-N chemical shift. Thus, #dG1b correspond
to the N-H insertion product, in adequacy with the proton and carbon chemical shift
and prediction.

However, the HMBC experiment did not show any coupling with the pyrimidine carbon,
making it impossible to determine in which NH the insertion reaction occurred. Since
only N1 has a labile proton in the main guanosine tautomer (lactam), the #dG1b as the
major photoadduct should be generated from the N1-H insertion. For #dG1a, we
hypothesis the formation of the photoadduct from N3-H insertion, but it is uncertain
as the F, proton is unusually deshielded and remain to be confirmed. The possible
structures of the photoadducts are drawn in Figure 158, which should be confirmed by
purifying the two photoadducts. Unfortunately, the retention time is almost identical,
and so far, we have failed in the purification.
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Figure 158: Hypothetic structures of #dG1 from NMR and in adequation with the identified adducts with dG.

Photoadducts of #dG2 and #dG3 were characterised by '"H NMR and spectra are
displayed in Figure 159. It is interesting to observe that both purified #dG2 and #dG3
compounds exhibit overlapping '"H NMR spectra. Both spectra show the conservation
of all the 2'-deoxyguanosine protons and aliphatic protons. In addition, the 5.70-5.50
ppm region presents the formation of multiple peaks with at least one H-abstracted
proton (F) at 5.60 ppm integrating for 1 proton and overlapping with impurities. The
chemical shift corresponds to an O-H insertion, which correspond to the predicted

photoadduct.
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Figure 159: NMR spectra (700 MHz) of the compounds A) #dG2 and B) #dG3.

To confirm that the photoadduct is the one generated from an O-H insertion, HSQC
experiment (Figure 160) has been recorded. The 5.60 ppm proton (F) correlates to the
carbon at 76 ppm. This chemical shift confirms a C atom bound to an oxygen, which is
06 as it is the only one available.
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Figure 160: HSQC experiments for A) #dG2 and B) #dG3 centred to the F peaks.
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In addition, to confirm our structural assignment and also that the other peaks are due

to impurities, we have decided to conduct a DOSY experiment. This experiment allows

to separate peaks of different molecules according to their diffusion coefficient.?*? The

DOSY experiment of #dG3 is displayed in Figure 161 and shows a good separation of

at least two species. The first one (dash line) corresponds to the photoadduct matching

all the 2'-deoxyguanosine (2'-deoxyribose and H8) and aliphatic protons, and allows to

confirm the presence of a unique photoadduct having for H-abstracted the peaks at

5.60 ppm. The second (bottom) species does not have many peaks but corresponds at

least to one impurity visible in the 5.70-5.50 ppm region.
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Figure 161: DOSY experiment of #dG3 compound.

The photoadduct tagged as #dG2 and #dG3 are both generated by an O-H insertion
reaction on O6 and most likely they are a couple of diastereoisomers only differing for

the configuration of the C-atom F, as draw in Figure 162.
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Figure 162: Hypothetical structures of #dG2 and #dG3 photoadduct.

5.4. Competitive product distribution

We have decided to investigate the selectivity of -N2NHMe prototype by performing
a competition reaction. dA and dC were ruled out of the assay as only dT and dG
generate photoadducts. The same condition as previous (see section 5.2., p. 164) was
used by mixing dT and dG at 50 mM with ~N2NHMe prototype at 10 mM, and the
solution was irradiated at 366 nm for 30 min. The resulting HPLC chromatogram is
presented in Figure 163-B and shows the formation of all six peaks: the three from dT
and the three from dG with similar retention time compared to the non-competitive
reactions but in different proportion compared to the references (Figure 163-A). We
can observe that the main photoadduct is #dT3 corresponding to the N-H insertion for
46%. The HPLC peaks corresponding to the mixture of N-H insertion from dG (#dG1a
and #dG1b) correspond to only 19%. The proportion of minor peaks (#dT1/#dT2 for
dT and #dG2/#dG3 for dG) is similar compared to the references (1/3 of the relative
proportion in total for the minor peaks). To summarise, this indicates a clear preference
of the generated carbene to react with dT (68%) over dG (32%).
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Figure 163: HPLC chromatogram of A) overlapped dT (in blue) and dG (in red) reaction with I-N,NHMe and B) the competition reaction
with dT and dG in presence of I-NNHMe after 30 min irradiation with 4 lamps (15 W) at 366 nm.
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6. Conclusion

6.1. Conclusion on the benzophenone derivatives

From all the benzophenone derivatives studied, Bph-COOH precursor and Bph-
CONHMe derivative exhibit a similar triplet excited state compared to the
benzophenone, with a long lifetime (¢> 5 ps) and a good selectivity for thymidine. The
Bph-CONEt> prototype mimics more effectively the conjugated functionalisation
present in the photoactivatable G4 ligands and allows to better understand the
activation and properties of the photoactivatable moiety present in our benzophenone
series of compounds. LFP investigation allowed us to discover that this specific
conjugation in an N, N-disubstituted amide has a negative impact on the lifetime of the
benzophenone triplet excited state reducing its lifetime below 50 ns. It was not possible
to precisely measure the transient lifetime as it is below the detecting time limit of our
LFP. Such shorter lifetime negatively impacts the reaction efficiency, explaining why the
irradiation time must be extended to tens of hours to observe the formation of
photoadducts, and reach full conversion after days of irradiation with 4 lamps of 15 W
centred at 366 nm. On the contrary, the benzophenone and Bph-COOH exhibiting a
much longer lifetime require just minutes to generate photoadducts and hours to reach
full conversion. Despite this low efficiency, we have confirmed that the reaction
pathway remains identical to the formation of oxetane by [2+2] cycloaddition with the
thymidine (Figure 164). The oxetanes are a family of two regioisomers that do not have
the same thermal stability. The "ether" oxetane is thermally stable, and the "hemiaminal
ether" oxetane is thermally reversible by undergoing a reverse [2+2] cycloaddition,
regenerating the Bph-CONEt, and thymidine reagent upon heating.
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Figure 164: Summary of Bph-CONEt;, reactivity and photoreaction pathway with dT.
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6.2. Conclusion on the in-line prototype

The FN2NHMe prototype mimics the structure of the in-line series synthesised and
investigated in this thesis. The Laser Flash Photolysis investigation allows us to
indirectly detect the transient species as a pyridine-ylide, which showed a very short
lifetime (¢ < 50 ns). The steady-state photolysis experiment of the ~N>COOH precursor
and the ~N2NHMe prototype indicates that only ~N2NHMe was able to react with the
environment when /~N2COOH only formed the lactam intramolecular product.
/-N2NHMe was fully consumed after 30 min of irradiation with 4 lamps (15 W) centred
at 366 nm, and generated mainly the intramolecular [1,2] H-shift and an O-H insertion
with water and methanol. The photolysis experiment in the presence of nucleosides (50
mM) with ~N2NHMe (10 mM) showed absence of photoadducts with dA and dC, but
reacted with dT and dG to generate photoadducts. The main adduct (#dT3 and #dG1b)
correspond to the N-H insertion into N3 for dT and N1 for dG, which are the unique
labile protons available. The minor adducts #dT2 and #dG2/#dG3 correspond to an O-
H insertion into O2 or O4 (it remains unknown on which oxygen the insertion takes
place) for dT and O6 for dG, which correspond to the reaction with the enol form of
both dT (O2H-dT or O4H-dT) and dG (O6H-dT). Another minor adduct, #dG1a, is
uncertain and requires a better purification to be separated from #dG1b, our
hypothesis is an N-H insertion from the N3 on the imine form (N3H-dG) but remains
to be confirmed. The reactivity of ~N2NHMe with dT and dG is summarised in Figure
165.

+H,0 J'l\/\[/\/
/ Quenching pathways

o hv o [1,2] H-shift o Q
\NJ\/Y\/_//‘ — \NJ\,’\/\/’// —_ \NW + \NW
H N=N - N2 H . H H
1'1,1 <50ns
+dT +dC No photoadduct generated
+dA
+ dG
&Y &% XA,
>
X \
1 <, | ,I\ <, |
H
~
L )
Y
#dT3 S #dT2 S #dG1b > #dG2 & #dG3 S #dGla
N-H insertion O-H insertion N-H insertion O-H insertion N-H insertion

Figure 165: Summary of I-N;,NHMe reactivity and photoreaction pathways. The chevrons indicate the proportion from the
dT/dG competition reaction.
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In terms of proportion, there is 2/3 of the main N-H insertion adduct (#dT3 and #dG1b)
and 1/3 of the minor adducts, which is an important proportion of enol and imine forms
alkylated vs. the keto forms. We hypothesis that the tautomerisation may be promoted
by the alkylation as the carbene has a zwitterionic character, which would explain the
important proportion of enol/imine forms alkylated. To finish, a competitive assay on
/-N2NHMe in presence of both dT and dG showed a clear preference to react with dT
(68%) over dG (32%). This competition shows no variation in the relative proportion of
main adduct (2/3) vs. the minor adducts (1/3). Thus, the main generated photoadduct
was from the N3-H insertion of dT (46%).
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Conclusions and perspectives
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The accumulation of evidence from /in vitro and /n cellulo experiments supports the /n
vivo formation of G-quadruplexes,*® and BG4-seq experiments identified over 10,000
forming G4 sequences in the human genome.®** These G4 forming sequences are not
distributed randomly within the genome and play important roles in regulating
processes such as replication, transcription and translation.?®® However, most of the /n
vitro methodologies used to identify G4s rely on the use of chemically fixed genomes
and anti-G4 antibodies.?? It is in this context that we proposed the development and
study of a new class of photoactivatable G4 ligands to pave the way for developing a
new G4 mapping methodology, named chemical immunoprecipitation sequencing
(Chem-IP-seq). It is based on the preliminary alkylation of the G4 structures /n cellulo,
then, isolation and enrichment of the labelled G4 sequences by pull-down experiments
and sequencing, allowing to map the accessible G4 structures inside the genome. This
methodology has the advantage of not requiring chemical fixation allowing the ligand
to recognise and bind G4s in a dynamic system, and the formation of a covalent bond
avoids relocalisation of the ligand during treatment. This methodology requires a
trifunctional photoactivatable G4 ligand with the ability to i) specifically interact with
the G-quadruplexes, ii) generate a covalent bond with the G4s upon UV-activation, and
iii) be post-covalent binding functionalised with a hapten for enrichment. The first part
of the PhD work focused on the synthesis and study of these new trifunctional
photoactivatable G4 ligands.

These photoactivatable G4 ligands are based on the PDC (360A) core, selected for its
high affinity and selectivity for G4 structures.”®?1° The PDC core was functionalised
with two different moieties: a photoactivatable group to trap covalently the G-
quadruplexes and a terminal alkyne for post-covalent binding functionalisation. The
latter will allow the introduction of the hapten by CUAAC. The team has designed and
synthesised 15 new photoactivatable G4 ligands divided in two different families: 3
compounds belong to the “in-line” family and 12 to the “branched” family.

The first family has been obtained by tethering the 4-diazirine-7-octynoic acid, bearing
the photoactivatable moiety, to the PDC core through a diamino C2, C4 and DEG linker.
The second was obtained by tethering one of the three photoactivatable moieties
(benzophenone (Bph), benzyl trifluoromethyl diazirine (N2), and tetrafluorophenyl
azide (N3)) and one of the four spacers bearing the terminal alkyne (C1, C3, DEG and
TEG) to the PDC core through a N-azaneylbutyl-4-azaneylbutanamide linker. The
synthesis of the different photoactivatable G4 ligands studied in this PhD project has
been successfully realised by three different people: Dr. T. Masson, Mrs. C. Landras
Guetta, and myself.
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The ability of the photoactivatable G4 ligands to interact and stabilise the G4 structures
was confirmed by using FRET-melting and G4-FID assays. The two families presented
different affinities for the G4 structures due to the difference steric hindrance. The linear
linker and the compact diazirine bore by the PDC core in the in-line derivatives limit
the steric hindrance during interaction with the G4s. This less bulkier functionalisation
allows the in-line ligands to conserve most of the PDC core stabilisation properties with
only a reduction of about 10% to 20% of the AT1/,2 values measured in the presence of
all the G4 prototypes chosen for this study, and independently of the in-line linker
nature or length. Accordingly, the DCso values (< 0.5 uM, similar to ones displayed by
PDC) obtained from the G4-FID experiments showed the high propensity of the in-line
derivatives to displace thiazole orange in the presence of all the studied G4s. The
branched ligands present a ramified-type structure that is bulkier and therefore may
affect the interaction. This higher hindrance induces a more important negative impact
on the interaction and stabilisation with G4s. It results in a loss of about 50 to 80% of
the PDC core stabilisation properties. Surprisingly, the DCso values are less negatively
impacted and remain between 0.5 and 1.0 uM, corresponding to medium affinity
interacting G4 ligands. The branched derivatives present a much more structural
diversity, presenting three different photoactivatable moieties and four spacers bearing
the terminal alkyne. However, we did not observe a correlation between the different
functionalisation and the stabilisation, and the compounds presented the subsequent
ranking: C3/N2, C1/N3, DEG/N3 > N3 > N2 and Bph > C1/N2. This trend shows that
the N3 functionalisation has a slightly lower negative impact on the PDC stabilisation
than the N2 and Bph functionalisation. This could be explained by the smaller size of
the tetrafluorophenyl azide moiety as compared to the two others. There is no rational
impact of the spacer nature and length on the stabilisation, as shown by the three
stand-out branched compounds (C1/N3, C3/N2, DEG/N3) comprising three of the four
spacers (C1, C3, and DEG). Regarding selectivity, the in-line ligands conserve the
selectivity of PDC for the G4s against duplex DNA, differently the branched ligands are
more affected by the presence of a duplex competitor, mainly the ones displaying the
lower stabilisation. To sum up, both in-line and branched derivatives interact and
stabilise G4 structures with different efficiency, following this ranking: in-line > C3/N2,
C1/N3, DEG/N3 > N3 > N2 and Bph > C1/N2.
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The next step focused on the validation of the alkylation properties of these
photoactivatable G4 ligands: we studied the ability of these compounds to generate a
covalent bond with various G4 structures upon UV activation. Their abilities to generate
covalent adducts were evaluated using three G4 structures representing a variety of
loop lengths and conformations: 22AG forms a hybrid G4 characterised by short
propeller and lateral loops, cMYC22 forms a parallel G4 with only short (1-2 nt)
propeller loops, and CEB25wt¢ forming a parallel G4 with two short (1 nt) and a 9-nt
long propeller loops.

