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Titre : Les approches de chimie combinatoire pour le développement des ligands de G-quadruplexes de
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Résumé: Les G-quadruplexes (G4s) sont des
structures non-canoniques d'acides nucléiques (ADN
et ARN) constituées d'au moins deux quartets de
guanines. L'une des propriétés importantes des G4s
est leur capacité a former des complexes avec de
petites molécules exogenes («ligands ») et
d'influencer ainsi les processus biologiques dans
lesquels ils sont impliqués. Ainsi, l'interaction de
petites molécules avec certaines structures G4s
permettrait de diminuer |'expression de certains
oncogeénes, d'inhiber la télomérase ou encore
d'induire des dommages a I'’ADN.

Ce travail vise a développer des méthodologies
rapides et simples pour la synthése et le criblage des
molécules afin d'identifier des ligands sélectifs et
affins de structures non-canoniques d'acides
nucléiques, en particulier des G4s. Plus précisément,
ce travail explore la synthése réversible
d'acylhydrazones, jusqu'ici peu appliquée pour le
développement de ligands de I'ADN et de I'ARN.
Dans un premier temps, une série de 20
bis(acylhydrazones), analogues des ligands PDC
(360A) et PhenDC3, a été obtenue par la synthése
préparative. Les expériences de dénaturation
thermique suivie par fluorescence ont démontré que
certains de ces composés avaient une bonne affinité
pour I’ADN G4. Ces expériences ont permis de valider
le potentiel du motif acylhydrazone pour le
développement de ligands des G4s. Ensuite, une
méthode de chimie dynamique combinatoire (CDC)
a été développée. Cette derniére consiste en
génération de  bibliotheques combinatoires
comportant jusqu'a 20 composés, suivie par
l'isolement des ligands les plus affins par la
précipitation avec la cible, immobilisée sur des billes
magnétiques.

Ainsi, un bis(acylhydrazone) non-symétrique a été
identifi¢ comme un ligand prometteur du G4
paralléle Pu24T. Cependant, les expériences avec ses
proches analogues n‘ont pas confirmé son affinité
aux G4 augmentée par rapport aux dérivés
symétriques. Il a été supposé que les résultats
d'expériences de CDC pouvaient étre biaisés par des
interactions non-spécifiques entre les ligands et les
billes magnétiques. Pour améliorer I'analyse des

bibliotheques  combinatoires, une  nouvelle
méthode basée sur I'extraction en phase solide des
ligands a été développée et appliquée a deux
bibliotheques d'acylhydrazones non-symétriques.
Huit hits ont été obtenus a partir de 70 composés
générés jn situ. Trois d'entre eux ont été
sélectionnés pour la synthese préparative et une
étude de l'interaction avec 'ADN G4.

En parallele, une approche classique de chimie
combinatoire a été élaborée, ce qui a conduit a la
génération d'une bibliothéque combinatoire de 90
dérivés bis(acylhydrazone) sous forme de solutions
2 mM dans DMSO prétes a I'emploi, avec une
pureté moyenne de 87%. Ces échantillons ont été
utilisés directement dans le criblage biophysique
contre quatre G4s de I'ADN de trois topologies
différentes. Les composés les plus actifs ont été
synthétisés d'une maniere préparative et leur
interaction avec les G4s a été étudiée en détail par
des méthodes biophysiques, y compris la
spectrométrie de masse native. Ainsi, au moins un
dérivé avec une affinité pour les G4s supérieure a
celle de PhenDC3 et une sélectivité inédite pour le
G4 antiparalléle a été identifié.

Enfin, dans le cadre d'un projet collaboratif (M.
Blondel, Université de Bretagne Occidentale), des
ligands synthétisés au cours de ce travail ont été
étudiés vis-a-vis de leur capacité a moduler
d'évasion immune du virus d'Epstein—Barr (EBV). II
a été démontré que certains bis(acylhydrazones)
interagissent /n vitro avec la séquence riche en
guanines de 'ARNm codante pour le domaine riche
en glycine-alanine (GAr) de la protéine virale
EBNA1. Deux de ces dérivés déplacent le facteur de
la cellule hote (nucléoline) de I'ARNm d'EBNAT,
conduisant ainsi a la surexpression de la protéine
et a la présence exacerbé de peptides antigéniques
sur les cellules infectées. Cet effet représente une
opportunité thérapeutique pour le traitement des
cancers associés a I'EBV.
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Abstract : G-quadruplexes (G4s) are four-stranded
structures of nucleic acids (DNA or RNA) that consist
of at least two coplanar guanine quartets. An
important feature of G4s is their ability to form stable
complexes with exogenous small molecules (ligands)
and thus influence biological processes in which they
are involved. G4 targeting is often associated with
oncology, where G4 ligands may suppress the
expression of oncogenes, inhibit telomerase, or
induce DNA damage in cancer cells.

This work aims to develop methodologies for rapid
and simple synthesis and screening of compounds, in
order to identify selective and highly affine ligands of
given non-canonical structures of nucleic acids, in
particular G4s. Specifically, this works exploits the
chemistry of reversible synthesis of acylhydrazones,
which has been barely applied for the development
of DNA or RNA ligands before. First, a small library of
20 cationic bis(acylhydrazones), analogues of the
previously reported G4-ligands PDC (360A) and
PhenDC3, was obtained by preparative synthesis.
Through fluorescence melting experiments it is
demonstrated that some of compounds indeed have
high affinity to G4-DNA, validating the suitability of
the acylhydrazone motif as a scaffold for the
development of G4 ligands. Next, a method of
dynamic combinatorial chemistry (DCC), which
consists in simultaneous one-pot generation of
libraries of up to 20 compounds with consecutive
pull-down of most affine ligands by bead-
immobilized targets (i.e, G4-DNA), was developed.
By using this method, a non-symmetrical
bis(acylhydrazone) was identified as a promising
ligand of a parallel G4-DNA Pu24T. However,
biophysical experiments with its close structural
analogues did not confirm their preferential binding
in comparison with the symmetrically substituted
compound. It is proposed that the outcome of DCC
experiments may be biased by non-specific
interactions of ligands with magnetic beads, leading
to false-positive results. In order to improve the
analysis of dynamic combinatorial libraries, a novel
method based on solid-phase extraction of the G4-

ligand complex was developed and applied to two
libraries of non-symmetric acylhydrazones. In a few
rounds of selection, 13 hits were obtained out of 70
in situ generated compounds. Three of them were
selected for preparative synthesis and detailed
study of interaction with G4-DNA.

In parallel, a classical combinatorial chemistry
approach was developed, resulting in generation of
a combinatorial library of 90 individual
bis(acylhydrazone) derivatives in the form of ready-
to-use 2 mM solutions in DMSO, with an average
purity of 87%. These samples were directly used for
biophysical screening experiments towards four
G4-DNA targets of three different
topologies. Three most active compounds were
obtained in preparative manner and their
interaction with the mentioned biological targets
was studied in detail by several biophysical
methods, including native mass spectrometry
experiments. This way, at least one derivative with
a G4-DNA affinity superior to that of PhenDC3 and
unprecedented selectivity towards anti-parallel G4-
DNA could be identified.

Finally, in the framework of a collaborative project
(M. Blondel, University of Western Brittany) the
ligands synthesized in this work were studied with
respect to their capacity to act as modulators of the
immune evasion of Epstein—Barr virus (EBV).
Specifically, it was shown that several
bis(acylhydrazones) bind /n wvitro to G4-RNA
structures formed by the guanine-rich repeat
sequence of mRNA encoding for the glycine-
alanine rich (GAr) domain of viral genome
maintenance protein EBNAT1. Moreover, two
derivatives were found to displace the host cell
factor nucleolin from EBNAT mRNA, leading to
overexpression of EBNA1 protein and a
concomitant increase of antigen presentation in
EBV-infected cell cultures. This effect represents an
interesting therapeutic opportunity for treatment
of EBV-related cancers.

Université Paris-Saclay
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1. General overview of G-quadruplexes

1.1 G-quadruplex structure: general principles

G-quadruplex (G4) is a four-stranded structure of nucleic acids that contains at least two
quartets of guanines stacked one upon another (Figure 1). Guanine bases in the quartet are
connected with Hoogsteen hydrogen bonds. Every guanine in a quartet has two hydrogen-
bond donors (N1H and N2H) and two hydrogen-bond acceptors (06 and N7). Cations of
appropriate size, such as Na*, K* or NH4", stabilize the G-quadruplex by coordinating its 06
guanine atoms.! While Na* (ionic radius 0.95 A) coordinates four 06 atoms and stays in the
plane of a G-quartet, K* and NH4* (ionic radii 1.33 and 1.48 A, respectively) due to their size
cannot be placed between guanines in the plane and are situated between two G-quartets.
Other metals, such as Rb*, Cs*, Sr?*, Ba%*, Mg?*, Ca®* and Pb?*, were also found to stabilize G-
guadruplexes. On the contrary, in the absence or low concentration of monovalent cations,
ions of Cd?*, Co?*, Mn?*, Zn?* and Ni** can destabilize G-quadruplexes favoring their

dissociation.? Li* has no effect on G4-folding.
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e % H-N H @ 4 N-H
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Figure 1. From guanines to G-quadruplexes. From left to right: guanine residue (blue and red asterisks:
atoms involved in Hoogsten and Watson Crick hydrogen bonding, respectively), G-quartet and G-
quadruplex (guanine bases are green, adenine — red, thymine - blue).

Depending on the strand orientation, G-quadruplexes can be classified as parallel (all strands
are of the same direction), antiparallel (two strands have one direction and other two — the
opposite) or hybrid (three strands have the same direction, one the opposite) (Figure 2).

Generally, the stability of these structures decreases in a row parallel > antiparallel > hybrid,
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in agreement with different conformation of glycosidic bonds that the bases in G-quartets
adopt (syn or anti, the latter being more stable). While DNA can form G4s of all three
topologies, RNA adopts only the parallel G-quadruplex conformation that can be explained by

sterical defavorization of syn conformation of glycosidic bond angle in the RNA sugar.

Double-chain reversal (propeller) loop

A) B) C) D) E) F)
Diagonal loop
Lateral (edgewise) loop = E ;
~ AN /
~ ~ ~"
antiparallel parallel hybrid

Figure 2. G-quadruplex topologies and loops: A) basket-type antiparallel; B) simple chair-type
antiparallel; C) simple parallel; D) snap-back parallel; E,F) hybrid. Loops: lateral (or edgewise), diagonal
and double-chain reversal (propeller).

G-quadruplexes can be intramolecular (formed within one strand) and intermolecular (consist
of two, three, or four strands). The majority of biologically relevant G-quadruplexes are
intramolecular. Loops that connect G-tracks in G4s are, generally, of three kinds: lateral (or
edgewise), double-chain reversal (or propeller) of 1-3 bases each and diagonal that usually
contains 3-6 bases. There is also short V-loop, connecting guanines of different conformation.
In the presence of K* the stability of G-quadruplexes is inversely proportional to loop length,

while in Na* conditions this tendency is less prominent.3

A lot of efforts are put into the development of methods of theoretical prediction of G4-
folding.* Different bioinformatics tools, such as Quadparser, Quadruplexes, QGRS Mapper,
G4Hunter, AllQuads etc. were designed. These prediction methods started with a canonical
sequence G3—sN1-7G3-sN1-7G3-sN1-7G3-s for identification of G4-forming sequences.> However,
they often give numbers of putative G4 sequences (PQS) inferior than those, obtained
empirically. The calculation is complicated by the possibility of formation of multimeric G-
guadruplexes or bulged structures, when a G-track is interrupted by another nucleotide.