In-line derivatives present excellent alkylation yield with the three G4s (60% with 22AG,
40% with cMYC22, and 70% with CEB25w1#), showing no selectivity for a particular G4
topology. It is interesting to note the alkylation efficiency disparity between cMYC22
and CEB25wt both having a parallel topology with only propeller loops, but presenting
an important difference in alkylation efficiency. We hypothesise that the dynamic of
the 9-nt long loop of CEB25wt, with less demanding conformational restrain, increases
the number of accessible alkylation site.

The branched derivatives showed a marked selectivity for specific G4 structures: the
alkylation yield is low with 22AG (< 20%) and high with cMYC22 and CEB25 w¢ (> 50%).
In these compounds, the position of the photoactivatable moiety position remains the
same. We observed only a negligible variation in the alkylation efficiency between the
different photoactivatable moieties when compared with the same G4. This indicates
that the main parameter controlling the alkylation is the proximity between the
activated photoactivatable moiety and the alkylation site. These results highlight the
importance of the design of the photoactivatable G4 ligands: identifying the most
suitable position where to introduce the photoactivatable moiety will allow to not
perturb the G4 interaction and maximise the accessibility of the alkylation sites.

It is intriguing that the alkylation efficiency of 22AG is high with in-line derivatives but
low with branched derivatives. Further investigation is necessary to uncover the reason
for this topology specificity of the branched ligands. Recent studies have shown that
the switch from hybrid to antiparallel induced by the parented PhenDC3 modified the
mode of interaction from stacking to the external G-quartet to intercalation between
two G-quartets.?®® It would be worthwhile to investigate whether a similar change in
interaction mode is likely to occurs with PDC and its derivatives and whether it could
potentially affect the alkylation process for the branched compounds.
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To conclude, the in-line derivatives show a high alkylation efficiency with all the G4s
used for this study and should be able to trap any G4 structure with which the PDC
core interacts with. The branched derivatives showed alkylation efficiencies which are
more dependent on the G4 topology. This is why, the in-line compounds are used right
now by the research team to develop the Chem-IP-seq methodology.

To understand more about the alkylation properties of these compounds, the second
part of this PhD work consisted of determining the exact alkylation sites on the G4
structure, and improving our understanding of the alkylation process, from the
generation and characterisation of the reactive species to the elucidation of the
structural nature of the photoproducts obtained with nucleosides. Although work has
been completed in this context for benzophenone derivatives,?* the chemical nature
of the covalent modification of nucleosides by aliphatic diazirine is a new addition to
the current literature. This work focused on both the in-line and branched
benzophenone derivatives, with the successful synthesis of prototype mimics that
uniquely conserve the tethering function on the photoactivatable moiety to investigate
their photochemical properties.

The case of benzophenone is interesting, but is not particularly novel, as it has already
been applied for the alkylation of dsDNA??° and G4s.'® However, the Bph-CONEt.
prototype has never been exploited for photoaffinity labelling. Unfortunately, this
compound generates a very short-living transient (< 50 ns) which cannot be studied by
our nanosecond LFP due to its detection limit. This outcome is surprising when
compared to the long-lived transient (> 5 ps) generated by irradiation of Bph-COOH
and Bph-CONHMe, which is similar to unsubstituted benzophenone both exhibiting T+
(nm*) nature. We hypothesise that the shortening of the lifetime could be produced by
a rotor thermal relaxation process arising from the A, N-disubstituted amide. This
shorter lifetime does not seem to affect the alkylation efficiency observed between the
Bph series and the G4s, nor the thymidine selectivity as confirmed by the enzymatic
sequencing experiment. The only affected element is the time required for the
intermolecular reactivity due to the lower efficiency of the alkylation event, which
passes from hours for the benzophenone to days for Bph-CONEt2 when irradiating with
four lamps at 366 nm.

The reaction in the presence of thymidine generates solely oxetane photoproducts with
71% of hemiaminal ether regioisomers and 29% of the ether regioisomers. Both
chemical and enzymatic sequencing demonstrated the thermal reversibility of the main
photoadducts, and thermal stability experiment showed that only the hemiaminal ether
regioisomers were sensible and reversed upon heating.
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In conclusion, LFP did not confirm the triplet state T1 (nn") nature of the reactive excited
state. Nevertheless, the generation of oxetane photoadducts after extended irradiation
should be possible exclusively from a short-lived triplet state. We believe that it is the
first time that a short-lived triplet excited state transient, reverting to the ground state
in the absence of its target has been described and introduced into a ligand for
photoaffinity labelling strategy. This photoactivatable moiety opens up to new
opportunities allowing to bypass the main drawbacks faced by short-lived transient
species that often react through quenching pathways with other unwanted partners or
intramolecularly as deactivation to their ground state is not possible, while Bph-CONEt>
reverts to its ground state with no by-product formation in the absence of its targets.
In addition, the main product generated with DNA is the hemiaminal ether oxetane
which is thermally reversible and thus can release the undamaged original DNA
sequence. Following the prototype results, the labelling of thymidine by the branched
benzophenone series is summarised in the Figure 166.
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Figure 166: Reactivity of the Bph series based on the prototype results.
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The aliphatic diazirine has often been studied with amino acids to describe the
photoaffinity chemistry on peptides,’® but its reactivity toward nucleosides has yet to
be evaluated. We sought to characterise the photochemical properties of the F
N>NHMe prototype by LFP through trapping of the generated carbene into a
pyrimidine ylide transient. The pyrimidine ylide transient was formed, however,
presented a too-short lifetime (< 50 ns) to be studied with our nanosecond-LFP. The /-
N2NHMe photolysis in water is rapid, showing a total conversion in 30 min, which is
close to the reaction time to reach maximum G4 alkylation with the in-line
derivatives.?!" The prototype upon irradiation at 366 nm forms the alkene product from
the intramolecular [1,2] H-shift and the hydroxyl product from O-H insertion with the
water. It is important to point out the absence of alkyne reduction, the latter remaining
available for post-covalent binding functionalisation.

The intermolecular reaction in the presence of either dC or dA did not generate any
detectable photoadducts. However, the reaction in the presence of dT allowed to
identify and characterise two photoadducts: the N3-H insertion (#dT3) and O-H
insertion (#dT2) products. The reaction in the presence of dG allowed to identify, and
partially characterise, at least three photoadducts: the N1-H insertion (#dG1b) and the
O6-H insertion (#dG2 & #dG3) products, and we hypothesise the formation of the N3-
H insertion (#dG1a) product, which remains to be confirmed.

It is interesting to observe the absence of other insertions products, although the
aliphatic diazirine is considered to be able to react with any C-, O- and N-H bonds.®’
In addition, only functional groups bearing an acidic proton were able to react with the
reactive intermediate. Indeed, dC and dA lack acidic protons, instead, dT and dG have
one acid proton, with pKa of 9.93 (N3H/N3") and 9.42 (N1H/N1°) respectively. Following
the conclusion of O'Brien et a/2** and West et a/.’?8, the requirement of an acid proton
indicates that the reaction arises from the diazoisomer intermediate following an "ion
pair" pathway and not from the carbene. It would be interesting to confirm this
pathway by reproducing the reactions in the presence of BCN, to trap the diazoisomer
intermediate, and we could perform the reaction in non-physiological basic conditions
(pH > 10) as the deprotonation of the acidic NH should decrease the alkylation
yield.”®8233 As well, it would be interesting to reproduce these reactions using the
benzyl trifluoromethyl diazirine prototype as the diazoisomer should be stabilised and
not react by the "ion pair" mechanism as proposed by West et a/.'%8
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In addition, the ion pair pathway could explain the important proportion of O2- or O4-

H insertion on dT and O6- and N3-H insertion on dG, which cannot be explain uniquely

by the keto-enol tautomerisation. We hypothesise that the ion pair formation

promotes the secondary photoadduct formation by the negative charge being

delocalised between N3, 02, and O4 on dT, and N1, 06, and N3 on dG.

Based on the results obtained with the prototype and our hypothesis, the in-line

derivatives nucleic acids’ labelling mechanism is summarised in Figure 167.
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The study carried out in the presence of the prototype compound and dT and dG
involves intermolecular reactions when the reactions between the in-line ligands and
the G4 structures are pseudo-intramolecular (complex formation). The latter were
studied using chemical and enzymatic sequencing experiments, but did not allow to
determine the exact alkylation sites. Based on the aforementioned study, we
hypothesised that both accessible guanines and thymidines can be alkylated in the G4
structure. However, it would be interesting to tether the aliphatic diazirine prototype
to nucleosides to study the carbene reactivity that is a significant part of the
intramolecular reactivity.

The in-line derivatives have been demonstrated to alkylate the 5'-end of G4 structures,
and taking into account the photochemical studies carried out with the prototype
system, we can hypothesise both thymidine and guanosine alkylation. The prototype
studies indicate that the main alkylation sites are the N1H and O6, both facing the
cationic canal inside a G4. This confirms the dynamics of G4s, which are able to breathe
and open up as already demonstrated by previous studies, allowing the alkylation sites
to be accessible for the labelling.'7°24 It would be interesting to observe the impact of
the alkylation on the folding and stability of the G4s.
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Figure 168: Structure of the in-line shared scaffold.

Recently, aliphatic diazirine and terminal alkyne were both tethered to PDB and PDS
(Figure 168).2022%3 These ligands were employed in a photoaffinity labelling strategy to
investigate the interaction between G4 proteins and G4 structures. However, the
potential binding competition between the ligand and the proteins was not considered,
which could have biased to a certain degree the obtained results. Additionally, they
completely neglected the question of the direct G4 structure labelling. It would be
interesting to evaluate the competitive labelling of G4 structures in presence of G4
proteins. The Chem-IP-seq methodology remains to be fully developed, which will
allow us to identify the exact G4s the ligands can access in a dynamic system, such as
the one of live cells, and will also provide insights into G4 formation as a function of
the cellular type and state.
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I-N2NHMe (10 mM) + dA (50 mM) / injection 20 uL / PDA - Chromatogram 254 nm
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Figure S1: Chromatogram of the reaction between I-N;NHMe (10 mM) and dA (50 mM) after 30 min irradiation at 366 nm.

I-N2NHMe (10 mM) + dG (50 mM) / injection 20 uL / PDA - Chromatogram 254 nm
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Figure S2: Chromatogram of the reaction between I-N;NHMe (10 mM) and dG (50 mM) after 30 min irradiation at 366 nm.
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I-N2NHMe (10 mM) + dC (50 mM) / injection 20 uL / PDA - Chromatogram 254 nm
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Figure S3: Chromatogram of the reaction between I-N;,NHMe (10 mM) and dC (50 mM) after 30 min irradiation at 366 nm.

I-N2NHMe (10 mM) + dT (50 mM) / injection 20 uL / PDA - Chromatogram 254 nm
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Figure S4: Chromatogram of the reaction between I-N;NHMe (10 mM) and dT (50 mM) after 30 min irradiation at 366 nm.
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Synthesis

Synthesis and characterisation
For the photoactivatable G4 ligands and prototypes synthesis:

All commercially available chemicals were bought from Sigma-Aldrich, Acros, Fluorochem,
Fisher Scientific, TCI and Alfa Aesar as reagent grade and were used without further
purification. Anhydrous solvents (DMF, THF and DCM) were obtained from MBRAUN Solvent
Purification System. Melting points were determined on a Kofler system type WME from
Wagner & Munz. Thin-layer chromatography and flash chromatography were performed using
pre-coated silica gel plates (Merck 60 F254) with visualisation at 254 and 366 nm. Flash
chromatography was performed with silica gel 60 (40-63 um, Merk). Deuterated solvents
DMSO-de and CDCls were purchased from Eurisotop. All 'H NMR and APT 13C NMR spectra
were recorded on a Bruker Advance 300 MHz spectrometer using deuterated solvents and
TMS as internal standard. The spectra are reported in ppm and referenced to deuterated
DMSO (2.50 ppm for *H, 39.52 ppm for 13C) or deuterated CHCls3 (7.26 ppm for 'H, 77.16 ppm
for 3C). Data for *H NMR are reported as follows: chemical shift (6 ppm), multiplicity (s =
singlet, d = doublet, t = triplet, q = quartet, quint = quintet, dd = doublet of doublets, ddd =
doublet of doublet of doublets, dt = doublet of triplets, m = multiplet, bs = broad singlet),
coupling constant (Hz), integration. All compounds showed > 95% purity, assessed by HPLC
analysis using either UV absorbance or diode array detectors. Synthetic compounds were
analyzed by LC-MS experiments carried out on a HPLC Alliance 2695 unit (Waters, USA)
equipped with a Phenomenex Luna Omega Polar C18 column (50x3 mm i.d, 3 um) and coupled
to a low resolution mass spectrometry (ESI-MS) micromass ZQ 2000 (Waters).

Gradient HPLC injection: flow 0.6 mL/min; gradient elution: eluent A% H20 0.1% FA (formic
acid), eluent B% ACN 0.1% FA: 0 min (95/5), 7 min (5/95), 10 min (95/5), 11 min (95/5).

This work has benefited from the facilities and expertise of the Small Molecule Mass
Spectrometry platform and of the High-field NMR platform of ICSN (Centre de Recherche de
Gif - www.icsn.cnrs-gif.fr).

For the analytic and preparative photoreaction experiments:

All commercially available chemicals were bought from Sigma-Aldrich, Fisher Scientific and TCI
as reagent grade and were used without further purification. NMR spectra were recorded on
a Bruker Avance Neo 700MHz NMR spectrometer equipped with a 5 mm helium-cooled triple
resonance cryoprobe and using deuterated methanol CD30D purchased from Aldrich-sigma.
The spectra are reported in ppm and reference to deuterated methanol (3.31 ppm for 'H and
49.00 ppm for 3C). Data for 'H NMR are reported as follows: chemical shift (6§ ppm),
multiplicity (s = singlet, d = doublet, t = triplet, g = quartet, quint = quintet, dd = doublet of
doublets, ddd = doublet of doublet of doublets, dt = doublet of triplets, m = multiplet, bs =
broad singlet), coupling constant (Hz), integration. GC-MS, analytical and preparative
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photoreaction were realised inside glass test tube. Analytical experiments were carried out on
i) an Agilent system SERIES 1260 unit equipped with an Xselect HSS T3 C18 column (50x4.6
mm) for Bph-COOH photoreaction (method A), and ii) a Waters delta 600 equipped with a
Phenomenex Synergi™ Fusion-RP C18 column (250x10 mm, 4 um) for Bph-CONEt; (method
B) and -N2NHMe (method C) photoreaction. Preparative experiments were carried out on i)
a Shimadzu Prominence Modular HPLC for Bph-CONEt; (method D), ii) on a Waters delta 600
for -N2NHMe with thymidine (method E), and iii) on an Agilent system SERIES 1260 for I-
N2NHMe with 2'-deoxyguanosine (method F), equipped with a Phenomenex Synergi™ Fusion-
RP C18 column (250x10 mm, 4 um). UV-visible spectra were recorded on a Cary Eclipse 300
spectrophotometer with the photoactivatable G4 ligands and on a Cary Eclipse 60
spectrophotometer with the photoactivatable precursor and prototype.

Gradient HPLC injection A: flow 1 mL/min; gradient elution: eluent A% - aqueous buffer with
25 mM ammonium acetate, eluent B% - Acetonitrile: 0 min (100/0), 1 min (100/0), 6 min
(90/10), 8 min (90/10), 16 min (60/40), 26 min (60/40), 30 min (0/100), 32 min (100/0), 34 min
(100/0), 36 min (100/0).

Gradient HPLC injection B: flow 6 mL/min; gradient elution: eluent A% - aqueous buffer with
25 mM ammonium acetate, eluent B% - Acetonitrile: 0 min (100/0), 2 min (100/0), 20 min
(70/30), 40 min (60/40), 44 min (90/10), 46 min (90/10), 48 min (100/0), 52 min (100/0).

Gradient HPLC injection C: flow 6 mL/min; gradient elution: eluent A% - aqueous buffer with
25 mM ammonium acetate, eluent B% - Acetonitrile: 0 min (100/0), 2 min (100/0), 5 min
(90/10), 10 min (90/10), 15 min (80/20), 20 min (80/20), 25 min (75/25), 27 min (20/80), 28
min (20/80), 30 min (100/0), 32 min (100/0).

Gradient HPLC injection D: flow 5 mL/min; gradient elution: eluent A% - aqueous buffer with
25 mM ammonium acetate, eluent B% - Acetonitrile: 0 min (100/0), 2 min (100/0), 20 min
(70/30), 40 min (60/40), 44 min (90/10), 46 min (90/10), 48 min (100/0), 52 min (100/0).

Gradient HPLC injection E: flow 8 mL/min; gradient elution: eluent A% - aqueous buffer with
25 mM ammonium acetate, eluent B% - Acetonitrile: 0 min (100/0), 2 min (100/0), 5 min
(90/10), 10 min (90/0), 15 min (50/50), 25 min (50/50), 27 min (20/80), 28 min (20/80), 30 min
(100/0), 32 min (100/0).

Gradient HPLC injection F: flow 8 mL/min; gradient elution: eluent A% - aqueous buffer with
25 mM ammonium acetate, eluent B% - Acetonitrile: 0 min (100/0), 2 min (100/0), 5 min
(90/10), 10 min (90/10), 15 min (80/20), 20 min (80/20), 25 min (75/25), 27 min (20/80), 28
min (20/80), 30 min (100/0), 32 min (100/0).
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Photoactivatable G4 ligands synthesis:

4-chloro-N?,N5-bis(3-quinolyl)pyridine-2,6-dicarboxamide (PDC-CI) (3)

cl

Compound 3 was synthesised by following a previously reported method.?'* Under argon
atmosphere, dry DMF (1 eq., 0.27 mL, 3.5 mmol) was added dropwise to a suspension of
vacuum-dried chelidamic acid monohydrate (1 eq., 625 mg, 3.41 mmol) in SOCl, (32 eq., 8 mL,
110 mmol). The mixture was stirred under reflux for 16 h. The volatiles were removed in
vacuo, giving the crude 4-chloropyridine-2,6-dicarbonyl chloride 2 as an off-white solid. This
intermediate was dissolved in dry DMF (4.5 mL) and added in small portions to a mixture of 3-
aminoquinoline (2.6 eq.,1.28 g, 8.88 mmol) and triethylamine (2.6 eq., 1.23 mL, 8.87 mmol) in
dry DMF (8 mL), stirred at 0 °C. The mixture was stirred at r.t. overnight and poured into water
(200 mL). The white solid was collected by filtration, thoroughly washed with water and dried
in vacuo, to give compound 3 (981 mg, 63%) as a white solid.

1H NMR (300 MHz, DMSO-ds) & (ppm): 11.45 (s, 2H), 9.36 (d, J = 2.4 Hz, 2H), 8.98 (d, J = 2.1 Hz,
2H), 8.12 — 8.01 (m, 4H), 7.74 (t, J = 6.8 Hz, 2H), 7.65 (t, J = 7.1 Hz, 2H).

4-[(4-aminobutyl)amino]-N?,N5-di(quinolin-3-yl)pyridine-2,6-dicarboxamide (PDC-C4-NH>)
(5)

NH.
NSNS NHe

A

O, I/ (o]
N
N NH HN I\N
I/ 4

Compound 5 was synthesised by modifying a previously reported method.'”® PDC-CI 3 (1 eq.,
193 mg, 0.43 mmol) was suspended in 1,4-butanediamine (82 eq., 0.88 mL, 34.8 mmol) and
TEA (5 eq., 0.29 mL, 2.08 mmol) was next added. The resulting mixture was stirred at 70 °C for
3.5 h under argon atmosphere. After that time, the reaction was allowed to cool down to r.t.
and concentrated under reduced pressure. An aqueous solution of Na.CO3 1% was added and
the precipitate was filtered and washed with water. The afforded solid was suspended ina 1:1
mixture EtOAc/Et,0 and concentrated three times, before proceeding with the filtration to
obtain the expected product as a beige solid (76 mg, 35%).

1H NMR (300 MHz, DMSO-ds) & (ppm): 11.31 (s, 2H), 9.37 (d, J = 2.1 Hz, 2H), 8.97 (d, J = 1.7 Hz,
2H), 8.04 (d, J = 8.3 Hz, 3H), 7.72 (t, J = 7.3 Hz, 2H), 7.64 (t, J = 7.4 Hz, 2H), 7.60 — 7.53 (m, 2H),
2.63 (t, J = 6.8 Hz, 2H), 1.66 (quint, J = 6.6 Hz, 2H), 1.50 (quint, J = 7.0 Hz, 2H).
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4-ethoxy-4-oxobutan-1-aminium (12)
[¢]

NP PNLOXe

Compound 12 was synthesised by following a previously reported method.?*> Thiony! chloride
(2.5 eq., 5.3 mL, 72.7 mmol) was added dropwise at 0 °C to a stirred suspension of
commercially available 4-aminobutyric acid 11 (1 eq., 3.0 g, 29.0 mmol) in EtOH (54 mL). The
pale-yellow homogeneous reaction mixture was heated to reflux for 5 h. Volatiles were
removed under vacuum and the resulting solid was washed with Et;0, yielding the expected
product as a white solid (4.6 g, 94%).

1H NMR (300 MHz, DMSO-ds) & (ppm): 8.12 (s, 3H), 4.06 (q, J = 7.1 Hz, 2H), 2.85 — 2.69 (m, 2H),
2.41(t,J = 7.4 Hz, 2H), 1.88 — 1.73 (m, 2H), 1.18 (t, J = 7.1 Hz, 3H).

2-(2-(prop-2-yn-1-yloxy)ethoxy)ethan-1-ol (14)

HO\/\O/\/O\///

Compound 14 was synthesised by following a previously reported method.?*® To a suspension
of t-BuOK (0.5 eq., 598 mg, 5.34 mmol) in dry THF (30 mL) was added diethylene glycol 13 (1
eq., 1.11 g, 10.47 mmol) at 0 °C under argon atmosphere. The reaction mixture was allowed
to stir at r.t. for 30 min then Propargyl Bromide (0.5 eq., 0.58 mL, 5.34 mmol) in dry THF (3
mL) was added dropwise. The heterogeneous reaction mixture was left to stir for 16 h at r.t.
The reaction mixture was diluted with THF and filtered through a celite pad. The crude mixture
was concentrated under vacuum and purified by SiO, gel chromatography eluted with
DCM/EtOAc 1:1 to give the expected product as a yellowish oil (520 mg, 68%).

1H NMR (300 MHz, CDCls) & (ppm): 4.22 (d, J = 2.4 Hz, 2H), 3.75 — 3.65 (m, 6H), 3.63 — 3.56 (m,
2H), 3.10 (t, J = 5.7 Hz, 1H), 2.50 (t, J = 2.4 Hz, 1H).

3-(2-(2-bromoethoxy)ethoxy)prop-1-yne (15)

Bf\/\o/\/o\///

Compound 15 was synthesised by following a previously reported method.?*” Previously
prepared compound 14 (1 eq., 0.41 g, 2.87 mmol) was dissolved in dry DCM (10 mL) and the
solution was cooled to 0 °C under argon atmosphere. PPhs3 (1.2 eq., 0.9 g, 3.44 mmol) was
added and the solution was stirred for 15 min at 0°C. CBr4 (1.2 eq., 1.14 g, 3.44 mmol) was
added and the solution was stirred for additional 30 min at 0 °C before being allowed to warm
up to r.t. The reaction mixture was stirred overnight and volatiles were removed under
vacuum. The crude mixture was purified by SiO, gel chromatography eluted with
hexane/EtOAc 9:1 to give the expected product as a yellowish oil (427 mg, 72%).