Taking all this into account new tools, like G4-iM Grinder® or QPARSE,’ are emerging.
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Although double-stranded DNA is very stable, some of its parts occur to be unwinded during
various biological processes (replication etc.) and alternative secondary structures with
Hoogsteen base-pairing, such as G-quadruplexes, can be formed within these single stranded
parts. Their formation is facilitated or even can be induced by the environment. Formation of
G4s, for example, is promoted by high potassium concentration in nucleus (145 mM),

molecular crowding, negative supercoiling and specific G4-binding proteins.

1.2 Biological relevance of G-quadruplexes

Over 700 000 G-quadruplex-forming sequences were detected by high-throughput
sequencing in human genome.® Within the genome, the majority of G-quadruplex structures
are formed in telomeres, in promoters of oncogenes and in 5’- and 3’- untranslated regions
(UTRs) of messenger RNA (Figure 3).° G4 forming sequences are also found in viral species®®

or in bacteria,!! not to mention other mammalian species.

Nucleus Cytoplasm
A B ytop
=H T\ “HE: HE:
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i i R Telomeres
c D
wmwana.  Replication —
S Translat\lon

7

=

Figure 3. Possible locations of G-quadruplex structures in cells. (Adapted from °)

The existence of G-quadruplexes in vivo was proved with the help of specific antibodies
developed to these structures. For the first time the formation of G4 was detected in telomeric
region of macronucei of the ciliate Stylonychia lemnae using single-chain antibody fragment

(scFv) probes.'? In human cells the G4-structures were detected using the G4-specific antibody
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BG4, which is highly affine both to intramolecular (K4 = 0.5 - 1.6 nM) and intermolecular (Kq =
2 nM) G-quadruplexes.'® In order to visualize G4s in human cells, fixed cells were incubated
with BG4 and treated with secondary and then with tertiary fluorochrome-labelled antibodies
(Figure 4A). Experiments with G4- and single strand-pretreated BG4 antibody, additional
oligonucleotide transfection of cells and treatment of cells with DNase confirmed the
specificity of BG4 to G-quadruplexes. Interestingly, the majority of G4s was detected outside
the telomeres, contrary to what would be expected (Figure 4B-C). Authors explained this fact
by low accessibility of telomeric G4s due to their binding to specific proteins (shelterins). The
hypothesis, that the majority of detected G-quadruplexes are formed during transcription,
was confirmed in experiments with populations within synchronized cell cycles. The highest

density of G-quadruplexes was observed during S-phase, when the replication of DNA occurs.

staining.

a)

Fluorescent

Pretreatment of cells with a G4-binding ligand (PDS) led to almost 3-fold increase in nuclear
antibody

/)L\Antl FLAG - - -
( BG4
‘ \\ \ \(\\ - -

Figure 4. Detection of G-quadruplex structures with BG4 antibody. A) Scheme of G4-imaging with BG4
(Created with BioRender.com); B) Discrete BG4 foci (red) were observed both within the non-telomeric
regions i—iii and at the telomeres iv and v. Chromosomes are counterstained with DAPI (blue). Scale
bars, 2.5 um; C) Absence of large co-localization between telomeric TRF2 proteins (green) and G-
quadruplexes (red) in U20S cells. Nuclei are counterstained with DAPI (blue). Scale bar, 20 um.
(adapted from 23).

1.3 G-quadruplexes at telomeres

Telomeres are extreme parts of DNA whose main function is to protect ends of chromosomes

from fusion. They consist of repetitive nucleotide sequence (TTAGGG), and comprise a
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double-strand region of 2-15 kilobases and a 3’-single strand overhang of around 200 bases.
Telomeres form loops by displacement of the part of ds-DNA (double stranded DNA) by 3’-
overhang. Their integrity and functioning is regulated by shelterin, a protein complex of six
subunits that allows the cells to distinguish the natural ends of chromosomes from the sites
of DNA-damage. As telomeric sequences are guanine-rich, they can form G-quadruplexes that
was demonstrated using specific antibodies. The stabilization of G4s has a negative impact on
the replication and can cause telomere instability. Because of this reason, G4-unwinding

helicases and single-strand binding proteins exist.

With every cell division telomeres become shorter due to the end-replication problem and
when they bypass certain limit, cells stop to grow or the process of apoptosis is induced.
However, in certain types of rapidly growing cells, such as germ cells, and some types of stem
cells, telomeres are constantly elongated by the reverse transcriptase enzyme telomerase.
Interestingly, telomerase is also activated in 85% of cancer cells. The stabilization of G4-
quadruplexes in the 3’-overhang with small molecules inhibits telomerase activity by making
an obstacle to enzyme binding and leads to senescence and apoptosis of cancer cells.** In the
rest of cancer cells the telomere length is maintained by alternative lengthening of telomeres
(ALT) pathway which also requires the 3’-overhang in the form of single strand. As both
telomerase and ALT pathway of telomere elongation in cancer cells require terminal 8 or 12
bases respectively in the form of single strand,’® stable complex of G4 with ligand prevents

the telomere from being both a substrate for telomerase and a primer for ALT.

Telomeric G-quadruplexes are highly polymorphic. Sequences that contain one, two, three or
four repeats form G-quadruplexes of different topologies depending on conditions. Thus, the
same human telomeric sequence forms G-quadruplex of antiparallel topology in Na*
conditions,*® several hybrid structures in K* solutions!’ and adapts parallel topology upon
molecular crowding® and in the crystal form.® By varying the flanking nucleotides or/and by

modifying/changing bases, it is possible to favor the formation of one major conformation.

Several well-studied variants of the human telomeric sequence are summarized in Table 1.
Among them, sequence 24TTG is a variant of a human telomeric sequence that contains two
modifications of terminal residues: A>T in second position and T-A in the 24t™ (Table 1). In

K*solution it forms a G-quadruplex of major (about 95%) hybrid-1 (3+1) topology in which the
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three strands run in one direction and one strand in the opposite and its three G-tetrads are
antiesynesynesyn or syneantieantieanti (Figure 5A).?° Two base modifications stabilize the
hybrid-1 structure by additional interactions of flanking bases with G-tetrads, namely,
Watson-Crick base pairing T1®#A20 and reversed Watson-Crick T13eA21 stacked on the tetrad
core. This structure has one narrow, one wide and two medium grooves, one of which is

occupied by double-chain-reversal loop.

Table 1. Telomeric G4 sequences used in this work.
Acronym Sequence (5’ - 3’) PDB Structure

24TTG | d[TT GGG (TTA GGG)s A] 2GKU | [G4 hybrid-1] in K* (solution)

25TAG | d[TA GGG (TTA GGG)s TT] 2JSL | [G4 hybrid-2] in K* (solution)

22CTA |d[ A GGG (CTA GGG) 3] 2KM3 | G4 antiparallel in K* (solution)

N
24TTG (2GKU) 25TAG (2J5L) 22CTA (2KM3)

Figure 5. Structures and schematic views of telomeric G-quadruplexes: A) 24TTG G4 of Hybrid-1
topology in K* solution (replotted from PDB 2GKU);?° B) 25TAG sequence of Hybrid-2 topology in K*
solution (replotted from PDB 2JSL);*” C) antiparallel 22CTA (replotted from PDB 2KM3).?* Base colors:
G green, A red, T blue.

The 25TAG sequence (Table 1) adopts major (3+1) hybrid-2 structure in K*-rich solution (Figure
5B).Y7 Similarly to 24TTG, it has three G-tetrad core and contains two lateral loops that span
wide and narrow grooves and double-chain-reversal loop in one of two medium grooves. It

was suggested that the residues T1, T12 and T14 interact with possible coordination of K*-ion.
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As for additional interactions, on the bottom of G-quadruplex the residues T7, A8 and T24

interact with the formation of a (T7—A8)eT24 triad, below which T25 is stacked.

Sequence 22CTA: The (CTAGGG) repeat is associated with high mutation rate in male germline
and somatic cells.?! It is suggested that about 7% of all human telomeres contain (CTAGGG),
repeats. Sequence 22CTA (Table 1) adapts a chair-type antiparallel conformation in the
presence of K* ions (Figure 5C).?? It contains two G-quartets with glycosidic conformations
syneantiesyneanti and has two narrow and two wide grooves. All three loops are lateral; the
first and the third loops span narrow grooves, while the second spans a wide groove. Watson-
Crick pairing is observed for G8eC17 and G20eC5 on the top and G14eC11 at the bottom of
G-tetrad core. In addition, two GC pairs on the top (G8eC17 and G20eC5) form an unusual

GeCeGeC quartet over which adenines A7 and A19 are further stacked.

1.4 G-quadruplexes as transcription regulators

According to different computational studies, above 40% of human genes contain PQSs in
proximity to their promoters, especially near the transcription starting sites (TSS).23
Interestingly, PQS are particularly represented in oncogenes and regulatory genes. The role of
G4 in the regulation of transcription is ambiguous: they can act both as suppressors and as
activators of gene expression. A very prominent example of the ambiguous role of G4 in
transcription regulation is its role in c-myc promoter. On the one hand, G-quadruplex acts as
an activator of c-myc expression: G4 is a binding site of some proteins, such as CNBP25 and
NM23-H that activate the gene transcription. On the other hand, overrepresentation of G4
structures (achieved by overexpression of nucleolin, a G4-binding protein) can inhibit
transcription (Figure 6).2* The repression of c-Myc expression occurs both in the case of
inducing of G4 formation by treatment with G4-binding ligand TMPyP42> and in the case of

blocking of G4 folding with locked nucleic acid complementary strand.2®
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— 1. Regulation roles of G4 in c-myc promoter
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Figure 6. Regulation role of G-quadruplex in c-myc promoter (adapted from %*).

1.4.1 G-quadruplexes from the MYC promoter: Pu24T and c-myc

c-Myc protein is overexpressed in around 80% of cancers and is involved in multiple hallmarks
of cancer.?” The upregulation of c-Myc gene is usually connected with the nuclease
hypersensitivity element NHE lll1, a region of 27 nucleobases that is situated 142 to 115 base
pairs upstream from the P1 promoter and controls 85-90% of c-Myc transcription. The
abundance of cytosines in the coding strand and guanines in the template strand of NHE lll;
implies a possible formation of non-canonical structures in this region (i-motifs and G-
quadruplexes, respectively)?® upon different conditions. This guanine-rich region is also called
Pu27 (from purine-rich sequence of 27 nucleotides) and contains six guanine stretches (five of
which are of three or more guanines) that can assemble in numerous G-quadruplex
structures.?® These G-quadruplexes are believed to exist in equilibrium with the double-strand
and contribute to regulation of c-Myc expression in different extent.?’ In our studies, we
decided to work with two truncated sequences of Pu27 in which three guanines of fist G-track
were removed. They contain mutations that favor formation of G-quadruplexes of definite

topologies (Table 2): Pu24T (snap-back parallel) and myc22 (simple parallel).

NHE Il

P1
P, [Zab2 Py Poly(A)y
c16 rATG Poly(A),
Pu27

Figure 7. Location of NHE Ill1 element in c-Myc-gene.

-19 -



Table 2. Sequences from c-Myc gene promoter.