1H NMR (300 MHz, CDCls) § (ppm): 4.22 (d, J = 2.3 Hz, 2H), 3.82 (t, J = 6.3 Hz, 2H), 3.71 (s, 4H),
3.48 (t, J = 6.3 Hz, 2H), 2.45 (t, J = 2.2 Hz, 1H).
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Ethyl 4-((2-(2-(prop-2-yn-1-yloxy)ethoxy)ethyl)amino)butanoate (16)

/\oj\/\/ﬂ\/\o,\/o\///

To a mixture of previously prepared compound 12 (3 eq., 1.06 g, 6.36 mmol) and TEA (4 eq.,
1.18 mL, 8.49 mmol) in dry ACN (20 mL) was added dropwise at 0 °C, a solution of 15 (1 eq.,
439 mg, 2.12 mmol) in dry ACN (2 mL) under argon atmosphere. The mixture was stirred under
argon at 0 °C for 30 min and then 48 h at 40 °C. Volatiles were removed under vacuum and
the crude mixture was filtered with THF, then purified by SiO; gel chromatography eluted with
DCM/EtOH from 0 to 4% to give the expected product as a yellowish oil (263 mg, 48%).

1H NMR (300 MHz, CDCls) & (ppm): 6.36 (s, 1H), 4.21 (g, J = 8.3 Hz, 2H), 4.14 (dt, J = 7.1 Hz, 5.7
Hz, 2H), 3.97 — 3.90 (t, J = 5.0 Hz, 2H), 3.76 — 3.66 (m, 4H), 3.26 (t, J = 5.0 Hz, 2H), 3.18 (t, J =
7.2 Hz, 2H), 2.56 — 2.45 (m, 3H), 2.20 (quint, J = 7.5 Hz, 2H), 1.27 (t, J = 7.1 Hz, 3H).; 13C NMR
(75 MHz, CDCls) & (ppm): 172.84, 79.32, 75.06, 70.15, 68.97, 65.91, 60.94, 58.42, 47.50, 47.23,
31.43, 21.25, 14.17.

4-benzoylbenzoyl chloride (21)

sael

o

A mixture of commercially available carboxylic acid benzophenone derivative 18 (1 eq.) in
thionyl chloride (70 eq.) was heated at reflux for 2 h under argon atmosphere. Volatiles were
removed under vacuum yielding quantitatively the expected product without any further
purification.

4-(3-(trifluoromethyl)-3H-diazirin-3-yl)benzoyl chloride (22)

4-[3-(trifluoromethyl)-3H-diazirin-3-yl]benzoic acid 19 (1 eq.) was dissolved in SOCI, (27.5 eq.)
and the mixture was stirred for 20 h under argon atmosphere. Volatiles were removed under
vacuum yielding quantitatively the expected product without any further purification.
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4-azido-2,3,5,6-tetrafluorobenzoyl chloride (23)

F
Ng F

Cl
F

F o

The commercially available carboxylic acid 20 (1 eq.) was dissolved in Et,O and was reacted
with PCls (1.1 eq.) under argon atmosphere for 2 h. Volatiles were removed under vacuum
yielding quantitatively to the expected product without any further purification.

Ethyl 4-(4-benzoyl-N-(2-(2-(prop-2-yn-1-yloxy)ethoxy)ethyl)benzamido)butanoate (24)

o
OO
/\OJ\/\/N\/\O/\/O\///

To a mixture of 16 (1 eq., 492 mg, 1.91 mmol) and TEA (2 eq., 0.53 mL, 3.82 mmol) in dry DCM
(8 mL) was added dropwise a solution of freshly prepared 21 (2 eq., 936 mg, 3.82 mmol) in dry
DCM (8 mL) at 0 °C under argon. The mixture was stirred at 0 °C for 1 h before being allowed
to warm to r.t. The mixture was stirred for 16 h under argon atmosphere before being cooled
down to 0 °C. Water was added dropwise followed by addition of a saturated solution of
NaHCOs. The organic layer was separated and the aqueous phase was extracted several times
with DCM. The organic layers were combined and dried over MgSQ,, filtrated and
concentration under vacuum. The mixture was purified by SiO, gel chromatography eluted
with DCM/EtOAc from 100:0 to 80:20 to give the expected product as a pale-yellow oil (370
mg, 42%).

Presence of two conformers: *H NMR (300 MHz, CDCls) & (ppm): 7.82 (t, J = 7.1 Hz, 4H), 7.61
(t,J=7.3 Hz, 1H), 7.51 (q, J = 7.4 Hz, 3H), 4.18 (t, J = 8.6 Hz, 3H), 4.05 (d, J = 6.9 Hz, 1H), 3.79 —
3.53 (m, 8H), 3.47 (s, 1H), 3.39 (d, J = 7.1 Hz, 1H), 2.42 (d, J = 6.1 Hz, 2H), 2.15 (t, J = 7.0 Hz,
1H), 2.03 (t, J = 7.4 Hz, 1H), 1.86 (t, J = 7.0 Hz, 1H), 1.24 (m, 3H).; 13C NMR (75 MHz, CDCls) &
(ppm): 196.2, 171.5, 171.2, 171.1, 140.7, 140.6, 138.4, 138.2, 137.3, 133.0, 132.7, 132.6,
130.4, 130.1, 128.7,128.4,127.3, 126.9, 126.8, 126.5, 126.4, 76.2, 70.5, 70.4, 69.6, 69.2, 68.9,
60.7, 58.6, 49.9, 48.5, 44.8, 31.9, 29.9, 23.9, 22.8, 14.3.; LC/MS: Retention time 6.58 min, m/z
(ESI+) = 466.3 [M+H]*.

Ethyl 4-(N-(2-(2-(prop-2-yn-1-yloxy)ethoxy)ethyl)-4-(3-(trifluoromethyl)-3H-diazirin-3-
yl)benzamido) butanoate (25)

[¢]
(¢}
/\OJ\/\/N\/\O/\/O///
To a mixture of 16 (1 eq., 200 mg, 0.78 mmol) and TEA (2 eq., 0.22 mL, 1.56 mmol) in dry DCM
(8 mL) was added dropwise a solution of freshly prepared 22 (1.5 eq., 290 mg, 1.17 mmol) in
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dry DCM (2 mL) at 0 °C under argon. The mixture was stirred at 0 °C for 1 h before being
allowed to warm to r.t. The mixture was stirred for 16 h under argon atmosphere before being
cooled down to 0 °C. Water was added dropwise followed by addition of a saturated solution
of NaHCOs. The organic layer was separated and the agueous phase was extracted several
times with DCM. The organic layers were combined and dried over MgSQs, filtrated and
concentration under vacuum. The mixture was purified by SiO; gel chromatography eluted
with DCM/EtOAc 9:1 to give the expected product as a pale-yellow oil (160 mg, 44%).

Presence of two conformers: *H NMR (300 MHz, CDCls) & (ppm): 7.50 — 7.35 (m, 2H), 7.22 (d,
J = 8.0 Hz, 2H), 4.23-4.10 (m, 3H), 4.07 — 3.97 (m, 1H), 3.80-3.47 (m, 8H), 3.41 (br s, 1H), 3.32
(brs, 1H), 2.48-2.35 (m, 2H), 2.13 (s, 1H), 1.99 (s, 1H), 1.83 (s, 1H), 1.32-1.12 (m, 3H).; 3C NMR
(75 MHz, CDCls) 6 (ppm): 173.3, 171.1, 138.2, 130.1, 127.7, 127.3, 127.2, 126.7, 123.9, 120.3,
79.6,74.8, 70.5,70.4, 69.2, 68.6, 60.6, 58.5, 49.6, 48.9, 44.9, 44.7, 31.6, 31.1, 28.7, 28.2, 23.8,
22.7,14.3.; LC/MS: Retention time 6.94 min, m/z (ESI+) = 470.5 [M+H]".

Ethyl 4-(4-azido-2,3,5,6-tetrafluoro-N-(2-(2-(prop-2-yn-1-
yloxy)ethoxy)ethyl)benzamido)butanoate (26)

F
F. N3

o
/\OJOK/\/N\/F\O/F\/O\///

To a mixture of 16 (1 eqg., 310 mg, 1.2 mmol) and TEA (2 eq., 0.35 mL, 2.5 mmol) in dry DCM
(10 mL) was added dropwise a solution of freshly prepared 23 (1.5 eq., 458 mg, 1.8 mmol) in
dry DCM (5 mL) at 0 °C under argon. The mixture was stirred at 0 °C for 1 h before being
allowed to warm to r.t. The mixture was stirred 16 h under argon atmosphere before being
cooled down to 0 °C. Water was added dropwise followed by a saturated solution of NaHCOs.
The organic layer was separated and the aqueous phase was extracted several times with
DCM. The organic layers were combined and dried over MgSO,, filtrated and concentration
under vacuum. The mixture was purified by SiO gel chromatography eluted with DCM/EtOAc
0 to 3% to give the expected product as a pale-yellow oil (187 mg, 33%).

Presence of two conformers: *H NMR (300 MHz, CDCls) 6 (ppm): 4.22 - 4.10 (m, 3H), 4.05 (q,
J=7.1Hz, 1H), 3.83 - 3.46 (m, 8H), 3.44 — 3.31 (m, 2H), 2.46 — 2.34 (m, 2H), 2.20 (t, J = 6.8 Hz,
1H), 1.99 (quint, J = 7.2 Hz, 1H), 1.83 (quint, J = 7.3 Hz, 1H), 1.24 (m, 3H).; 3C NMR (75 MHz,
CDCl3) & (ppm): 144.54, 144.27, 142.30, 142.27, 138.91, 80.26, 74.59, 70.66, 70.52, 69.17,
69.10, 68.57, 60.72, 58.51, 49.31, 48.88, 45.43, 31.28, 30.40, 23.35, 22.60, 14.38.; LC/MS:
Retention time 6.81 min, m/z (ESI+) = 475.3 [M+H]".

199



4-(4-benzoyl-N-(2-(2-(prop-2-yn-1-yloxy)ethoxy)ethyl)benzamido)butanoic acid (27)

OO

HOJJ\/\/N\/\O/\/O\///

To the previously synthesised compound 24 (1 eq., 337 mg, 0.72 mmol) in EtOH (2 mL) / DCM
(2 mL) was added dropwise a solution of NaOH (2 eq., 60 mg, 1.49 mmol) in water (1 mL) at 0
°C. The reaction mixture was allowed to warm to r.t. and stirred 16 h. Volatiles were removed
under vacuum and the residue was solubilised in water, washed 3 times with EtOAc and the
aqueous layer was then acidified to pH = 1 by addition of an aqueous solution of 10% HCIl. The
aqueous layer was extracted several times with EtOAc and the organic layers were dried over
MgSO0., filtered and concentrated to give the expected product as a colourless oil (277 mg,

88%).

Presence of two conformers: *H NMR (300 MHz, CDCls) & (ppm): 7.81 (t, J = 7.1 Hz, 4H), 7.61
(t,J=7.4 Hz, 1H), 7.51 (q, J = 7.2 Hz, 4H), 4.19 (d, J = 7.7 Hz, 2H), 3.82 — 3.35 (m, 10H), 2.44 (s,
2H), 2.19 (s, 1H), 2.02 (s, 1H), 1.85 (s, 1H).; 13C NMR (75 MHz, CDCls) & (ppm): 196.1, 171.7,
171.2,140.3,138.2,137.1,132.8,130.1, 128.4, 127.0, 126.5, 70.4, 69.1, 68.7, 58.4, 49.4, 48.9,
44.9,44.7,29.7, 23.5, 22.6.; LC/MS: Retention time 5.84 min, m/z (ESI+) = 438.19 [M+H]".

4-(N-(2-(2-(prop-2-yn-1-yloxy)ethoxy)ethyl)-4-(3-(trifluoromethyl)-3H-diazirin-3-
yl)benzamido) butanoic acid (28)

N=N

CF3

o
HOJOI\/\/N\/\O/\/O///

To the previously synthesised compound 25 (1 eq., 160 mg, 0.34 mmol) in EtOH (1.1 mL) /
DCM (1.1 mL) was added dropwise a solution of NaOH (2 eq., 27 mg, 0.68 mmol) in water (0.6
mL) at 0 °C. The reaction mixture was allowed to warm to r.t. and stirred 16 h. Volatiles were
removed under vacuum and the residue was solubilised in water, washed 3 times with EtOAc
and the pH of the aqueous layer was adjusted to pH = 1 by adding an aqueous solution of 10%
HCI. The aqueous layer was extracted several times with EtOAc and the organic layers were
dried over MgSQO., filtered and concentrated to give the expected product as a colourless oil
(130 mg, 86%).