Acron Sequence (5" - 3’) PDB Structure
ym Las 4s 0 s 0101112 134415t 17 1s 1020 21 22 2528
Pu27 | TGGGGA GGGT GGGGA GGGT GGGGAA GG polymorphic
Pu24T TGA GGGT GGTGA GGGT GGGGAA GG | 2A5P | G4 s4nap-back parallel
Myc22 TGA GGGT GGGTA GGGT GGGTAA 1XAV | G4 simple parallel

The Myc22 sequence is a Pu27 variant that besides truncation of the first G-track contains two
G->T modifications in positions 14 and 23 (Table 2, Figure 8A).3° In K* solution it forms a G-
quadruplex structure of three G-tetrads in which four parallel strands are connected with
three double-chain-reversal loops. The first and third loops are of one nucleotide and showed
to be very stable, second loop is of two nucleotides. All four grooves of the G-quadruplex are
of the same width. Glycosidic conformation of all core guanines is anti. The 3’-flanking TAA
region forms a stable fold-back conformation stacking with bottom tetrad: T23 is stacked with
G22, A25 is stacked with G9 and G22, and A24 is stacked with T23 residue. Interestingly, T23
and A25 are paired not through Watson-Crick, but Hoogsteen type of hydrogen bonding. In
the 5’-flanking region (TGA) the position of A6 is fixed by stacking with the top tetrad. Capping

of G-core by 5’- and 3’-flanking regions increases the stability of the G-quadruplex.

Myc22 (2A5P) PU24T (1XAV)
Figure 8. PDB structures and schematic views of G-quadruplexes from c-Myc promotor: A) simple
parallel myc22 (replotted from BDB 1XAV);3° B) snap-back parallel Pu24T (replotted from PDB 2A5P).3!
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In the Pu24T sequence the third guanine of second G-track is replaced by thymine (Table 2,
Figure 8B). The structure of this G-quadruplex was solved by NMR and in order to obtain a
clearer spectrum T10 was replaced with inosine (Pu24T).3! G-quadruplex structure, formed by
this sequence in K* solution, is also parallel; it contains three tetrads, one of which contains
the foldback guanine G24. The core contains three G-tetrads that are formed by five G-tracks
and four loops: three double-chain-reversal and one diagonal. The first and third of double-
chain-reversal loops are of one nucleotide (thymine) and bridge three tetrad layers, while the
second one contains three nucleotides (GGA or IGA) and bridges two layers. The fourth,
diagonal loop is of four nucleotides (GAAG); it connects the opposite bases of the bottom G-
tetrad. The glycosidic configuration of G24 is syn and all other guanines of G-core have anti
conformation. The bases in the diagonal loop are fixed by formation of G20e(A22-G23) triad,
on the bottom of which A21 is stacked. On the top of the core pair A3®A12 is stacked. It was
suggested that the stability of this triad leads to such particular structure of this G-quadruplex.
The structure is additionally stabilized by triad G10e(G11-A12) that caps G-core on the top.
When two last guanines are removed from the sequence, the formation of a simple parallel

G-quadruplex is observed (myc22).

1.4.2 G-quadruplex from RAS promoter

Ras proteins are low-weight GTPase proteins that are involved in cellular signal transduction.
They exist in non-active state (affine to GDP) or active state (affine to GTP). In the active (or
“switched on”) state they indirectly activate the genes involved in cell-growth, differentiation
and survival. Single-point mutations that can convert these proteins to uncontrolled activated
state were found in many types of cancer (about 20% of human cancers, in 90% of pancreas

tumor).3?

The family of RAS proteins contains HRAS, NRAS and KRAS proteins, the latter being essential.
Due to their extremely high affinity to GTP/GDP (in the picomolar range) targeting of these
proteins is not a trivial task and only recently the first covalent KRAS inhibitor reached clinical

trials.3® So important attention is now being paid to alternatives strategies, including the
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regulation of the protein expression. KRAS promoter contains purine-rich nuclease
hypersensitive element that plays an important role in transcription regulation. Sequence 32R
(Table 3) in NHE is extremely rich in guanines and is able to form G-quadruplexes of different
conformations.3* Sequence 21R (Table 3) was shown to form a G-quadruplex of a single
conformation. A single 16G->T mutation and an additional 3’-terminal adenine (22RT) led to
additional stabilization of the structure. A G-quadruplex formed by the 22RT sequence
contains three G-tetrads and three double-chain reversal loops (Figure 9). Two loops are of
one nucleotide; one contains four nucleotides and completely covers one of the grooves. All
four grooves are approximately of the same size (12 + 2 A). Glycosidic conformations of all
guanines involved in G-tetrads are anti suggesting parallel topology of the sequence. Adenine

residues at the extremities cap the G-core. One thymine bulge is found between G8 and G9.3°

Table 3. KRAS sequences.

Sequence (5’ = 3’)
Acronym Topology

12345 678 9 10 11 12 13 14 15 16 17 18 19 20 21 22

32R GGA GGGGGA GAAGGGC GGT GT GGGAA GA GGGA

21R AGGGC GGT GT GGGAA GA GGGA

22RT AGGGC GGT GT GGGAA TA GGGAA | parallel

Figure 9. PDB structure and schematic views of G-quadruplexes from RAS promoter KRAS-22RT
(replotted from PDB 5I2V).%
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1.5 G-quadruplexes as translation regulators: the case of viral genome

maintenance protein EBNA1

G-quadruplex motifs were found in abundance in 5’-untranslated regions (5" UTR of mRNA).3¢
The formation of G-quadruplexes in 5’-UTR impedes the initiation of translation so helicases,

such as DHX36, are employed to resolve them.3’

As a matter of example, G-quadruplexes play a very important role in regulation of translation
of EBNA1 protein associated with Epstein-Barr virus (EBV), a herpesvirus that affects more
than 95% of human population worldwide. Like other herpesviruses, EBV established a latent
lifecycle in the nuclei of hosts’ cells and has a genome as circular genetic elements not
incorporated in host DNA. Under certain conditions that remain unclear it can cause some
human cancers such as Burkitt’s lymphoma, nasopharyngeal carcinoma etc.3® EBNA1 protein
(Epstein-Barr nuclear antigen 1) is a genome maintenance protein that is required for
replication and mitotic segregation of the viral genome during host cell division and is a
hallmark of all EBV-associated cancers. This protein contains a central glycine-alanine (GAr)
domain, two arginine-glycine (RG) domains (LR1 and LR2), and a C-terminal DNA-binding
domain (DBD) (Figure 10A). Interestingly, LR1 and LR2 domains of EBNA1 are known to
interact with G4 RNA structures (including those formed in its own mRNA). EBNA1 is highly
antigenic; however, the host’s immune system fails to detect it due to the fine mechanism of
regulation of EBNA1-expression evolved by the EBV (called immune evasion) where a crucial

role is played by its central GAr domain.
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Figure 10. A) EBNA1 sequence showing the central Gly-Ala repeat (GAr) domain surrounded by the N-
and C-terminal domains; B) GAr domain of EBNA1 mRNA; C) The proposed model of g4-EBNA1; D)
Schematic representation of the mechanism of immune evasion of EBV and of the effect of nucleolin-
displacing G4 ligand PhenDC3 (adapted from ).

One of hypothesis explaining the mechanism of immune evasion of EBV includes the
regulation of translation of EBNA1 mRNA by G-quadruplexes. As mRNA EBNA1 GAr-coding
sequence is of high GC content, the formation of G-quadruplexes was suggested in this region
(Figure 10B). Host protein nucleolin binds to G-quadruplexes and inhibits EBNA1 translation
through an unknown mechanism. It was demonstrated that the treatment of EBV-infected
cells with the benchmark G-quadruplex ligand PhenDC3 leads to disruption of the complex of
EBNA1 mRNA G4 with nucleolin and results in enhanced translation of EBNA1 mRNA (Figure
10D).%°

In this work we used the 18-nucleotide sequence 5’-r(GGGGCAGGAGCAGGAGGA)-3’ g4-

EBNA1 that is capable to form a G-quadruplex structure and that occurs 13 times through the
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GAr-coding sequence.*! In vitro it adapts simple parallel conformation, although in vivo
formation of polymorphic structures with longer loops is possible. G4-EBNA1 presumably
contains two G-tetrads (Figure 10C) even though the exact structure of this G-quadruplex was

not reported yet.

2. G4-ligands

Small organic molecules (or metal complexes) that bind to G4 structures with high affinity are
termed G4 ligands. Nowadays, hundreds of compounds are reported to be G-quadruplex
ligands, as summarized in several reviews.*>#3% Their structures in most cases contain an
aromatic (often, polyheterocyclic) core, that interacts with external G-quartets by m-n
stacking, and cationic branches that directly or indirectly interact with loops and grooves.
Nevertheless, some of these molecules also intercalate into double-stranded DNA (dsDNA),
so the selectivity towards dsDNA is a very important feature for potent G4-ligands. | will briefly
introduce the chemical families as well as the most referenced compounds in the field of G-

guadruplex ligands with proven biological activity.

The first synthetically developed G-quadruplex ligand, 2,6-diamidoanthraquinone (Chart 1)
was reported in 1997 as a telomerase inhibitor.*> Since then, a large number of G4-ligands
were described in the same context. Among structurally related acridone and acridine

derivatives RHPS4*¢ and BRACO-19% (Chart 1) stepped out as efficient telomerase inhibitors.
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2,6-diamidoanthraquinone BRACO-19
Chart 1. Structures of 2,6-diamidoanthraquinone, BRACO-19 and RHPSA4.
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RHPS4 not only inhibits telomerase at submicromolar concentrations (ICso in the TRAP assay
of 330 nM), but was also shown to act synergistically with the currently used anticancer drug
paclitaxel (Taxol) in MCF-7 breast cancer cells.*® Despite its low cellular uptake, BRACO-19
inhibits cancer cells proliferation*® and has an anti-HIV-1 activity.*° It binds to c-myc sequence
with a Kg of 19 nM (by SPR).>! The Kq value for the telomeric sequence was measured in three
different studies and determined as 29 nM (SPR),>! 310 nM (SPR),>? and 288 nM (BLI).>3 Such
a discrepancy (ten fold) in values reveals an interesting observation questioning the reliability
of affinity measurements for ligand—G4 interaction. It is generally accepted that dissociation
constants determined by different methods may vary but should at least be of the same order
of magnitude. In this case, the measurements were performed with different systems of
telomeric G4 sequence: the first value was obtained in the experiment with intramolecular
hybrid G4 (that changed its topology to antiparallel upon binding of ligand). Two other values
were obtained using intermolecular antiparallel G4 assembled on a cyclic peptidic construct.
Such a difference in Ky values can be explained by different affinity of ligand to different
topologies and point out that BRACO-19 is more affine to hybrid than antiparallel G-
guadruplex. The crystal structure of the complex of BRACO-19 with telomeric bimolecular G-
quadruplex d(TAGGGTTAGGGT); was also reported (Figure 11).>* The reported biological unit
contained two parallel G-quadruplexes stacked via BRACO-19 molecule. Interestingly, the
drug was stacked to 3’-G-tetrade of one G-quadruplex and TeAeTeA base pair capping the 5’-
end external tetrad of another G4. nt-it stacking of BRACO-19 was reported for two guanines
of G-tetrad and TeA of another tetrad. The positively charged ring nitrogen was found to form
H-bond with the water molecule that was positioned in line with the K* ions coordinated
between G-quartets. Besides, one direct H-bond was observed between thymine T24 and
side-chain amide as well as two water mediated H-bonds between the same thymine and
carbonyl group of another side chain and N9 of acridine of the drug. The positively charged

side chains are protruding into the grooves due to electrostatic interactions.
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Figure 11. Crystal structure of telomeric bimolecular G-quadruplex with BRACO-19 and ligand-
interaction view (replotted from PDB 3CE5).>*

Quaternary bis-quinolinium dicarboxamide derivatives of pyridine (PDC or 360A) and
phenantroline (PhenDC3, Chart 2) became benchmark G4 ligands due their high affinity to

both promoter and telomeric G4s and good selectivity with respect to duplexes.
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Chart 2. Structures of PDC (360A), PhenDC3 and PDS.