14 NMR (300 MHz, DMSO-ds) & (ppm): 7.56 — 7.42 (m, 2H), 7.31 (d, J = 7.8 Hz, 2H), 4.13 (s, 2H),
3.62 — 3.37 (m, 9H), 3.28 (s, 2H), 3.17 (s, 1H), 2.28 (s, 1H), 2.03 (s, 1H), 1.81 (s, 1H), 1.67 (s,
1H).; 3C NMR (75 MHz, DMSO-dg) & (ppm): 174.3, 169.9, 138.9, 130.0, 128.0, 127.9, 127.3,
126.3, 123.7, 120.0, 116.4, 80.3, 79.1, 77.1, 69.5, 68.5, 67.5, 57.5, 48.2, 43.7, 31.2, 30.5, 28.3,
27.8,23.4, 22.4.; LC/MS: Retention time 6.24 min, m/z (ESI+) = 442.5 [M+H]".
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4-(4-azido-2,3,5,6-tetrafluoro-N-(2-(2-(prop-2-yn-1-
yloxy)ethoxy)ethyl)benzamido)butanoic acid (29)

X

Hoj\/\/“‘\/F\o/\/O\///

To the previously synthesised compound 26 (1 eq., 179 mg, 0.38 mmol) in EtOH (1.4 mL) /
DCM (1.4 mL) was added dropwise a solution of NaOH (2 eq., 30.2 mg, 0.75 mmol) in water
(0.7 mL) at 0 °C. The reaction mixture was allowed to warm to r.t. and stirred 16 h. Volatiles
were removed under vacuum and the residue was solubilised in water, washed 3 times with
EtOAc and the pH of the aqueous layer was adjusted to pH = 1 by adding a aqueous solution
of 10% HCI. The aqueous layer was extracted several times with EtOAc and the organic layers

were dried over MgSQy, filtered and concentrated to give the expected product as a colourless
oil (120 mg, 71%).

Presence of two conformers: *H NMR (300 MHz, CDCls) 6 (ppm): 4.18 (dd, J = 11.1 Hz, 2.4 Hz,
2H), 3.76 (d, J = 3.4 Hz, 2H), 3.70 — 3.62 (m, 4H), 3.57 (dd, J = 5.8 Hz, 2.8 Hz, 1H), 3.51 (t, J = 5.0
Hz, 1H), 3.44 — 3.32 (m, 2H), 2.50 — 2.41 (m, 2H), 2.31 (t, J = 6.5 Hz, 1H), 2.01 (quint, J = 7.1 Hz,
1H), 1.84 (quint, J = 7.0 Hz, 1H).; 3C NMR (75 MHz, CDCls) & (ppm): 178.1, 177.9, 177.5, 159.4,
144.5, 142.4, 139.0, 133.4, 77.4, 74.8, 70.7, 70.5, 69.3, 69.2, 69.1, 68.6, 58.5, 49.0, 45.8, 45.1,
30.9, 29.9, 23.1, 22.4.; LC/MS: Retention time 6.26 min, m/z (ESI+) = 447.4 [M+H]*.

4-((10-(4-benzoylbenzoyl)-14-oxo-4,7-dioxa-10,15-diazanonadec-1-yn-19-yl)amino)-N?,N®-
di(quinolin-3-yl)pyridine-2,6-dicarboxamide (30)

YENS;/\/ /\/OV\O

Compound 27 (1.2 eq., 91 mg, 0.21 mmol) was sheltered from light and dissolved in DMF (1
mL). DIEA (3.1 eq., 0.09 mL, 0.54 mmol) and PDC-C4-NH, 5 (1 eq., 103 mg, 0.17 mmol) was
added under argon at 0 °C. The mixture was stirred 5 min and HATU (1.5 eq., 99 mg, 0.26
mmol) in DMF (0.7 mL) was slowly added. The reaction mixture was allowed to warm to r.t.
and stirred 1 h. The volatiles were removed under vacuum. The crude was purified by SiO; gel

chromatography eluted with DCM/EtOH from 0 to 8% to give the expected product as a white
solid (88 mg, 55%).

1H NMR (300 MHz, CDCls) & (ppm): 10.35 (s, 2H), 9.10 (s, 2H), 8.71 (s, 2H), 7.98 (d, J = 8.3 Hz,
2H), 7.63 (m, 9H), 7.40 (m, 10H), 5.96 (s, 1H), 4.16 — 4.02 (m, 2H), 3.74 — 3.48 (m, 6H), 3.46 —
3.38 (m, 3H), 3.38 — 3.27 (m, 3H), 3.16 (s, 3H), 2.39 (t, J = 2.3 Hz, 1H), 2.25 (d, J = 6.3 Hz, 2H),
2.05 — 1.89 (m, 3H), 1.42 (d, J = 7.5 Hz, 1H).; 13C NMR (75 MHz, CDCls) & (ppm): 195.3, 172.4,
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171.6,171.0,170.1,169.9, 163.2, 156.3, 146.1, 144.7,141.0, 140.7, 137.1, 136.8, 132.9, 132.0,
129.7,128.7,128.6,128.3,127.9,127.8,127.2,127.0,126.5, 124.1, 80.3, 77.1, 69.5, 68.5, 67.6,
59.2,58.9, 57.6, 53.6, 48.7, 48.3, 48.1, 43.9, 41.8, 39.5, 38.1, 32.9, 32.2, 31.3, 29.1, 28.8, 26.8,
25.6, 23.3, 22.1.; LC/MS: Retention time 6.85 min, m/z (ESI+) = 925.7 [M+H]".

4-((14-ox0-10-(4-(3-(trifluoromethyl)-3H-diazirin-3-yl)benzoyl)-4,7-dioxa-10,15-
diazanonadec-1-yn-19-yl)amino)-N?2,Né-di(quinolin-3-yl)pyridine-2,6-dicarboxamide (31)

HN/\/\/ \n/\/\ /\/0\/\0

L T
oA

Compound 28 (1.2 eq., 91 mg, 0.21 mmol) was sheltered from light and dissolved in DMF (1.5
mL). DIEA (3 eq., 0.085 mL, 0.52 mmol) and PDC-C4-NH, 5 (1 eq., 87 mg, 0.17 mmol) was added
under argon at 0 °C. The mixture was stirred 5 min and HATU (1.5 eq., 98 mg, 0.26 mmol) in
DMF (0.5 mL) was slowly added. The reaction mixture was allowed to warm to r.t. and stirred
1 h. The volatiles were removed under vacuum. The crude product was purified by SiO; gel
chromatography eluted with DCM/EtOH from 0 to 8% to give the expected product as a white
solid (117 mg, 74%).

1H NMR (300 MHz, CDCls) & (ppm): 10.34 (s, 2H), 9.10 (s, 2H), 8.74 (s, 2H), 7.98 (d, J = 8.3 Hz,
2H), 7.67 (d, J = 8.0 Hz, 2H), 7.59 (t, J = 7.5 Hz, 2H), 7.47 (t, J = 7.2 Hz, 2H), 7.42 — 7.21 (m, 4H),
7.00 (d, J = 7.9 Hz, 2H), 6.01 (s, 1H), 4.14 - 4.03 (m, 2H), 3.66 — 3.24 (m, 13H), 3.14 (s, 2H), 2.43
(t, J = 2.4 Hz, 1H), 2.25 (s, 2H), 1.93 (s, 2H), 1.63 (s, 4H).; 3C NMR (75 MHz, CDCls) & (ppm):
173.1,172.3, 163.5, 156.3, 149.1, 145.1, 145.1, 137.6, 131.7, 130.4, 128.9, 128.4, 128.1, 127.6,
126.7, 124.8, 124.0, 120.4, 79.7, 77.4, 70.6, 69.3, 68.5, 58.7, 49.1, 45.0, 42.9, 39.4, 33.9, 30.0,
28.8, 28.3, 27.4, 26.2, 23.8.; LC/MS: Retention time 6.95 min, m/z (ESI+) = 929.7 [M+H]".

4-((10-(4-azido-2,3,5,6-tetrafluorobenzoyl)-14-oxo0-4,7-dioxa-10,15-diazanonadec-1-yn-19-
yl)amino)-N?,Né-di(quinolin-3-yl)pyridine-2,6-dicarboxamide (32)

HN/\/\/ \n/\/\ /\/O\/\O

e T
&%

Compound 29 (1.2 eq., 117 mg, 0.26 mmol) was sheltered from light and dissolved in DMF
(1.4 mL). DIEA (3 eq., 0.11 mL, 0.66 mmol) and PDC-C4-NH, 5 (1 eq., 110 mg, 0.22 mmol) was

added under argon at 0 °C. The mixture was stirred 5 min and HATU (1.5 eq., 124 mg, 0.33
mmol) in DMF (0.8 mL) was slowly added. The reaction mixture was allowed to warm to r.t.
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and stirred 1 h. The volatiles were removed under vacuum. The crude was purified by SiO; gel
chromatography eluted with DCM/EtOH from 0 to 5% to give the expected product as a white
solid (61 mg, 30%).

14 NMR (300 MHz, DMSO-de) & (ppm): 10.39 (s, 2H), 9.17 (d, J = 1.7 Hz, 2H), 8.86 (d, J = 1.5 Hz,
2H), 8.54 (dd, J = 4.4 Hz, 1.3 Hz, 1H), 8.22 (dd, J = 8.4 Hz, 1.2 Hz, 1H), 8.06 (t, J = 6.7 Hz, 2H),
7.68 (m, 3H), 7.52 (t, J = 7.2 Hz, 1H), 7.35 (d, J = 6.0 Hz, 1H), 7.27-7.19 (m, 1H), 5.98 (s, 1H),
4.10 (d, J = 2.3 Hz, 2H), 3.75 (d, / = 6.6 Hz, 2H), 3.64 — 3.09 (m, 13H), 2.39 (t, / = 2.3 Hz, 1H),
2.22 (t,J = 6.8 Hz, 1H), 1.42 (m, 6H).; 3C NMR (75 MHz, DMSO-de) & (ppm): 171.8, 171.5, 163.6,
156.7,151.4,146.5,145.1,140.1,135.1, 132.4, 129.3,129.1, 128.8, 128.3, 128.2,127.6, 124.5,
80.6, 69.9, 68.9, 68.8, 68.1, 58.0, 54.0, 48.9, 48.4,44.9,44.8,42.3, 38.6, 33.0, 27.2, 26.1, 23.5,
22.6.; LC/MS: Retention time 6.89 min, m/z (ESI+) = 934.6 [M+H]".

3,3'-((4-((10-(4-benzoylbenzoyl)-14-oxo0-4,7-dioxa-10,15-diazanonadec-1-yn-19-
yl)amino)pyridine-2,6-dicarbonyl)bis(azanediyl))bis(1-methylquinolin-1-ium) iodide (PDCs-
DEG-Bph (DEG/Bph)) (8)

HN/\/\/N\H/\/\N/\/O\/\O/\\\

Mel (100 eq., 0.53 mL, 8.51 mmol) was added slowly to a solution of 30 (1 eq., 77.5 mg, 0.084
mmol) in DMF (0.65 mL) under argon atmosphere sheltered from the light. The reaction
mixture was stirred for 16 h at 40 °C. Volatiles were removed under vacuum and the resulting
solid was suspended in EtOH, washed several times with EtOH and dried with Et,0, affording
compound 8 as a yellow solid (50.9 mg, 50%).

14 NMR (300 MHz, DMSO-ds) & (ppm): 11.70 (s, 1H), 10.13 (s, 1H), 9.64 (s, 2H), 8.55 (dd, J =
8.2 Hz, 5.1 Hz, 4H), 8.22 (t, J = 7.9 Hz, 2H), 8.07 (t, J = 7.6 Hz, 2H), 7.72 (m, 7H), 7.54 (m, 6H),
4.78 (s, 6H), 4.14 (d, J = 10.2 Hz, 2H), 3.54 (m, 9H), 3.30—-3.12 (m, 4H), 3.02 (d, J = 5.2 Hz, 1H),
2.55 (s, 1H), 2.16 (d, J = 6.9 Hz, 1H), 1.89 - 1.70 (m, 3H).; 23C NMR (75 MHz, DMSO-ds) & (ppm):
195.3,171.6,170.1,163.2,156.5, 144.7,141.0, 137.1, 136.7, 135.7, 134.1, 133.9, 132.9, 132.4,
130.4, 129.9, 129.7, 129.2, 128.6, 127.0, 126.5, 119.3, 80.3, 77.1, 69.5, 68.5, 67.6, 57.5, 46.2,
41.8,38.1, 34.4,32.9, 26.2, 25.5.; LC/MS: Retention time 5.11 min, m/z (ESI+) = 954.1 [M-H]*,;
HRMS (ESI, m/z) calcd. for formula C56H58IN8O7* [M-I]* = 1081.3468; found = 1081.3521.
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3,3'-((4-((14-oxo0-10-(4-(3-(trifluoromethyl)-3H-diazirin-3-yl)benzoyl)-4,7-dioxa-10,15-
diazanonadec-1-yn-19-yl)amino)pyridine-2,6-dicarbonyl)bis(azanediyl))bis(1-
methylquinolin-1-ium) iodide (PDC4s-DEG-N2 (DEG/N2)) (9)

HN/\/\/ \n/\/\ /\/0\/\0

*©¥~\

O N CF3

=

_z'
\ 7

Mel (100 eq., 0.71 mL, 11.4 mmol) was added slowly to a solution of 31 (1 eq., 105 mg, 0.11
mmol) in DMF (0.9 mL) under argon atmosphere sheltered from the light. The reaction mixture
was stirred for 16 h at 35 °C. Volatiles were removed under vacuum and the resulting solid
was suspended in EtOH, washed several times with EtOH and dried with Et;0, affording
compound 9 as a yellow solid (103 mg, 75%).