Pyridine-2,6-dicarboxamides inhibit proliferation and induce apoptosis of telomerase-positive
and ALT tumor cells by inducing end fusion of chromosomes.>> Among this series (Figure 12),
the tritiated (3H) derivative of PDC (or 360A) was found (by radioactive analysis) localized in
extremes of chromosomes.>® With the help of PDC-based photo-cross-linking probes (PDC-XL)
it is now possible to selectively alkylate DNA G-quadruplexes;>’ the Pt(ll)-NHC derivative of
PDC perturb telomere integrity and causes significant (up to 50%) delocalization of one of
shelterin’s proteins, TRF2.°® PDC scaffold was also used for the development of fluorescent

probes. For example, the conjugate with thiazole orange PDC-M-TO selectively binds G-
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quadruplexes over dsDNA with fluorescent enhancement for telomeric G4 almost two-fold
bigger than for promoter.>® In this context, we recently reported a series of fluorescent PDC-
coumarin conjugates, among which two derivatives (PDC-L2-C2 and PDC-L3-C2) discriminate
between G4 topologies.®® When the probe binds to antiparallel or hybrid G-quadruplex, the
coumarin part is flipped out and fluorescent enhancement is observed, while no fluorescent

gain is observed upon their binding to parallel G-quadruplex (Scheme 1).
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Figure 12. Structures of functional derivatives of PDC and fluorescent probes.

-28 -



7 M. —
N7
antiparallel G4 ,.\\0(\?/
@@’/QQ’
O A
e
—— FL S
7 PET
e
hybrid G4
@ A
parallel G4

Scheme 1. Proposed model of fluorimetric response of PDC-coumarin conjugates towards various G4-
DNA structures. The dashed lines depict the base—base interactions defining the antiparallel G4
topology.®°

Phenantroline dicarboxidiamide PhenDC3®! represents probably the best compromise
between affinity and selectivity towards G-quadruplexes. It binds to assembled antiparallel
telomeric G4 with K4 down to 14 nM measured by BLI and 4.4 nM by SPR.>3 It binds to G-
qguadruplex by m-it stacking, as showed by an NMR structure of a complex with Pu24T (Figure
13A)%2 and even though it disrupts capping of the top G-tetrad by the A3eA12 base pair, it
significantly stabilizes the structure. Concerning its action on cancer cells, PhenDC3 causes
genome instability and inhibition of telomere elongation.%3%* Similar compound pyridostatin
(or PDS, Chart 2)% differs from PDC by the three branches (positively charged in water) while
quinoline nitrogen atoms are not quaternized. Its Kq to the antiparallel G-quadruplex was
estimated as 12, 17 or 96 nM.>>% PDS uncaps the protein POT1 from the shelterin complex
inducing DNA-damage response.® A biotinylated analogue of PDS was used for the first small-
molecule-mediated isolation of G-quadruplexes from human cells.®” PDC, PhenDC3 and PDS

are quite easy to synthesize and now are commercially available.
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Figure 13. A) Structure of complex of PhenDC3 with Pu24T (replotted from PDB 2MGN);%? B) Unbound
Pu24l (replotted from PDB 2A5P)** for comparison.

The derivatives of naphthyridine-1,8-dicarboxamide, 3AQN and 6AQN (Chart 3), were found
to have high G4 binding affinity and selectivity to G4 over double-stranded DNA.%® Besides
high thermal stabilization of telomeric and promoter G-quadruplexes in FRET-melting and high
efficiency of these ligand in the FID assay, they were found to be very efficient in the
polymerase stop assay with telomeric G-rich primer sequence and even outperformed 360A
(1Cs0 0of 0.8 uM, 0.7 uM and 1.2 uM for 3AQN, 6AQN and 360A, respectively). These molecules,
similar to 360A, caused inhibition of growth of human malaria parasite (with 1Cso of 1.8, 1.5
and 0.9 uM for 3AQN, 6AQN and 360A, respectively for 3D7 strain) but had low cytotoxicity

to human cells.®®
| NN NN
(0] N/ N/ O (0] | N/ N/ o)
\ﬁ o NH HN | \ﬁ/ NH HN
|
® @
g )Y 91
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Chart 3. Structures of naphthyridine derivatives 3AQN and 6AQN.

Natural compounds and their derivatives were also shown to bind G-quadruplexes,” e.g.
groove binders steroid FG’* and oligopeptides such as distamycin A (Chart 4).”? According to
molecular docking and molecular dynamics study, steroid FG mostly interacts with
hydrophobic groove/loop regions’3. Distamycin A binds to G-quadruplexes with ligand to DNA

stoichiometry of 4:1 in two grooves, by forming antiparallel distamycin A pairs.
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Chart 4. Structures of natural compounds and their derivatives as G4-biders.

The biggest attention among natural compounds was paid to the macrocyclic peptide
telomestatin (Chart 4),’%7> which was isolated from actinobacteria species Streptomyces
anulatus. This compound contains five oxazole, two methyloxazole and one thiazoline ring,
and binds to G4 by stacking on external tetrads. It is a very efficient telomerase inhibitor (ICso
in the nanomolar range).®* Interestingly, unlike the majority of G4-ligands, telomestatin is
uncharged. It is cytotoxic for many cancer cell lines at concentrations below 5 uM and has no
effect on normal cells. The synthesis of telomestatin is one of the biggest obstacles for the
use of this compound: its total synthesis is rather complicated and includes low-yield last-step
purification;’® at the same time, its extraction from bacteria is not cost-effective due to the
presence of large amount of other metabolites. A method of heterologous expression of this
compound was reported recently.”” Due to difficult accessibility of this ligand, multiple
synthetic analogues of telomestatin were developed. For example, interesting properties
were reported for the acyclic heteroarylic compound TOxaPy (Chart 4) which binds to the
antiparallel but not hybrid conformations of human telomeric sequence.”® Cyclic telomestatin
analogue L2H2-60TD (Chart 4), which contains six oxazole rings and two alkyl amine chains
binds to telomeric G-quadruplexes by m-stacking and additional electrostatic interaction of

side chains with phosphate groups. It inhibits telomerase activity of Namalwa cells (1Cso = 20
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nM) and proliferation of Hela cells (ICso = 7.4 uM).”® The structure of the complex of L2H2-
60TD with telomeric sequence 24TTG of hybrid topology was resolved by NMR (Figure 14).8°

Figure 14. Structure of the complex of L2ZH2-60TD with telomeric 24TTG hybrid G4 (replotted from PDB
2MB3).5°

Porphyrins represent another important class of G4-binders. Along with heme, that binds to
telomeric G4 with Kq of 25 nM,8! the most studied and widely used compound of this family is
TMPyP4 (Figure 15).22 Cationic branches of TMPyP4 increase the solubility and, in the same
time, affinity to nucleic acids. Upon light activation TMPyP4 can generate reactive oxygen
species that allows its use in photodynamic therapy.®3 Thanks to its photosensitizing
properties it has found various applications, from cancer to antimicrobial therapies.?
Curiously, TMPyP4 is considered as DNA G4-stabilizer®? and RNA G4-unfolder.?> It binds to G4s
by stacking on external G-tetrad (Figure 15).3* Although it binds not only to quadruplexes (e.g.,
K4 to antiparallel G4 of 247 nM),>3 but also to duplexes (K4 to a hairpin of 110 nM),>? a large
number of fundamental studies related to biological roles of G-quadruplexes were performed

with this compound.?>?°
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Heme TMPyP4

Figure 15. Structure of heme, TMPyP4 and the complex of TmPyP4 with parallel G4 Pu24l (replotted
from PDB 2A5R).3!

N-Methyl mesoporphyrin IX (or NMM) was first reported to bind G-rich DNA sequences in
1996.8% Since then this molecules became extensively used in the G4 field due to its
fluorescent properties,®”# good G4 selectivity over double-stranded DNA, and much higher
affinity to parallel over antiparallel and mixed (hybrid) G-quadruplex topologies.?? The latter
can be well illustrated by the results of SPR experiments in which the dissociation constants
of NMM with G4s of different topologies were measured.®® Five different parallel sequences
formed with NMM stable complexes with Ky values varying from 62 to 330 nM. At the same
time, hybrid G4s formed complexes with K4 of micromolar range (1.5-7.2 uM) and for NMM
complexes with antiparallel G4s K4 was higher than 17 uM. In a reported X-ray structure of the
complex of NMM with telomeric sequence dAGGG(TTAGGG)s (Tel22) the drug is not
completely planar (Figure 16).°* The biological unit of the reported structure contained two
parallel G-quadruplexes stacked with their 5-5’ tetrads. Bridging K* cation is positioned
between them. One NMM molecule is stacked on each of the 3’-external tetrads in this dimer.
The binding of NMM to G-tetrad is stabilized by efficient n-it stacking. The N-Me group of
NMM is positioned in the central channel upon K* cations most likely because of sterical

reason.
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Figure 16. Structure NMM and its complex with telomeric G4 Tel22 (replotted from PDB 4FXM).>?

To date, only two G-quadruplex ligands reached clinical trials. The first one, quarfloxin (CX-
3543 or intrafloxin), was developed by Cylene pharmaceuticals as a result of optimization of
compound QQ58 presented by the Hurley group (Chart 5).°2 It entered Phase |l of clinical trials
in early 2008 (ClinicalTrials.gov identifier: NCTO0780663) as a treatment of carcinoid and

neuroendocrine tumors but failed due to bioavailability issues. The optimized derivative CX-
5461 (Chart 5) was originally described as ribosomal RNA synthesis inhibitor in cancer cells.?
Later it was found that CX-5461 is a G-quadruplex stabilizer.®* It is currently in Phase | clinical
studies as an RNA polymerase | inhibitor for treatment of many tumors, particularly breast

cancer deficient in BRCA1 and/or BRCA2 (ClinicalTrials.gov identifier: NCT02719977).
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Chart 5. Structures QQ58 and clinical candidates CX-3543 and CX-5461.

Metal complexes constitute another large family of G-quadruplex ligands. They are rather easy

to synthesize and their magnetic, optical and catalytical properties open a wide area for
applications. Metal cations not only make m-nt stacking of the ligand more efficient by
diminishing electron density of the aromatic core, but also provide additional coordination

bonds with guanines of G-tetrads if placed in the central canal. The development of this class
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of ligands started with porphyrine derivatives of Cu(ll),%> Ni(ll), Mn(l11),°® and then expanded
to other metals, such Zn(Il)°” or Fe(ll).”® Complexation of metal also leads to increased
selectivity of ligand with respect to dsDNA (up to 1000 fold as for Mn(lll) TmPyP4 derivative,
Chart 6). Ni(ll) salphene derivative | (Chart 6) showed antiproliferative effect on breast cancer

cells.®® Pt(ll) complex of phenantroline Il (Chart 6) inhibits telomerase'® and Pt-ttpy (Chart 6)

101

derivative was shown to inhibit the proliferation of cancer cells that are resistant to cisplatin

that makes them attractive for cancer therapy.

\
0
0
Pt-ttpy

MnTMPyP4

Chart 6. Structure of G4-binding metal complexes.

One of major challenges in the search of G-quadruplex ligands is to find compounds that would
be able to discriminate between different G4 structures or topologies. To date, there are
several families of compounds that selectively bind to G4s of parallel topology (e.g., NMM,
indole and selenium-containing cyanine-based dyes, distyrylpyridinium dyes etc.).** Most of
ligands that bind to telomeric hybrid G-quadruplexes induce the change their conformation
to antiparallel. What concerns the specific recognition of antiparallel topology, there is still a

room for improvement.