1H NMR (300 MHz, DMSO-ds) & (ppm): 11.72 (s, 2H), 10.14 (d, J = 1.7 Hz, 2H), 9.66 (s, 2H), 8.56
(dd, J = 8.4 Hz, 2.7 Hz, 4H), 8.24 (t, J = 8.0 Hz, 2H), 8.08 (t, J = 7.6 Hz, 2H), 7.91 (d, J = 13.2, 1H),
7.75 (m, 2H), 7.59 — 7.43 (m, 3H), 7.31 (d, J = 8.0 Hz, 2H), 4.79 (s, 6H), 4.13 (s, 2H), 3.65 — 3.39
(m, 13H), 3.29 (s, 3H), 3.15 (s, 2H), 3.02 (s, 1H), 2.56 (t, J = 5.6 Hz, 1H), 2.15 (t, J = 7.4 Hz, 1H),
1.86 (m, 2H).; 13C NMR (75 MHz, DMSO-dg) & (ppm): 171.6, 169.8, 163.2, 156.6, 144.8, 138.9,
138.6,135.7,134.1,133.9,132.4,130.4,129.9,129.2,127.9,127.3, 126.3,123.6,120.0, 119.3,
77.1,69.4,68.5,67.6,67.4,57.5,48.1,46.2,43.9, 41.8, 34.4, 32.8, 28.3, 26.7, 26.2, 25.5, 23.2,;
LC/MS: Retention time 5.33 min, m/z (ESI+) = 957.8 [M-H]*.; HRMS (ESI, m/z) calcd. for
formula C51H53F3IN1006* [M-I]* = 1085.3141; found = 1085.3181.

3,3'-((4-((10-(4-azido-2,3,5,6-tetrafluorobenzoyl)-14-oxo0-4,7-dioxa-10,15-diazanonadec-1-
yn-19-yl)amino)pyridine-2,6-dicarbonyl)bis(azanediyl))bis(1-methylquinolin-1-ium) iodide
(PDC4-DEG-N3 (DEG/N3)) (10)

Mel (100 eq., 0.33 mL, 5.3 mmol) was added slowly to a solution of 32 (1 eq., 48 mg, 0.05
mmol) in ACN (4 mL) under argon atmosphere sheltered from the light. The reaction mixture
was stirred for 16 h at 40 °C. Volatiles were removed under vacuum and the resulting solid
was suspended in EtOH, washed several times with EtOH and dried with Et;0, affording
compound 10 as a yellow solid (22 mg, 35%).

1H NMR (300 MHz, DMSO-dg) & (ppm): 11.72 (s, 2H), 10.13 (s, 2H), 9.65 (s, 2H), 8.55 (d, J = 8.4
Hz, 4H), 8.23 (t, J = 7.4 Hz, 2H), 8.08 (t, J = 7.3 Hz, 3H), 7.93 — 7.52 (m, 3H), 4.78 (s, 6H), 4.11
(t,J = 3.0 Hz, 2H), 3.74 — 2.99 (m, 22H), 2.14 (t, J = 7.6 Hz, 1H), 1.96 (t, J = 6.6 Hz, 1H), 1.82 (t, J
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=7.3 Hz, 1H).; 3C NMR (75 MHz, DMSO-d¢) & (ppm): 171.3, 171.1, 163.2, 156.5, 144.7, 135.7,
134.1, 133.9, 132.4, 130.4, 129.9, 129.2, 119.2, 77.1, 69.5, 68.4, 67.6, 67.5, 57.5, 47.9, 46.2,
44,5, 44.3,41.8, 38.1, 38.0, 32.4, 26.7, 25.5, 23.0; LC/MS: Retention time 5.27 min, m/z (ESI+)
= 962.9 [M-H]*.; HRMS (ESI, m/z) calcd. for formula C49H49F4IN1106* [M-I]* = 1090.2843;

found = 1090.2888.
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Prototypes synthesis:

4-benzoyl-N,N-diethylbenzamide (Bph-CONEt>) (35)

9}

Nc

To a solution of 4-benzoylbenzoic acid 18 (1 eq., 600 mg, 2.65 mmol), diethylamine (1.1 eq.,
0.3 mL, 2.91 mmol) and HOBt (1.1 eq., 394 mg, 2.92 mmol) in DMF (7 mL) was added EDCI-HCI
(1.1 eq., 560 mg, 2.92 mmol) at 0 °C under argon atmosphere. The reaction mixture was
allowed to warm to room temperature and was stirred 2 h. The mixture was poured into a sat.
ag. NaHCOs solution then extract with EtOAc. The organic phase was washed three times with
water. Dried by MgS04 then concentrated to give the expected product as a white powder
(554 mg, 74%).

1H NMR (300 MHz, CDCl3) 6 (ppm): 7.82 (t, J = 7.5 Hz, 4H), 7.61 (t, J = 7.4 Hz, 1H), 7.50 (t, J =
7.6 Hz, 4H), 3.58 (d, /= 6.7 Hz, 2H), 3.26 (d, / = 6.6 Hz, 2H), 1.27 (d, J = 6.5 Hz, 3H), 1.13 (d, J =
6.5 Hz, 3H).; 33C NMR (75 MHz, CDCl3) § (ppm): 196.2,170.3, 141.0, 138.1, 137.2, 132.8, 130.2,
130.1, 128.4, 126.2, 43.3, 39.3, 14.3, 12.9.; LC/MS: Retention time 6.22 min, m/z (ESI+) =
282.19.; HRMS (ESI, m/z) calcd. for formula C18H20NO2* [M+H]* = 282.1489; found =
282.1503.

N,N-diethyl-4-(3-(trifluoromethyl)-3H-diazirin-3-yl)benzamide (N2-CONEt;) (36)

N=N

FsC X r
N
o
To a solution of 4-(3-(trifluoromethyl)-3H-diazirin-3-yl)benzoic acid 19 (1 eq., 300 mg, 1.3
mmol) and diethylamine (2 eq., 0.27 mL, 2.6 mmol) in DMF (3 mL) was added dropwise a
solution of HATU (1.5 eq., 740 mg, 1.95 mmol) in DMF (1.5 mL) at 0 °C in 30 min. Then the
solution was stirred at r.t. overnight. The mixture was poured into a sat. ag. NaHCOs3 solution
and extracted with EtOAc. The organic phase was washed three times with water, dried over
MgS04 and then concentrated to give the expected product as a white powder (161 mg, 43%).

14 NMR (300 MHz, CDCl3) & (ppm): 7.41 (d, J = 8.5 Hz, 2H), 7.23 (d, J = 8.1 Hz, 2H), 3.54 (d, J =
5.5 Hz, 2H), 3.21 (d, J = 5.5 Hz, 2H), 1.24 (s, 3H), 1.10 (s, 3H).; 3C NMR (75 MHz, CDCl3) & (ppm):
170.1, 138.7,130.1, 127.0, 126.7, 123.9, 120.3, 43.4, 39.5, 14.4, 13.0.; LC/MS: Retention time
6.60 min, m/z (ESI+) = 286.17.; HRMS (ESI, m/z) calcd. for formula C13H15F3N30* [M+H]* =
286.1162; found = 286.1158.
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4-azido-N,N-diethyl-2,3,5,6-tetrafluorobenzamide (N3-CONEt;) (37)

F

Ny F -
F N
F O

To a solution of 4-azido-2,3,5,6-tetrafluorobenzoic acid 20 (1 eq., 600 mg, 2.55 mmol),
diethylamine (1.5 eq., 0.4 mL, 3.88 mmol) and HOBt (1.1 eq., 379 mg, 2.81 mmol) in DMF (6.6
mL) was added EDCI-HCI (1.3 eq., 638 mg, 3.3 mmol) at 0 °C under argon atmosphere. The
reaction mixture was allowed to warm to room temperature and was stirred overnight. The
mixture was poured into a sat. aq. NaHCOs3 solution then extracted with EtOAc. The organic
phase was washed three times with water, dried by MgS0O4 and then concentrated to give the
expected product as a brown oil (520 mg, 70%).

1H NMR (300 MHz, CDCl3) & (ppm): 3.59 (g, J = 7.1 Hz, 2H), 3.23 (q, /= 7.1 Hz, 2H), 1.26 (t, J =
7.1 Hz, 3H), 1.14 (t, J = 7.2 Hz, 3H).; 13C NMR (75 MHz, CDCl3) 6 (ppm): 58.0, 144.3, 142.3,
142.1, 141.0, 139.0, 138.7, 43.3, 39.8, 14.1, 12.8.; LC/MS: Retention time 6.48 min, m/z (ESI+)
= 291.05.; HRMS (ESI, m/z) calcd. for formula C11H11F4AN40O* [M+H]* = 291.0864; found =
291.0875.

3-(3-(but-3-yn-1-yl)-3H-diazirin-3-yl)-N-methylpropanamide (-N2NHMe) (39)

\N
H

A\

To a solution of 3-(3-(but-3-yn-1-yl)-3H-diazirin-3-yl)propanoic acid?!* (1.0 eq, 182 mg, 1.095
mmol) in dry ACN (22 mL) protected from the light, a commercially available 2M solution of
CH3NH; in THF (1.8 eq, 0.99 mL, 1.97 mmol) and DIPEA (1.3 eq, 0.25 mL, 1.42 mmol) were
added at r.t. under argon atmosphere. Then HATU (1.3 eq, 541 mg, 1.42 mmol) was added
portion wise and the resulting reaction mixture was stirred for 3 h. Volatiles were removed
under vacuum and the resulting mixture solubilised in EtOAc. The organic phase was washed
2 times with water, brine and dried over MgSQ.. After filtration and evaporation, the crude
product was purified by SiO, gel chromatography eluted with DCM/MeOH from 0 to 1 %
leading to 39 as a pale beige solid (120 mg, 61 %).

1H NMR (300 MHz, CDCls) & (ppm): 5.41 (s, 1H), 2.81 (d, J = 4.7 Hz, 3H), 2.06 — 1.97 (m, 2H),
1.96 — 1.81 (m, 4H), 1.65 (t, J = 7.2 Hz, 2H). 3C NMR (75 MHz, CDCls) & (ppm): 172.1, 82.8,
69.3, 32.5, 30.3, 28.6, 28.0, 26.6, 13.4.
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Analytical experiments

Bph-COOH and Bph-CONEt; experiments

1) Bph-COOH (3 mM) or 2) Bph-CONEt; (10 mM) in presence of thymidine (1) 3 mM or 2) 100
mM) in 1) water or 2) 1:1 water/ACN was flushed vigorously with argon for 1 min and caped
to protect from oxygen. The flushed solution were irradiated in a Multirays photoreactor with
four lamps (15 W) at 366 nm for 1) 1 h or 2) 38 h. The mixtures were analysed by HPLC.

I-N2NHMe analytical experiments

A mixture of -N2NHMe (10 mM) and 50 mM of one of the four nucleosides (Thymidine, 2'-
deoxyguanosine, 2'-deoxycytosine, and 2'-deoxyadenosine) in 1:1 water/ACN was irradiated
in a Multirays photoreactor with four lamps (15 W) at 366 nm for 30 min. The resulting mixture
was analysed by HPLC injecting 20 uL of irradiated solution without dilution.

Preparative photosynthesis

Bph-CONEt; and thymidine photoreaction

Bph-CONEt; (10 mM) was solubilised in a solution of thymidine (100 mM) in 1:1 water/ACN
and was vigorously flushed with argon for 1 min before sealing with a cap. The solution was
irradiated in a Multirays photoreactor with four lamps (15 W) at 366 nm for 38 h. The resulting
mixture was purified by HPLC.