In the search of selective G4 ligands, a small-molecule microarray screening of 20 000
compounds was performed using a fluorescently labeled oligonucleotide.'®? As a result,
compound Il was identified as a selective binder of c-myc G4. Although thermal stabilization
of 2.1 °C (CD-melting, 1 eq. of ligand, c = 25 uM) and a Kq value of 4.5 uM (as determined by
SPR) are not convincing enough when comparing with the benchmark G4 ligands (for
comparison, the value of K4 of BRACO-19 binding to c-myc is 19 nM), analogs of compound Il
were developed. The trifluorinated compound DC-34 has better affinity to G4 (K¢ = 1.4 uM to
Pu27 sequence as per SPR) and represent a rare example of a drug-like G4-ligand that can
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discriminate between promoter G-quadruplexes with preferential binding to ¢c-myc.2%3 The
structure of the complex of c-myc G4 with two molecules of DC-34 was solved by NMR (Figure
17). It indicates the stabilization of the complex not only through m-mt stacking, but also by
hydrogen bonds between NH,-group of A25 and benzofuran’s oxygen on 3’-end and NH»-

groups of G7 and G18 and trifluoromethyl group on 5’-end.

0.9
i

DC-34

Figure 17. Structure of the 2:1 complex of DC-34 with c-myc sequence (replotted from PDB 5W77).2%3

3. Combinatorial chemistry approaches

to discover G4 ligands

Combinatorial chemistry refers to the synthesis of libraries of small-molecules or peptides in
relatively simple reactions, often performed in automated manner. Peptide coupling and click
chemistry represent the most significant breakthroughs in the field. In combination with high-
throughput screening, it is a very powerful tool in current drug discovery. High-throughput
screening is a technique that permits the simultaneous screening of thousands to millions
compounds towards various biological targets. Until recently, it was a prerogative of industry
considering the high cost of equipment. Nowadays the situation is different: not only many
universities have their own screening centers where researchers can develop and perform
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their screening assays, the screening can be done even in the researchers’ laboratories.
Technologies such as microarrays, DNA-encoded libraries and phage display allow the latter.
In this part, | will give some examples of combinatorial chemistry applied to the search of G-
quadruplex ligands, including classical combinatorial synthesis, as well as more recent
developments such as DNA-encoded libraries, phage display and dynamic combinatorial

chemistry.

3.1. Classical combinatorial chemistry approaches

The screening of synthesized (targeted) libraries of compounds is a well established way of

the search for G-quadruplex ligands. Some examples of this approach are given below.

In an attempt to find analogues of the previously reported bis(amidinohydrazone) 105.1
(identified by a HTS campaign)®* that was capable of high thermal stabilization of G4s but
possessed low biological activity, Randazzo et al.!%> synthesized a library of ten
amidinohydrazones (Figure 18A). CD-melting experiments, performed with G4s of different
topologies as well as with dsDNA, showed that compounds 105.6-105.8 were not selective to
G4s and had some affinity to dsDNA, and compounds 105.9 and 105.10 showed no significant
stabilization of any target. Instead, compounds 105.1-104.3 and 105.5 stabilized G4s and not
dsDNA, among which compound 105.3 was the most selective towards parallel c-myc G4 as
demonstrated by AT values (ATm > 20 °C for c-myc, = 10 °C for parallel c-kit and telomeric G4s
and = 0 °C for hybrid telomeric G4 and dsDNA). The authors suggested that two equivalents
of 105.3 could bind to c-myc sequence and that this interaction was stabilized not only by -
Tt stacking but also by hydrogen bonds between the positively charged amino groups with
phosphate backbone and between formyl group of the ligand with amines of the bases A6 and
T23 that cap the structure (as suggested by docking, Figure 18B). In biological assays
compound 105.3 showed significantly higher cytotoxicity for cancerous cells than 105.1 (ICso

for U20S cells after 24 h of 0.845 uM and 15.95 uM, respectively).
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Figure 18. Structure of compounds 105.1, 105.3 and the combinatorial library; B) structure of the
complex of 105.3 with c-myc G-quadruplex (suggested by docking).%

Another amidinohydrazone derivative 106.15 was reported as a promising G4-ligand by the
same group as a result of the screening of a library of 15 compounds by means of CD-melting
towards telomeric and promoter G-quadruplexes (Figure 19).1% Compound 106.15 is
cytotoxic to cancer U20S and Hela cell lines at micromolar concentrations. In CD-melting
experiments it selectively stabilizes the telomeric sequence (ATm of 13 °C), although in
immunofluorescence microscopy experiment with BG4 antibody neither 106.15 nor BRACO-
19 significantly increased the number of telomeric G4 foci. Instead, compound 106.15 was
shown to induce DNA damage as seen from the increased quantity of hallmarks of DNA

double-strand breaks (53BP1 and y-H2AX foci) and by formation of micronuclei.
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In the search of c-Myc transcriptional inhibitors, Huang et al. designed two libraries of
isaindigotone derivatives: series ¢ (of 19 compounds) and series d (of 24 compounds) (Figure
20).197 First, the ELISA assay was performed with all compounds of series to estimate their
capacity to disrupt the complex between c-myc G4 and transcriptional factor NM23-H2.
Compounds 107.19d and 107.22d showed the strongest inhibitory activities. They also
provided the highest thermal stabilization of c-myc G4 in a FRET-melting assay (ATm of 12.1
and 12.9 °C, respectively) and showed rather weak binding to the NM23-H2 protein in MST
experiment (Kyg of 17.1 uM for K4 107.19d and not determined value for 107.22d). Both
compounds reduced level of c-myc mRNA and c-Myc protein in dose-dependent level in SiHa

cells.
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Figure 20. Structure of isaindigotone derivatives series ¢ and d and the best binders, 107.19d and

107.22d.%%7

Interestingly, along with stabilization of G-quadruplexes, inhibition of transcription factors can

also be used in order to inhibit c-Myc protein expression. The protein NM23-H2 among its

other functions is an oncogene transcription factor and was found to inhibit transcription of

c-Myc by binding and unfolding G-quadruplexes. The authors supposed, that a potential

inhibitor of NM23-H2 can be designed starting from a molecule that binds G-quadruplex, since

NM23-H2 and G4 should have complementary shapes of their binding sites in the

complex,that is, a molecule that binds to G4 can have moderate affinity to NM23-H2 as well.

So the compound 107.19d initially discovered as a G4 binder was used as a prototype for a

protein-targeting of c-Myc transcriptional inhibitor. The library of 44 compounds was designed

on the base of 107.19d and screened for the affinity to NM23-H2 oncogene transcription

factor (Scheme 2). The compounds’ affinities towards the protein were measured by MST and

SPR and 108.37 was selected as the most affine binder (Ky of 3.1 uM by SPR and 2.0 uM by
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MST). It inhibits transcription of c-myc protein in dose-depended manner and exhibited

antitumor activity in mice with a SiHa xenograft.1%®
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Scheme 2. The discovery of NM23-H2 binder 108.37.1%

Microfluidics is the science and technology of systems that process or manipulate small (107°
to 1078 litres) amounts of fluids, using channels with dimensions of tens to hundreds of
micrometres.1® Two major features of microfluidics synthesis that explain its increasing
popularity recently are the effective mixing and heat/mass transfer and precise control of
every parameter of the reaction.!'® Coupling of on-chip synthesis with on-chip screening
represents a very promising route for combinatorial chemistry. Such an example exists also in
G4-field where the synthesis of G4 ligands in a microfluidic setup is combined with biophysical
evaluation of these compounds in FRET-melting experiment on microfluidic platform.'! Three
nickel(ll)-salphen complexes (similar to ligand I, page 35) were prepared in-flow by injecting
starting materials into thermostable polytetrafluroethylene (PTFE) tubing coiled around a
thermoblock and heated at 90 °C (Scheme 3A). The reaction was monitored by H NMR and
was completed after 9 hours. The system allows the usage of much smaller quantities of
reagents as it is performed in small volumes (350 pL). Interestingly, the G4 affinity of the “as-
synthesized” ligands can also be monitored in a microfluidics-based DNA FRET-melting

platform (Scheme 3B) and revealed to be identical to that of ligands synthesized in a “classical”
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preparative way. To summarize, the microfluidics is a very promising method that can be

applied for the synthesis and screening of compounds in combinatorial chemistry.
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Scheme 3. A) Synthesis of nickel(ll)-salphens in microfluidics platform; B) online FRET-melting assay
(adapted from 111).

8

3.2. DNA-encoded libraries (DECL)

The technique of DNA-encoded libraries was developed in the beginning of 1990s and now
represents a rapidly evolving technique of drug discovery. It permits to analyze billions of
compounds in one test tube, where each library component is linked to a unique barcoding
DNA-sequence (tag). The library is mixed with the target and the most affine partners are
separated from unbound library members by a pull-down technique. Structures of the best
binders are then revealed by amplification and sequencing of DNA-tags. Reactions of synthesis
of libraries should be performed in water (sometimes with co-solvents, such as DMSO, MeCN,
DMA) with highly-diluted DNA-coupled starting materials and should preserve the genetic

information that limits the scope of potential chemical scaffolds.

To date, only one example of the use of DNA-encoded libraries for the search of G-quadruplex
ligands was reported (by X-Chem Pharmaceuticals).'? Although in this study 33 libraries of a
total 120 billion compounds were used, the report concerned only two libraries obtained by

split-and-pool DNA encoding (Figure 21). Library A was a three-cycle library. The tagged
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bromoacetyl derivative was split to 1024 wells and the unique tag was added to each
derivative after a reaction of Sn2 nucleophilic substitution with primary amines (step 1, S1).
Then all products were mixed (pooled) and split into 85 wells of different formyl carboxylic
acids for the reaction of reductive amination (S2). After tagging, all products were pooled and
split for the last time to 2500 amines for acylation reaction with consecutive unique tagging
(S3). The final pool of library A contained 217.6 million of tagged compounds. The synthesis
of library B started with reaction of DNA-bound 2-chloro-3-nitro-pyridine with 1 051
secondary amines (S1). Tagged derivatives of SNAr substitution were pooled and their nitro-
group was reduced. The resulting amines were split to 1 213 wells containing aldehydes where
reaction of oxidative cyclization took place (S2). The pool of tagged products contained 1 127
863 individual compounds. Two rounds of selection were performed with each library by
addition of the library to immobilized G4 from c-myc promoter with consequent elution of
bound compounds. Tags of selected compounds were then amplified, their structures were
decoded, filtered by criteria such as logP etc., and one compound from every library was re-
synthesized without the encoding tag. In a reverse SPR experiment (biotin-tagged compound
+ untagged G4) compound 112.2 showed affinity of K4 328 nM to Pu27 G-quadruplex and even
higher affinity with K4 59 nM to c-myc G-quadruplex containing only first four G-tracts.
Compound 112.1 was shown to be less affine to these G4s (Kq4 values of 1.06 uM and 328 nM,
respectively). Though in cell culture experiments the compound did not show extraordinary
properties, the published results concerned only compounds from two of 33 analyzed

libraries, demonstrating the first example of the usage of DECL beyond protein targeting.
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3.3. Phage display

Phage display was discovered in 1980s by George P. Smith and Greg Winter who were

awarded a half of the 2018 Nobel Prize in Chemistry for its development. In this assay, the
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“ligands” are the peptides expressed on the surface of a phage, and the encoding sequence is
incorporated into phage DNA which is situated inside the capsid, preventing any potential tag—
target interactions. The phages are incubated with the target and the best binders are
separated by pull down. The phages, eluted from the complex are then amplified in E. coli cells
and the process of selection can be repeated. In this regard, phage display may be considered
as a variant of DNA-encoded libraries. The genes from the phage are then sequenced and the

searched protein structure is elucidated.

Recently, phage display of bicyclic peptides was applied to the search of G-quadruplex
binders.'!3 Bicyclic peptides are obtained from linear aminoacid sequences containing three
cysteines, upon reaction with tris(boromomethyl)benzene (Figure 22A). Incubation of
biotinylated c-kitl promoter G-quadruplex with phages displaying a 3 x 3 bicyclic peptide
library (ACX3CX3CG, X = any of the 20 canonical amino acids) and consecutive sequencing
resulted in selection of the peptide ACPPICIKFCG (G4pep2, Figure 22B) having high affinity to
the target (ATm of 20 °C in FRET-melting at 5 UM and Kq of 1.0 uM in fluorescence quenching
experiment). Furthermore, the elucidation of structure of all peptides in the evolved library
permitted to generate the structure of G4pep3 (ACPRLCRRFCG, Figure 22B) from aminoacids,
the most probable for every defined position in the library. G4pep3 possessed enhanced G4-
binding properties: AT, of 34 °C in FRET-melting at 5 uM and K4 of 630 nM in fluorescence
guenching experiment. To compare, benchmark ligand PhenDC3 provides thermal
stabilization of more than 35 °C at concentration 1 pM®! and has a Kq4 value around 50 nM in
the fluorescence quenching experiment.®® Molecular modeling calculations were performed
to study the interaction of G4pep3 with G4 (Figure 22C). The peptide binds to 3’-tetrade of
the G4. The complex was stabilized by hydrophobic interactions between the G-tetrad and
leucine as well as N-terminus of the peptide. Besides, electrostatic interaction takes place
between the belt-like architecture of arginines’ positive charges of the peptide and the

AGGAG loop.
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3.4. Fragment-based drug discovery

The approach of fragment-based drug discovery (FBDD) consists in a multistep selection of
fragments moderately affine to the target with their subsequent assembling in the hit
compounds. In the first step, small fragments (of molecular mass generally <300 Da, logP<3
etc.) are screened towards the target and molecules with some affinity (micro- or even
millimolar) are identified. This preliminary screening is usually performed by NMR as it was
first described by Abbot,''* by X-ray crystallography, SPR, ITC, MST, or any other biophysical
method. The second step consists in assembling the previously identified fragments in one
molecule. Information about binding sites of fragments indicates how to better connect the

fragments; the final molecule usually has significantly improved affinity characteristics.*®

Fragment-based drug discovery has found wide application mostly for protein chemistry. The
unique example of application of FBDD for the search of G4-binders was reported by Richter

et al.'*® In a preliminary screening 150 molecules were tested in the FRET-melting assay
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towards G-quadruplex from the HIV-1 long terminal repeat (LTR-1ll), human telomeric G-
quadruplex and dsDNA. In the most active group of mono- and bifunctionalised aromatic and
heteroaromatic rings, five compounds (116.5, 116.11, 116.12, 116.14 and 116.15) provided
thermal stabilization of G4s of more than 1 °Cin the presence of 4000-fold excess of fragments
and three of them (116.5, 116.11, 116.12), containing an amidoxime moiety, were selected
for further studies. In the second round of selection, after incorporation of different
heteroaryl units and side chains, 17 compounds were synthesized and two of them, 116.30
and 116.32, (with ATy, of 3.5 and 5.3 °C for LTR-IIl G4 in the presence of 100-fold excess of
fragments) were selected for further optimization. Finally, hits 116.35 and 116.36 were
selected from the third round for deeper investigation (ATm of 9.0 and 14.1 °C for LTR-1Il G4 in
the presence of 100-fold excess of fragments in FRET-melting experiment; ATy of 1.7 and 5.1
°C for LTR-IIl G4 in the presence of 10-fold excess of fragments in CD-melting experiment). In
a FRET-melting competition experiment, the Tr, of labeled LTR-IIl in the presence of 100-fold
excess of 116.36 was not affected by addition up to 32 equivalents of unlabelled hTel although
a decrease of 7 °C was observed upon addition of 32 equivalents of unlabeled LTR-III.
Compound 116.36 was shown to inhibit (at concentrations of 50-200 nM) the polymerase
progression on a DNA matrix containing NHE-1 LTR forming sequence in Tag polymerase stop

assay.
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Figure 23. Fragment-based approach starting from (a) mono-aryl fragments, evolving trough (b) low
level of complexity bi- and tri-aryl derivatives and (c) final tetra-heteroaryl hits. Adapted with
permission from 116

3.5. Kinetic target-directed synthesis

Target-directed synthesis concerns the synthesis of small molecules in the presence of a
biological target. It can be performed in two ways: upon kinetic control (kinetic target—guided
synthesis, or KTGS) or in the conditions of dynamic equilibrium (dynamic combinatorial

chemistry or DCC). In KTGS the target acts as a template for an irreversible reaction acting by
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approaching the reacting species. The reagents bind to specific pockets (or binding sites) and
if they occur to be at a suitable proximity, an irreversible formation of the product occurs. The
most used KTGS reaction is in situ click chemistry of azide-alkyne cycloaddition.''” In contrast,
in the DCC approach the synthesis reaction is reversible and occurs regardless the presence of
the target. The addition of the target changes the dynamic equilibrium shifting it towards a
formation of products that are affine to the target and therefore are more thermodynamically
stable in the “new” system. While dynamic combinatorial chemistry has found wide
application in the field of G-quadruplexes (see Section 3.6), to date there are only two
examples of target—directed synthesis of G-quadruplex binders and both employ the reaction

of Huisgen cycloaddition.

The first example of application of KTGS in the G4 field was reported by Balasubramanian et
al. The reaction of cycloaddition was performed in the system of two alkyne derivatives of PDS
(118.1 and 118.2) and six azides (118.3-118.8) (Figure 24A).118 Interestingly, in copper-free
conditions the formation of only one product 118.10 (adduct 118.1-118.4), a sugar derivative,
was observed in the presence of telomeric G4 DNA and no product was formed in the absence
of the target (Figure 24B). Conversely, in the presence of copper catalyst the products of all
possible combinations were formed regardless the presence of G-quadruplex. Sugar
derivatives 118.10 (118.1-118.4) and 118.16 (118.2-118.4) as well as some other derivatives
of 118.2 were, however, amplified in the presence of telomeric G4. In FRET-melting
experiments 118.10 and 118.16 provided the highest thermal stabilization of telomeric G4
(30.0 and 28.2 °C, respectively). In further studies, compound 118.10 was found to reduce the
number of TRF1 foci in a dose-dependent manner (ICso of 1.3 uM) that supports the idea of its
binding to telomere G-quadruplexes. When the reaction was carried out in the presence of
copper (l) and a telomeric RNA G-quadruplex (TERRA), compound 118.13 (118.1-118.7 adduct,
also known as carboxypyridostatin or c¢cPDS) was amplified in comparison to reactions
performed without target, with dsDNA, or telomeric G-quadruplex. Interestingly, 118.13
contains a negatively charged carboxylic group that is rather unusual for G4 DNA ligands. The
results of FRET-melting experiments indicated that although 118.13 provided slightly lower
temperature of stabilization of RNA G4 than PDS (ATm of 20.7 and 22.2 °C, respectively), ATm
for 118.13 was not affected by the presence of up to 100 equivalents of telomeric G4
competitor that was not the case for PDS. In order to explain such selectivity of cPDS to RNA,
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docking and molecular dynamic simulations were performed by Artese et al.!'° The selectivity
of cPDS to RNA G4 was explained by much lesser repulsion of ligand’s carboxylic group from
the negatively charged phosphate backbone, the last being involved in hydrogen bonds with

the 2’-OH group of RNA’s sugar constituent.
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Figure 24. A) Structures of alkyne and azide building blocks; B) structures of amplifies compounds
118.10 and 118.13 (cPDS); C) in situ synthesis of triazoles catalyzed by H-Telo.'8

Another example of target-guided synthesis was reported by Dash et al.'?® for the system
composed of three alkynes (120.1a-c) and 11 azides (120.2-118.12) (Figure 25). The target in
this system was bound to paramagnetic nanoparticles covered with gold (Fes0s@Au NP) to
enable the pull-down of the DNA-ligand complex. The mixture of reagents and the NP-bound
target (c-myc G4 or dsDNA) was incubated for 6 days and the complex of target with bound
compounds was pulled-down with a magnet. The analysis of released ligands showed that in

the presence of c-myc G4 three adducts of 120.1a were formed: 120.1a-11, 120.1a-3 and
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120.1a-7 in a 62:7:31 ratio, while only one compound (120.1a-3) was formed in the presence
of dsDNA. Further studies of interaction of 120.1a-120.11 (120.Tz1) with c-myc G4 reveled a
K4 of the complex of 0.17 uM (measured by fluorescence titration) and thermal stabilization
of c-myc G4 of 19.3 °C at 1 uM ligand concentration in FRET-melting experiment (however,
the concentration of labeled DNA used in this experiment was 100 nM in contrast to standard
200 nM, used for most reported ligands). Compound 120.Tz1 inhibited the proliferation of
colorectal adenocarcinoma cancer cell line HCT116 (with 1Cso of 2.1 uM after 24 hours) and

was capable to inhibit c-myc protein expression in a dose-dependent manner.
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Figure 25. Structure of alkynes 120.1a-c, azides 120.2-120.12 and the best binder 120.Tz1.1%°

-51-



3.6 Dynamic combinatorial chemistry

Dynamic combinatorial chemistry (DCC) is an approach of combinatorial chemistry that
permits to generate large libraries of compounds (dynamic combinatorial libraries, or DCL) by
means of a reversible reaction between simple building blocks, performed under
thermodynamic control.’?! These combinatorial libraries theoretically contain all possible
combinations of building blocks (if the reactivity of building blocks is approximately the same).
The reaction can be performed in the presence of a target (adaptive DCC) so that the
composition of obtained DCL is compared to the “blank” library obtained in the absence of
the target. Alternatively, the target can be added to the system where the equilibrium has
already been established (pre-equilibrated DCC) (Figure 26A). In the latter case, the addition
of the target induces the re-equilibration of the system in favor of formation of compounds
that have some affinity to the target. In both cases the composition of the equilibrated library
should contain the same distribution of components.'?? In the comparative approach of DCC
the composition of libraries obtained in the presence and in the absence of the target is
analyzed by HPLC or LC/MS, and an increase of the compound’s peak area (called
amplification) normally witnesses its affinity to the target (Figure 26B). In the non-comparative
approach the ligand-target complex is isolated and the hits are analyzed in the complex with
the target or after being released from the target (Figure 26C).*?3 The reaction used in dynamic
combinatorial chemistry with nucleic acid targets should be water-compatible, give access to
diverse and stable products and must be performed at near—neutral pH to keep native target’s
structure. To date, two types of reactions have been used in G4-field for DCC: disulfide and

imine exchange.
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The first application of DCC to the search of G-quadruplex ligands was described by
Balasubramanian et al. and employed the disulfide exchange.’?* A relatively simple system
was composed by the acridone derivative A (that was supposed to interact with external G-
tetrads of G4s by nm—stacking) and tetrapeptide FRHR P (presumable loop/groove-binder) in a
buffer that contained excess of both oxidized (G) and reduced (G-G) forms of glutathione
(DCL1, Scheme 4). When reaction reached the equilibrium it was stopped by lowering pH value
to 2 and the “frozen” libraries were analyzed by HPLC. In a DNA-free system the peptide was
predominantly conjugated with glutathione (P-G) whereas the acridone was in the form of
homodimer (A-A). Upon addition of telomeric G-quadruplex to the system, an increase of
peaks of A-P and P-P was observed, indicating the affinity of A-P and P-P to the target. In SPR
experiments these compounds showed binding to G4 with Ky values of 30.0 and 22.5 uM for