N,N-diethyl-4-(2-((2R,4S,5R)-4-hydroxy-5-(hydroxymethyl)tetrahydrofuran-2-yl)-6-methyl-
3,5-dioxo-8-phenyl-7-oxa-2,4-diazabicyclo[4.2.0]octan-8-yl)benzamide (#6 and #8)

#6 Unknown stereochemistry. *H NMR (700MHz, MeOD-d4) 6§ (ppm): 7.51 (d, J = 8.4 Hz, 2H),
7.44 (dd, J = 10.6, 8.1 Hz, 4H), 7.38 (t, J = 7.5 Hz, 2H), 7.34 (dd, J = 8.3, 6.1 Hz, 1H), 6.21 (dd, J
=9.1,5.9 Hz, 1H), 5.31 (s, 1H), 4.14 (d, J = 6.0 Hz, 1H), 3.79 (g, J = 3.4 Hz, 1H), 3.63 (dd, J = 11.6,
3.5 Hz, 1H), 3.60 (dd, J = 11.6, 3.5 Hz, 1H), 3.58 —3.52 (m, 2H), 3.29 (m, 2H), 2.05 (ddd, J = 13.1,
5.9, 2.0 Hz, 1H), 1.82 (ddd, J = 13.1, 5.1, 1.1 Hz, 1H), 1.79 (s, 3H), 1.26 (t, J = 6.9 Hz, 3H), 1.16
(t, J = 6.8 Hz, 3H).; 13C NMR (176 MHz, MeOD-da) & (ppm): 173.2, 172.9, 153.5, 143.4, 140.6,
137.8, 129.8, 129.6, 128.4, 127.9, 127.1, 92.5, 87.6, 86.4, 78.4, 73.1, 63.7, 63.6, 45.2, 39.0,
22.3,14.4,13.1.
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#8 Unknown stereochemistry. *H NMR (700MHz, MeOD-d,4) & (ppm): 7.65 (dd, J = 7.7, 5.3 Hz,
4H), 7.39 (t, J = 7.6 Hz, 2H), 7.35 (d, J = 7.3 Hz, 2H), 7.33 (t, J = 7.3 Hz, 1H), 6.18 (dd, J = 8.3, 5.7
Hz, 1H), 5.12 (s, 1H), 4.20 (dt, J = 4.9, 2.2 Hz, 1H), 3.80 (td, J = 4.3, 2.7 Hz, 1H), 3.54 (q, J = 6.8
Hz, 2H), 3.28 (g, J = 7.2 Hz, 2H), 3.15 (dd, J = 11.4, 4.1 Hz, 1H), 3.10 (dd, J = 11.4, 4.1 Hz, 1H),
2.10 (ddd, J =13.3, 5.8, 2.2 Hz, 1H), 2.03 (ddd, J = 14.3, 8.3, 5.8 Hz, 1H), 1.78 (s, 3H), 1.24 (t, J
= 6.8 Hz, 3H), 1.12 (t, J = 6.7 Hz, 3H).; 13C NMR (176 MHz, MeOD-dJ) & (ppm): 173.3, 172.6,
152.4, 146.5, 139.6, 137.6, 129.2, 129.0, 128.0, 127.9, 127.0, 92.6, 88.6, 86.8, 78.3, 72.9, 63.0,
63.0, 45.0, 40.9, 40.0, 22.5, 14.4, 13.0.

N,N-diethyl-4-((1S,6R,8S)-2-((2R,4S,5R)-4-hydroxy-5-(hydroxymethyl)tetrahydrofuran-2-yl)-
6-methyl-3,5-dioxo-8-phenyl-7-oxa-2,4-diazabicyclo[4.2.0]octan-8-yl)benzamide (#1)

o]

14 NMR (700MHz, MeOD-dJ) 6 (ppm): 7.74 (d, J = 8.4 Hz, 2H), 7.58 (d, J = 7.3 Hz, 2H), 7.43 (d,
J=8.4Hz, 2H), 7.29 (t, J = 7.8 Hz, 2H), 7.22 (t, J = 7.4 Hz, 1H), 6.28 (dd, J = 7.6, 6.3 Hz, 1H), 5.99
(s, 1H), 4.49 (dt, J = 6.6, 3.5 Hz, 1H), 3.84 (q, J = 3.6 Hz, 1H), 3.75 (dd, J = 12.0, 3.5 Hz, 1H), 3.71
(dd, J = 12.0, 3.4 Hz, 1H), 3.54 (q, J = 7.4 Hz, 2H), 3.26 (g, J = 7.2 Hz, 2H), 2.53 (ddd, J = 13.8,
7.6, 6.3 Hz, 1H), 2.29 (ddd, J=13.6,6.2, 3.6 Hz, 1H), 1.38 (s, 3H), 1.24 (t, J=6.5Hz, 3H), 1.11
(t, J=6.6 Hz, 3H).; 13¢ NMR (176 MHz, MeOD—d4) & (ppm): 173.2, 171.8, 153.0, 144.2, 143.2,
137.3, 128.9, 128.7, 127.4, 127.3, 126.7, 90.0, 87.7, 85.2, 83.8, 72.2, 63.0, 55.5, 45.0, 40.9,
40.4, 19.5, 14.3, 13.0.

N,N-diethyl-4-((15,6R,8R)-2-((2R,4S,5R)-4-hydroxy-5-(hydroxymethyl)tetrahydrofuran-2-
yl)-6-methyl-3,5-dioxo-8-phenyl-7-oxa-2,4-diazabicyclo[4.2.0]octan-8-yl)benzamide (#2)

[o]

1H NMR (700MHz, MeOD-ds) & (ppm): 7.68 (d, J = 8.6 Hz, 2H), 7.64 (d, J = 7.4 Hz, 2H), 7.42 (t,
J=7.8Hz, 2H), 7.31 (dt, J = 6.8, 2.0 Hz, 3H), 6.28 (dd, J = 7.6, 6.4 Hz, 1H), 5.96 (s, 1H), 4.48 (dt,
J=6.6,3.5Hz, 1H), 3.84 (g, J = 3.6 Hz, 1H), 3.74 (dd, J = 12.0, 3.5 Hz, 1H), 3.69 (dd, J = 11.9, 3.6
Hz, 1H), 3.52 (q, J = 6.8 Hz, 2H), 3.23 (q, J = 7.1 Hz, 2H), 2.52 (ddd, J = 13.8, 7.6, 6.3 Hz, 1H),
2.29 (ddd, J = 13.6, 6.1, 3.5 Hz, 1H), 1.38 (s, 3H), 1.22 (t, / = 6.6 Hz, 3H), 1.09 (t, J = 6.6 Hz, 3H).;
13C NMR (176 MHz, MeOD-dy) & (ppm): 173.2, 171.9, 153.0, 145.2, 142.0, 137.1, 129.5, 128.9,
127.1, 126.9, 126.8, 89.9, 87.7, 85.1, 83.9, 72.2, 63.1, 55.7, 44.9, 40.8, 40.4, 19.5, 14.4, 13.0.
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N,N-diethyl-4-((1R,6S5,8S)-2-((2R,4S,5R)-4-hydroxy-5-(hydroxymethyl)tetrahydrofuran-2-yl)-
6-methyl-3,5-dioxo-8-phenyl-7-oxa-2,4-diazabicyclo[4.2.0]octan-8-yl)benzamide (#4)

o]

S PhCONEt,
HN ion
)\ —0

o NT —

1H NMR (700MHz, MeOD-ds) & (ppm): 7.71 (d, J = 8.5 Hz, 2H), 7.64 (d, J = 7.4 Hz, 2H), 7.42 (t,
J=7.9 Hz, 2H), 7.32 — 7.28 (m, 3H), 6.20 (t, J = 6.9 Hz, 1H), 5.73 (s, 1H), 4.39 (dt, J = 6.8, 3.7 Hz,
1H), 3.92 (q, J = 4.2 Hz, 1H), 3.80 (m, 1H), 3.78 (m, 1H), 3.52 (m, 2H), 3.23 (d, J = 6.8 Hz, 2H),
2.35 (quint, J = 6.7 Hz, 1H), 2.17 (m, 1H), 1.40 (s, 3H), 1.22 (t, J = 6.6 Hz, 3H), 1.09 (t, J = 6.6 Hz,
3H).; 13C NMR (176 MHz, MeOD-ds) & (ppm): 173.2, 171.8, 153.2, 145.1, 142.0, 137.1, 129.5,
128.9, 127.2, 126.9, 126.8, 89.8, 88.2, 86.8, 85.6, 72.6, 63.6, 56.1, 44.9, 40.8, 38.9, 19.2, 14.4,
13.0.

I-N2NHMe and thymidine photoreaction

I-N2NHMe (10 mM) was solubilised in a solution of thymidine (100 mM) in water. The resulting
solution was irradiated in a Multirays photoreactor with four lamps (15 W) at 366 nm for 30
min. The resulting mixture was purified by HPLC.

4-(3-((2R,4S,5R)-4-hydroxy-5-(hydroxymethyl)tetrahydrofuran-2-yl)-5-methyl-2,6-dioxo-
3,6-dihydropyrimidin-1(2H)-yl)-N-methyloct-7-ynamide (#dT3)

Diastereoisomers mixture. *H NMR (700 MHz, CD3OD-d4) 6 (ppm): 7.82 (dd, J = 8.6, 1.1 Hz,
1H), 6.26 (t, J = 6.5 Hz, 1H), 5.09 — 4.94 (quint, J = 4.7 Hz, 1H), 4.38 (s, 1H), 3.91 (q, J = 3.4 Hz,
1H), 3.81 (dd, /=12.0, 3.3 Hz, 1H), 3.74 (dd, J = 12.0, 3.4 Hz, 1H), 2.64 (d, J = 13.1 Hz, 3H), 2.51
—2.49 (m, 1H), 2.48 — 2.40 (m, 1H), 2.30 — 2.25 (m, 1H), 2.22 — 2.06 (m, 6H), 2.03 — 1.96 (m,
1H), 1.88 (m, 4H).; 3C NMR (176 MHz, CD30D-d4) & (ppm): 175.7, 175.6, 166.8, 166.1, 153.8,
151.7, 136.8, 136.7,136.4, 136.2,111.4, 111.3, 110.2, 110.1, 88.9, 88.8, 87.6, 87.4, 86.7, 84.0,
83.9,72.0,71.9,70.0,69.7, 69.6,62.7,62.5, 56.3,56.2, 54.4,41.4, 34.2, 34.0, 31.5, 31.3, 28.7,
28.4,26.3, 16.8, 16.7, 13.5, 13.1.
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4-((1-((2R,4S,5R)-4-hydroxy-5-(hydroxymethyl)tetrahydrofuran-2-yl)-5-methyl-2-oxo-1,2-
dihydropyrimidin-4-yl)oxy)-N-methyloct-7-ynamide  or  4-((1-((2R,4S,5R)-4-hydroxy-5-
(hydroxymethyl)tetrahydrofuran-2-yl)-5-methyl-4-oxo-1,4-dihydropyrimidin-2-yl)oxy)-N-
methyloct-7-ynamide (#dT2)

0 o
urt L
Diastereoisomers mixture. *H NMR (700 MHz, CD30D-d4) 6 (ppm): 8.08 (d, J = 1.1 Hz, 1H), 6.23
(t, J = 6.4 Hz, 1H), 5.44 (quint, J = 4.6 Hz, 1H), 4.40 (dt, J = 6.5, 3.7 Hz, 1H), 3.97 (q, J = 3.4 Hz,
1H), 3.84 (dd, J = 12.1, 3.4 Hz, 1H), 3.75 (dd, /= 12.2, 3.3 Hz, 1H), 2.68 (s, 3H), 2.37 — 2.25 (m,
6H), 2.24 (t, J = 2.6 Hz, 1H), 2.11 (m, 1H), 2.05 (m, 1H), 1.98 (m, 1H), 1.95 (m, 4H).; 13C NMR
(176 MHz, CDs0D-d4) & (ppm): 175.6, 174.9, 156.5, 136.7, 117.6, 89.4, 87.9, 83.9, 79.5, 71.7,
70.3,62.5,42.3,33.6, 32.6, 30.5, 26.3, 15.4, 13.6.

I-N2NHMe and 2'-deoxyguanosine photoreaction

I-N2NHMe (10 mM) was solubilised in a solution of 2'-deoxyguanosine (50 mM) in 1:1
water/ACN. The resulting solution was irradiated in a Multirays photoreactor with four lamps
(15 W) at 366 nm for 30 min. The resulting mixture was purified by HPLC.
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Biophysical experiments

A series of oligonucleotides covering a range of possible G4 conformations was used for G4-
FID and FRET-meting assays. Oligonucleotides were purchased from Eurogentec as dried
samples purified by HPLC-RP. The oligonucleotides were solubilised in MiliQ water and stored
at -20 °C. The exact concentrations were determined by measuring the absorbance at 260 nm
via a Cary Eclipse 300 spectrophotometer.