A-P and P-P, respectively.
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Another example, also reported by the same team, employed the peptidic spacing containing
one, two or three N-methylpyrrole heterocycles that mimic the previously mentioned
distamycin ligand (page 30) that binds DNA duplexes and G-quadruplexes (DCL2, Figure 27).*%°
The reaction was performed in the presence of large excess of glutathione to avoid self-
assembly of P3 (up to 75% in low glutathione buffer). In the presence of human telomeric G-
qguadruplex, disulfides P2-P3 and P3-P3 were amplified (130 and 140%, respectively). In the
presence of A/T-rich duplex DNA amplification observed much higher (660, 295 and 220% for
P2-P3, P3-P3 and P2-P2, respectively), suggesting that these type of polyheterocyclic peptides

have higher affinity to hairpins than to G-quadruplexes.
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In an attempt to find ligands that discriminate between two parallel G-quadruplexes, myc22
and c-kit21, DCC of disulfides was applied to the system containing an oxazole-based peptide
macrocycle moiety 125.1 (a G4 binder) and two libraries of para-substituted benzyl thiols
(DCL3a and DCL3b, Figure 28A).*%% In the library DCL3a, two disulfide adducts were amplified
upon addition of both G4s: compound 125.1-A that was found to be more affine to c-myc G-
guadruplex, and 125.1-E, more selective to c-kit, as demonstrated by the respective K4 values
(Figure 28B). Interesting results were obtained upon analysis of DCL3b: the adducts that
contained a- and B-lyxose chains had a large difference in amplification and affinity. With
respect to c-kit G-quadruplex, B-lyxose derivative 125.1-F was found to be the best binder
with a Kg of 9.1 uM (SPR), while the a-isomer 125.1-G was the worst in the whole library with
a Kq of only 23.6 uM (SPR). In the presence of c-myc G-quadruplex the amplification was much
lower and all library members had rather low affinity to target (more than of 20 uM, as per

SPR).
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A non-comparative DCC analysis protocol was applied by Ulven et al. to the system of
disulfides of aromatic scaffolds Aa, Baz, Caz and cationic side chains az, b2 and c2 (DCL4, Figure
29).1%7 In this experiment the binders were identified by the analysis of ligands eluted from
the pulled-down complex with a G-quadruplex, and not by comparing the composition of
entire DCLs in the presence and absence of the target. The acridone derivative 126.Ac,
identified as the best binder to telomeric G-quadruplex in this experiment, demonstrated a Ky

of 0.78 uM to telomeric G-quadruplex (by SPR) and a AT, of 12.8 °C (by CD-melting).
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Not only disulfide exchange was used for the DCC search of G4-ligands. A library of imines was
generated from the aldehyde 128.1 and ten amines 128.2a - 128.2j in the presence and in the
absence of c-myc G-quadruplex by Dash et al. (Figure 30).*28 After 18 hours of equilibration, a
reducing agent (NaBH3CN) was added and all imines were reduced to stable amines. As in the
previous example, the identification of best binders was performed only by analyzing the
molecules pulled down from the DCL. Specifically, DNA oligonucleotides (c-myc G4 and dsDNA
control) were functionalized with thiol groups and attached to magnetic gold-coated
nanoparticles. Interestingly, in the presence of G4-target after 4 hours only three products
were observed (128.4e, 128.4g and 128.4h) and after 18 hours the mixture contained only
one product 128.4e. On the contrary, in the presence of dsDNA numerous adducts were
present in the mixture after 18 hours. All amines were synthesized in the preparative manner
and FRET-melting experiment was performed to rank them according to their capacity to
thermally stabilize the c-myc G-quadruplex. The three abovementioned compounds 128.4e,
128.4g and 128.4h provided ATy, of more than 10 °C (23.4, 13.6 and 11.8 °C, respectively).
Compound 128.4e gave a Ky value of 1.08 uM to c-myc G4 (according to the fluorescent

titration experiment).
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In summary, various approaches of combinatorial chemistry have been applied for the search
of G-quadruplex ligands. Each approach has its own benefits and drawbacks. Thus, classical
combinatorial chemistry coupled with high-throughput screening is a proven efficient
approach of drug discovery that can be applied to a wide variety of chemical scaffolds. A more
recent method of DNA-encoded libraries permits to significantly reduce the sample
consumption but, at the same time, has some limitations regarding the structures of
constituents and the reactions used to construct the libraries. Finally, dynamic combinatorial
chemistry permits to screen “virtual” libraries but has limitations with respect to the size of

libraries (up to 20 compounds) due to existing analysis methods.
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4. Biophysical techniques to study DNA-

ligand interactions

The interactions between G-quadruplexes and ligands can be studied by numerous physico-
chemical methods aiming to determine the structure of the complex, or thermodynamic or
kinetic parameters of its formation. They include, for example, crystallography, NMR-
spectroscopy, CD-spectroscopy, and a variety of fluorescence-based methods such as direct
fluorescence quenching methods, FRET-melting, UV-melting, microscale thermophoresis,
fluorescence anisotropy etc. Only the methods employed in this work will be discussed in

detail below.

4.1 Circular dichroism (CD)

Circular dichroism is a method of absorption spectroscopy that allows to get an insight into
the conformation of nucleic acids and proteins. The method is based on differential absorption
of left- and right-handed circularly polarized light by chiral molecules. Thus, CD spectroscopy

may be used for molecules that are chiral and absorb light.

Circularly polarized light is an electric wave of constant magnitude that oscillates in a plane
perpendicular to its propagation. It can be polarized in two directions: right (RCP), when the
electric field vector rotates in the clockwise direction, and left (LCP), when it rotates
counterclockwise. When LCP and RCP are of the same magnitude they are superimposed and
result in a linearly polarized wave. While passing through a medium that contains chiral
adsorbing compounds, the RCP and LCP light components are adsorbed in different extents
and their resulting wave becomes not linearly, but elliptically polarized. The differential
absorption of the radiation polarized in two directions as a function of frequency is called
dichroism. It can be expressed as molar circular dichroism, a difference in molar adsorption

coefficient of components (Ae=g/~¢,) [M1 x cm™] or as ellipticity O [deg x cm? x dmol?] that
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corresponds to the angle whose tangent is the ratio between the minor and major axes of the

resulting elliptically polarized light.1?°

Nucleic acids contain a chiral sugar backbone and nucleobases that adsorb light in the
ultraviolet region. Absorption peaks of nucleobases correspond to wavelengths of electron
n—>7* transitions. Though even simple nucleobases are chiral, the main source of nucleic acid
chirality comes from their secondary structure. Guanine has two adsorption bands that
corresponds to its two electronic (m—>m*) transitions at 248 and 279 nm and are coupled to
each other. The coupling depends on the positions of neighboring stacked guanines that are
rotated by a certain angle. Although folding of phosphate backbone usually determines the
topology of G-quadruplex, the mutual orientation of strands and, more importantly, the

polarity of stacked guanines contribute most to CD spectrum of G-quadruplexes (Figure 31A).

CD spectrum of a G-quadruplex of parallel topology is characterized by a positive peak at 260
nm and a negative one at 240 nm; antiparallel G-quadruplexes show a positive band at 290
nm and a negative one at 260 nm; and hybrid G-quadruplexes have a positive band at 290 nm
and a shoulder at 260-270 nm (Figure 31B).*3° Upon ligand binding, the CD spectrum of a G-
guadruplex can increase, diminish, stay the same or change the pattern. Rather often, upon
ligand addition the change of topology from hybrid to antiparallel (or to parallel) is observed,
which can be a significant proof of ligand-macromolecule interaction. The increase of the
signal often indicates an interaction. However, if the pattern and intensity of the spectrum do
not change upon addition of the ligand, it does not necessarily point to the absence of
interaction. The decrease of the CD signal sometimes can point to the formation of aggregates
and can also therefore indicate the interaction of a ligand with the macromolecule. However,
in certain cases, this situation is interpreted as a ligand-induced “unfolding” of a G-quadruplex
structure.'3! Usually, it is difficult to obtain any quantitative information about ligand binding
from CD titration but sometimes it can give some insights about Kd or stoichiometry of the
complex. CD spectroscopy is a very good tool to monitor the stability of the structure. This
feature is used in CD-melting experiments, where thermal stability of G-quadruplex alone is
compared with stability of the complex of G4 with a ligand. Concentration of DNA necessary

to record its CD spectrum usually varies between 2-50 uM.
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Figure 31. A) Top view of the homopolar (parallel topology) and heteropolar (antiparallel topology)
stacking of two G-quartets: the “head” and the “tail” sides of the G-quartets are represented in red and
green, respectively (the double-head arrows represent the transition moments corresponding to the
absorption band at ca. 250 nm) (adapted from 3°); B) CD spectra of guanine quadruplexes of parallel
c-myc (black), antiparallel 22AG in Na*-buffer (red) and hybrid 22AG in K*-buffer (blue) G-quadruplexes
(adapted from 132),

The binding of ligand can also be observed by the appearance (or change) of the “induced” CD
signal from ligand: even if the ligand is a symmetric planar molecule, its two faces are not

equivalent any more in a complex with a macromolecule (induced chirality).

The main limitation of CD spectroscopy is long time of the experiment (around 5 min for one

spectrum) and the absence of a direct information regarding the DNA affinity of the ligand.

4.2 FRET-melting

The fluorescence-melting or FRET (FOster Resonance Energy Transfer)-melting experiment
resides in a measurement of a temperature of denaturation of a G-quadruplex (or its complex
with a ligand) and therefore permits to evaluate the ligand-induced thermal stabilization.
Double-labeled oligonucleotides are used in this experiment. The most common pair of donor-
acceptor dyes is FAM (carboxyfluorescein) and TAMRA (Carboxytetramethylrhodamine)
(Figure 32A). The donor-acceptor pair is selected in such a way that the donor’s emission
spectrum overlaps with the acceptor’s excitation spectrum. Excitation energy is transferred

from the excited donor to the quencher so that relaxation to the ground state of donor takes
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place and the photon will be emitted by the acceptor. This phenomenon is called Foster
Resonance Energy Transfer (FRET) and highly depends on the distance between two dyes
(~1/R®). At room temperature, when a G-quadruplex is in a folded state, the donor and the
quencher are in proximity so that energy transfer takes place and the fluorescence of the
donor is quenched. When G-quadruplex unfolds into a single strand upon heating, the
distance between the two dyes increases and therefore the enhancement of donor’s
fluorescence takes place (Figure 32B). The fluorescence of the acceptor changes in the
opposite way but, due to technical issues, usually is not recorded in this experiment. In FRET-
melting experiment the dependence of donor’s fluorescence on the temperature is recorded
(the typical curve is shown on the Figure 32C). Temperature of melting (Tm or Ti2) of G-
quadruplex corresponds to the maximum of the peak of the first derivative of fluorescence vs.
temperature curve, or to the temperature at which normalized fluorescence is 0.5. When G4
forms a complex with a ligand that stabilizes its structure, the G4 unfolds at a higher
temperature characterized by AT that is a difference between Ty, of a G4-ligand complex and
Tm of a G4 alone. AT may be employed as an indirect indication of a ligand’s affinity (more
affine ligands usually provide higher ATy, values). However, possible inconsistencies of FRET-
melting with isothermal assays may be due to formation of complexes of different
composition at higher temperatures that will affect the ATm.*33 A competition experiment can
be easily designed by addition of an unlabelled competitor (most often, a self-complementary
26-mer oligonucleotide ds26: 5’-d(CAATCGGATCGAATTCGATCCGATTG)-3’). A ligand is
considered selective if its ATy, value is not affected by a presence of an unlabeled comprtitor.
Standard concentration of a double-labeled DNA or RNA substrate in this experiment is 0.2
UM and the ligand is often used in slight excess (0.2-2 uM for “good” and 1-10 uM for “poor”
ligands). In “standard conditions” a concentration of the competitor is 3 and 10 uM but is not
limited to these values.'®* A FRET-melting experiment can be carried out on fluorescence
spectrophotometers in cuvettes, but it allows a simultaneous analysis of only a few samples
with volumes of at least 500 L in this setup. Usually, FRET-melting is performed on a real-
time PCR (RT-PCR) machine in a 96-well plate that makes the experiment faster (more samples
at the same time) and permits to decrease a sample volume to 25 pL. In addition, new PCR

machines have an option of an automatic analysis of melting curves including the plotting of
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the first derivative, that significantly facilitates data analysis. The temperature range

employed in FRET-melting is normally between 25 and 95 °C.134
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Figure 32. A) Structures of a pair of most used fluorophores in FRET-melting experiment (FAM and
TAMRA); B) Principle of a FRET-melting experiment; C) Example of melting curves of F-G4-T without
(black) and with (red, blue) G4-stabilising ligand and 10 uM of competitor ds26 (blue).