Forster Resonance Energy Transfer (FRET)-melting assay

The experiments were carried out on pre-folded G-quadruplex structures: the sequences were
heated at 95 °C for 10 min in opportune buffer and left to fold at 4 °C for 16 h. Duplex DNA
was heated at 95 °C for 10 min and left to cool down to room temperature over a period of at
least 3 h. Buffer conditions are specified below for each G4 sequence. The stabilisation of
ligands on G4 structure was monitored via FRET-melting assay performed in 96-well plates on
the real-time PCR apparatus 7900HT Fast Real-Time PCR system. This assay was carried out
with G4-forming sequences labelled with FRET partners at each end (5'-FAM (donor) and 3'-
TAMRA (acceptor)) in the presence of G4 ligands. To determine ligand G4 versus duplex
selectivity, an unlabelled DNA competitor (ds26) was used. Each well was filed with 0.20 uM
(1 eq.) of labelled G4 DNA, 1 uM (5 eq.) of ligand, and dsDNA competitor at 0, 3 and 10 uM (O,
15 and 50 mol eq.) respectively, for a total volume of 25 pL. To determine ligand G4 versus
RNA G4 selectivity, an unlabelled RNA competitor NRAS was used. Each well was filed with
0.20 uM (1 eq.) of labelled F21T, 1 uM (5 eq.) of ligand, and NRAS competitor at 0 and 3 uM
(0 and 15 eq.) respectively, for a total volume of 25 pL. Solutions were prepared in buffer
containing 10 mM Li.Caco pH 7.3, and i) 10 mM KCI| completed with 90 mM LiCl for F21T and
F21CTAT, and ii) 1 mM KCl, completed with 99 mM LiCl for all the others G-quadruplex
sequences. The FAM channel was used to collect the fluorescence signal. Stabilisation of
compounds with G4-structures was monitored as follows: 5 min at 25 °C and then increase of
0.5 °C every minute until reaching 95 °C. The stabilisation was evaluated by determining the
temperature at half denaturation of the G4 (obtain at the half height of the sigmoidal curve,
AT1/2) in the absence and in the presence of ligand, duplex DNA, by using Origin pro 8.0 non-
linear fitting method BiDoseResp.

FRET-melting sequences:

F21T: 5'-FAM-GGGTTAGGGTTAGGGTTAGGG-TAMRA-3'

FMYC22T: 5'-FAM-TTGAGGGTGGGTAGGGTGGGTAA-TAMRA-3'
F21CTAT: 5'-FAM-GGGCTAGGGCTAGGGCTAGGG-TAMRA-3'
FCEB25wtT: 5'-FAM-AAGGGTGGGTGTAAGTGTGGGTGGGT-TAMRA-3'
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FVEGFT: 5'-FAM-CGGGGCGGGCCTTGGGCGGGGT-TAMRA-3'
FHIV-PRO1T: 5'-FAM-TGGCCTGGGCGGGACTGGG-TAMRA-3'
ds26: 5'-CAATCGGATCGAATTCGATCCGATTG-3'

NRAS: 5'-GGGAGGGGCGGGUCUGGG-3!

Fluorescent intercalator displacement assay (G4-FID)

The experiment was carried out on pre-folded G-quadruplex structures: the sequence was
heated at 95 °C for 10 min (in 10 mM Li.Caco pH 7.3 and 100 mM KCI) and left to cool down
to room temperature over 3 h.

In cuvette:

G4-FID experiments were performed on a Cary Eclipse spectrofluorometer, using 1.5 mL
fluorescence cuvette. 0.25 uM of folded DNA was prepared in a solution of 10 mM Li.Caco pH
7.3 and 100 mM KCI mixed with 0.50 uM Thiazole Orange (TO) to obtain a total volume of 1
mL. Each addition of ligand (from 0.5 to 10 eq.) was followed by a 3 min equilibration time and
fluorescence emission spectra were recorded from 510 to 750 nm (Aexc = 495 nm, 1.0 nm
increment, 0.1 s integration time and 10 nm excitation/emission slits). The percentage of TO
displacement was calculated as follows: TOD(%) = 100 — (F/F,) X 100, where Fo is the
maximum fluorescence emission area of bound TO before addition of ligand, and F is the
fluorescence emission area after each ligand addition. The percentage of TO displacement was
then plotted as a function of the concentration of added ligand. The DCso value was obtained
by fitting the curve using Origin pro 8.0 non-linear fitting method Hill.

In 96-well plate:

G4-FID experiment was carried in a 96-well Black Flat bottom Polystyrene NBS microplates
from Corning and measurement was performed on a FLUOstar Omega microplate reader from
BMG Labtech. Microplate was filled as follows: from 190 to 90 uL of K+100 buffer (to reach a
final volume of 200 uL), 10 L of a prefolded DNA solution (5 uM) and TO (10 uM for G4-DNA
and 15 uM for ds26), from 0 to 100 uL of ligand (5 uM in K+100 buffer). The final concentration
of ligands from column A to H was then: 0, 0.125, 0.25, 0.375, 0.5, 0.625, 0.75, 1.0, 1.25, 1.5,
2.0 and 2.5 uM. Finally, the microplate was gently shaken for 5 min at 500 rpm and emission
of TO fluorescence in each well was measured at 520 nm after excitation at 485 nm. TO
displacement was plotted and DCsp obtained as previously mentioned.
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G4-FID sequences:

22AG: 5'-A-GGGTTAGGGTTAGGGTTAGGG-3'

22CTA: 5'-A-GGGCTAGGGCTAGGGCTAGGG-3'
cMYC22: 5'-TTGAGGGTGGGTAGGGTGGG TAA-3'
CEB25wt: 5'-AAGGGTGGGTGTAAGTGTGGGTGGG T-3'
VEGF: 5'-CGGGGCGGGCCTTGGGCGGGGT-3'

Fluorimetric titration

Each titration was performed in a 1.5 ml fluorescence cuvette, in 10 mM lithium cacodylate
buffer pH 7.3, 100 mM KCl, in a total volume of 1 ml. Titrations are performed with the
addition of TO (0.5 uM) followed by the successive addition of oligonucleotide (up to 2.5 uM),
and fluorescence emission spectra were recorded from 510 to 750 nm (Aexc = 495 nm, 1.0 nm
increment, 0.1 s integration time and 10 nm excitation/emission slits).

Continuous variation method (Job plot)

A series of solutions with varying mole fractions of TO and VEGF were used for the
experiments: the sum of TO and VEGF concentrations was always 1 uM in a total volume of 1
mL. Each solution fluorescence emission spectra were recorded from 510 to 750 nm (Aexc =
495 nm, 1.0 nm increment, 0.1 s integration time and 10 nm excitation/emission slits). The
Job plot was drawn as the fluorescence values versus the ligand mole fraction.

Biochemistry experiments

Sample preparation

Oligonucleotide sequences were purchased from Eurogentec as dried samples purified by
PAGE, dissolved in MilliQ water, and stored at -20 °C. [y-32P] ATP was purchased from Perkin
Elmer as a 25 pL or 50 pL solution for a total radioactivity of 9.25 MBq or 18.5 MBq
respectively. Oligonucleotide sequences were 5'-radiolabeled as followed: 1 uL of 20 uM
PAGE-purified oligonucleotide was mixed with 2 uL MilliQ water, 1 uL T4-PNK buffer 10x, 3 pL
[y-32P] ATP and 3 pL of T4-PNK enzyme. The reaction mixture was incubated at 37 °C for 40
min. The radiolabelled 22AG and cMYC22 sequences were purified by 20% denaturing gel
electrophoresis. The radiolabelled CEB25wt sequence was diluted with MilliQ water, purified
through a G25 Sephadex column and used without further purification.
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Photoalkylation experiments

Photochemical experiments were carried out in 1.5 mL Eppendorf tubes containing a
prefolded solution of 10 uM DNA and 1.0to 2.5 uL of 5'-end radiolabeled sequence depending
on the amount of radioactivity (Total counts for sample 50,000) in K+100 buffer for a total
volume of 18 uL. Finally, 2 pL of ligand at 2 mM in DMSO was added and allowed to equilibrate
in the dark for 30 min. After equilibration time, samples were irradiated using 10 lamps at 360
nm of a Multirays photoreactor from Helios Quartz. After irradiation, 5 pL of loading solution
(bromophenol blue and xylene cyanol in formamide/water 8/2) was added. Samples were
concentrated 15 min at 30 °C using a SpeedVac, loaded on a 15% denaturing gel
electrophoresis and gels were run for 5 to 6 h at 20 W. After that time, a europium poisoned
screen was exposed to the gel for a time determined by the total radioactivity. The screen was
finally analysed using a Typhoon apparatus and images were treated using ImageQuant TL
v8.0. The percentage of alkylation was determined by calculating the ratio of the total counts
of alkylated bands divided by the total counts of the alkylated bands + the non-alkylated band
corresponding to the starting material.

Chemical sequencing experiments

After their separation by gel electrophoresis, the different products of alkylation were eluted
from the gel using an aqueous solution of NaCl at 0.15 M, and precipitated with cold ethanol.
The non-alkylated and alkylated oligonucleotides were treated with dimethylsulfate
(DMS)/piperidine (probe of the free N7 of the guanine base) in Maxam-Gilbert sequencing
conditions: the oligonucleotides were dissolved in 19 ulL of water and incubated with 1 pL of
DMS for 1 min 30 sec at 37 °C. The alkylation products and the non-alkylated oligonucleotides,
after DMS/piperidine treatments and precipitation, were incubated with 50 puL of 1 M
piperidine aqueous solution at 90 °C for 25 min. After evaporation of the piperidine, the
samples were washed four times with 100 uL of water before being solubilised in 4 pL of water
and 3 L of loading dye solution. Samples were loaded on a 20% denaturing gel and ran for 3
hat 20 W.

Enzymatic sequencing

3'-exonuclease is usually employed to determine the alkylation sites of oligonucleotides since
its digestion stops at alkylation sites. Non-alkylated and alkylated oligonucleotides, isolated by
gel electrophoresis, were solubilised in 3 pL of water, 1 plL of buffer composed by Tris-HCI
buffer (pH 8.0) at 10 mM, 2 mM MgCl; and 0.5 mg/mL tRNA, and treated with 1 pL of the non-
diluted or diluted 3'-exonuclease phosphodiesterase | from Crotalus adamanteus venom
(UBS) at 0.04 U/uL diluted 10, 20, 30, 40 times for 30 min at 37 °C for the alkylated samples.
The partial digestion of nonalkylated oligonucleotide was run with 0.001 U/uL for 20 min at
37 °C. As alkylation could occur at several positions on the same oligonucleotide, the alkylated
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products were treated with an increasing concentration of enzyme which enables to bypass
the first alkylated base encountered at the 3'-end. The treatment was stopped by putting the
sample into ice and by adding loading dye. The samples were conserved at -20 °C. 3 uL of
loading solution was added before purifying the digested fragment on a 20% denaturing gel
electrophoresis and gels were run for 3 h at 20 W. The migration of the fragments depends on
the presence of the alkylating agents, and the branched benzophenone compounds can be
dealkylated by heating, therefore, each of them was eluted from the gel, precipitated and
solubilised in 90 uL of water to be dealkylated by treatment at 90 °C for 30 min. Samples were
concentrated 40 min at 30 °C using a SpeedVac before adding the loading solution. The
dealkylated fragments were loaded on 20% denaturing gel and migrated for 3 h at 20 W. Their
migrations were compared with the fragments obtained by partial digestion of the starting
oligonucleotide. From their migration, it is possible to determine their length and
consequently the alkylated base where the 3'-exonuclease stopped its digestion.

Photochemical experiments

Laser Flash Photolysis (LFP) Experiments

The experiments were performed on an LP 920 Edinburgh Instrument photolysis to carry out
the detection of the transient species. The minimum response time of the detection system
was about 10 ns. The laser beam (Nd/YAG laser operated using the third harmonic A = 355 nm)
was focused on a 3 mm wide circular area of the cell and the first 5 mm in depth were analysed
at a right-angle geometry. The incident pulse energies used were 5 - 8 mJ per pulse. Solutions
for analysis were placed in a 10 mm fluorescence cuvette in which the sample absorbance at
355 nm was comprised between 0.4-0.6 over 1 cm. When required, oxygen was removed from
the solutions by vigorously bubbling with argon for 1 min before sealing the cuvette with its
cap. Acquisition and processing of the absorption signals were performed by LP900 7.0.2
(Build 0) software. Nanosecond laser flash photolysis spectra were reconstructed point from
time profiles taken each 5 nm.

Quenching rate constant experiments

Quenching rate constants were obtained for pyridine nucleosides with Bph-COOH (3.5 mM)
and Bph-CONHMe (4 mM) in water by recording the decay spectra of the triplet absorption
maximum (540 nm) with successive addition of the nucleoside (from 0.2 to 1.4 mM for all
except for the deoxyuridine from 0.2 to 1.0 mM) followed by oxygen removal. The quenching
rate constant corresponds to a second order rate constant determined by using the pseudo-
first order approximation where kops= In(2)/t1/2 and t1/; obtained using the second order non-
linear fitting procedure on the decay curves. The slope of kobs versus the concentration of
nucleoside corresponds to the quenching rate constant.

216



GC-MS Photolysis

The in-line I-N2COOH precursor and /-N2NHMe prototype at 10 mM were solubilised in
methanol (both) or in water (for -N2NHMe). The solutions were irradiated in a Multirays
photoreactor with four lamps (15 W) at 366 nm for between 10 to 30 min. The resulting
products were analysed using ISQTM 7610 Single Quadrupole GC-MS. The GC parameters
were as follows: starting temperature 60 °C per 4 min, then a rate of 8.75°C/min, final
temperature 200 °C.
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