Several precautions should be taken in order to perform FRET-melting experiment correctly.
First, the Tm of the competitor should be significantly higher than T of the G4 and, ideally,
higher than T, of a complex G4-ligand. Second, a competitor should not be complementary
to G4 (though in a hybridization experiment it is a requirement). Third, ideally, a ligand should
not interact with the fluorophores. Finally, the fluorescence of the most widely used
fluorophore donor (fluorescein) is pH—dependent and decreases at pH below 7. It should be
noted that the efficiency of a ligand in the FRET-melting assay does not guarantee that this
compound is going to be active in cell-experiments. To overcome this issue Morgan et al.'%
suggested using a buffer with additives such as 10% glycerol and two annealing cycles to

improve the significance of results obtained by FRET-melting experiment.
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4.3 FID assay

A fluorescent indicator displacement (FID) experiment is a widely used method that asseses a
ligand’s capacity to displace a fluorescent dye from its complex with G4 and provides an
indirect measure of a ligand’s affinity to G4 (Figure 33A). The most common dye used in FID is
Thiazole Orange (TO) (Figure 33B). TO is highly fluorescent in the DNA—bound state (Aex = 488
nm, Aem = 544 nm) where its conformation is fixed. In the unbound state, it loses fluorescence
due to conformational rotation. A FID experiment consists in a titration of a complex G4-TO
with ligand, aiming at a determination of the DCsg value, that is, the concentration of a ligand
at which the fluorescence of TO is decreased by 50% (that is to say, 50% of TO is displaced

from the complex). Some examples of titration curves are demonstrated on Figure 33C.
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Figure 33. A) Principle of the FID assay; B) Structures of Thiazole Orange and TO-PRO-3; C) Example of
FID assay with MMAZ16 and different G-quadruplees and duplexes (adapted from %),

TO binds to G4 with Kq in the micromolar range,3® so the information about concentration at
which ligand is capable to displace TO gives some insights about the ligand’s affinity to the
given G4. FID is an easy and quick method. A titration can be performed in a cuvette by step-
by-step ligand addition, or solutions of the G4-TO complex can be mixed with the different

concentrations of the ligand in 96- or 384-well plates. Attention should be paid for the analysis
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of fluorescent G4-ligands: the ligand should not be fluorescent in the same spectral range as
TO. If this is the case, other fluorescent indicators should be used for the experiment (such as
TO-PRO-3). Also, in order to effectively rank the ligands, TO and the scrutinized binder should
have the same binding site. However, some false negative results may occur when the ligand
binds to the preformed complex of G4 x TO leading to formation of G4-ligand—TO (or G4—

ligand>—TO) ternary complexes.3’

4.4 Fluorescence quenching assay (fluorimetric titrations)

The method of fluorescence titration was described by Balasubramanian et al.°® The authors
showed that the binding of a ligand to a terminally labelled G-quadruplex induced proximal
guenching of fluorescence of the dye (Figure 34A) and that the fluorescence was restored by
adding an excess of non-labeled G4 competitor. Moreover, by varying a fluorophore’s position
(5" vs. 3’) it was possible to determine Kq values of a ligand binding to the two G4’s external
tetrads. The method was cross-validated with respect to literature data by comparing the
affinities of TmPyP4 to telomeric, NRAS, c-kit and c-myc sequences measured by fluorescence
guench assay and those reported previously (obtained in UV-visible titration, FRET-quenching,
SPR and ITC experiments). They also measured the affinities of TmPyP4, PDS and PhenDC3
towards the different tetrads of telomeric and c-kit sequences. Interestingly, while PDS seems
to do not distinguish between the tetrads of the c-kit structure (Kqvalues of 0.64 and 0.44 uM
to 5’- and to 3’- G-tetrads, respectively), PhenDC3 shows a 46-fold tighter 5'-tetrad binding
(Kq values of approximately 9 and 330 nM to 5’- and to 3’- G-tetrads, respectively). In the

described assay the oligonucleotides were labeled with the Cy5 dye (Figure 348B).
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Figure 34. A) Principle of fluorescent quench assay. G4-tetrad ligand’s selectivity can be study by
labeling different G4-tetrads of G-quadruplex (adapted from ©); B) Structures of Cy5-modified
oligonucleotide, 137. and 138.

A similar principle of proximal fluorescence quenching was used by Srivatsan et al.*3® for the
development of topology-specific fluorescent turn-on probes for DNA and RNA G-
guadruplexes. Fluorescent 5-(benzofuran-2-yl)uracil 137. (Figure 34B) was incorporated into
telomeric DNA and RNA G4-forming sequences. The topology selectivity manifested in
different fluorescence enhancement of monomolecular G4s comparing to double-strands
formed with their complementary strands: for antiparallel G4s, formed in Na*-conditions, the
enhancement of fluorescence was 9-fold while for G4s of mixed structures, formed in the
presence of K*, it was only 4-fold. RNA G4 showed fluorescence enhancement of about 5-fold
comparing to DNA:RNA double-stranded structure. The addition of PDS, a G4-ligand, on the
contrary, induced a quenching of fluorescence: 4-fold for RNA G4 and DNA G4 of hybrid and
mixed G4-conformations (in K*) and 8-fold for antiparallel DNA G4 structures. By monitoring
fluorescence quenching upon gradual addition of a ligand, a saturation curve could be
obtained and Kqy value could be calculated. For example, it was shown that PDS has a 2-fold
higher affinity for an antiparallel telomeric G4 than to a G4 of mixed conformations obtained
in K* (Kg of 440 and 919 nM, respectively). BRACO-19 showed an opposite tendency: it binds
more tightly to G4 of hybrid topology (Kq of 476 nM compared to 938 nM for antiparallel G4).
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Dissociation constants of both ligands to RNA G4 were higher (244-294 nM) comparing to DNA

of any topology.

Recently, the same group developed a 5-selenophene-modified 2’-deoxyuridine nucleoside
probe 138. (Figure 34B) that was capable not only to report the formation of a G4 structure
and its binding to a ligand, but also had a potential to facilitate the X-ray structural analysis of
an oligonucleotide or its complex.'* In this work, they modified a long terminal G4-forming
repeat sequence of the HIV-1 proviral genome (LTR-IV) with the probe. As in the previous
example, the fluorescence was much higher in the system containing G4-sructure comparing
to the duplex. Dose-dependent fluorescence quenching was observed upon addition of G4-

ligands such as BRACO-19 or TmPyP4.

The main advantage of probes based on nucleoside-modification is that they essentially do
not affect topology of G-quadruplexes, which is not always the case for Cy5-modified G4-
oligonucleotide sequences. For example, a conformation change of telomeric sequence from
hybrid (unlabeled sequence) to parallel (5’-Cy5 labeled oligonicleotide) topology was
reported.®® At the same time, Cy5-modified oligonucleotides can be easily ordered from a
commercial supplier, whereas in order to introduce a more specific nucleoside modification,

a solid-phase DNA synthesizer and a corresponding phosphoramidite are needed.

The main advantage of the method of fluorescence quenching is that it gives a direct access
to Kq at a constant temperature (that is not a case in the FRET-melting experiment) that is

closer to native conditions of a functioning cell machinery.

4.5 Native mass spectrometry (MS)

Non-covalent interactions of G-quadruplexes with ligands can also be followed by mass-
spectrometry. Despite the fact that the analysis takes place in the gas phase, the methods of
soft ionization such as matrix-assisted laser desorption/ionization (MALDI) or electrospray
ionization (ESI) do not perturb the composition of a complex. The buffer used for ESI-MS

experiments is usually slightly different than standard buffers for G4s study: instead of high
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concentrations of potassium or sodium chloride (up to 150 mM), their amount is reduced to
1 mM and the ionic strength of solution is achieved by addition of ammonium or
trimethylammoium acetate (TMAA). For the analysis of G-quadruplexes in ammonium acetate
buffer, Na* or K* salts can even be omitted, because NH4* coordinates guanines by itself,
however, G-quadruplexes are less stable and more polymorphic in this case. On the contrary,
the bulky trimethylammoium cation is not coordinated by G-quadruplex so the resulting

spectrum is much clearer than in the case of NHs* usage.'%°

A lot of important information about G4-ligand complexes can be extracted from mass
spectra. First of all, it is a stoichiometry of complex. The majority of ligands bind to G4 by
stacking to external G-tetrads and therefore the stoichiometry of their complexes with G4 is
expected to be 1:1 and 2:1 (ligand:G4). For example, 2:1 complexes can be observed for Pu24T
with PDC and PhenDC3 even in solutions containing G4:ligand in 1:1 ratio. One-site binding
might point on a more specific ligand-loop interaction or just a lower binding affinity to G-

quadruplex, as in a case of Pu24T and PDS.*#

Second, the number of G-tetrads in the G-quadruplex can be determined considering the fact
that one K* is placed between two G-tetrads. It is particularly interesting in the systems where
the binding of a ligand leads to a change of G4 topology. For example, a binding of PDC and
PhenDC3 ligands to three-quartet hybrid G-quadruplex 24TTG induces a change of its topology
to an antiparallel two-quartet structure. This change is accompanied by one K* ejection and

can be easily followed by mass-spectrometry (Figure 35).142

Finally, ligand’s affinity to G-quadruplexes can be measured by mass-spectrometry as a result
of direct titration of G4 with ligand, considering the fact that peaks areas of the unbound and
ligand-bound DNA forms are directly proportional to the concentration of the corresponding
species. However, one should be careful while interpreting these results: when the ligand does
not change the G4 topology, the apparent Kq (Kapp) corresponds to the “real” Kq. But if a change
of topology upon ligand binding takes place, the system’s equilibrium includes not only
ligand’s binding to each conformation but also the equilibrium between the two G4
conformations and the unfolded (or partially unfolded) oligonucleotide’s state,*! leading to a

biased Kapp values.
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Figure 35. Ligand-induced conformational change of 24TTG G-quadruplex (adapted from 1%2).
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AIMS OF THE WORK
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Being rather unusual structures, G-quadruplexes have very important regulation functions.
Already the fact that they are distributed non-randomly in the genome points to this. G4-
targeting is often associated with (but not limited to) oncology, where ligands that stabilize G-
quadruplexes have three major applications: to suppress oncogenes, to inhibit telomerase,

and to induce DNA damage in cancer cells.

Targeting of G-quadruplexes is challenging taking into account the fact that they have rather
similar structures and ligands that are selective to G4 over duplex DNA often do not distinguish
between different G-quadruplexes. The capacity to selectively bind only a specific subtype of
G-quadruplexes is, however, a very desirable quality of a G-quadruplex ligand since, for
example, stabilization of some G4s enhances transcription while stabilization of others leads
to transcription suppression. In addition, cellular machinery involves many G4-binding
proteins, making G4s not easily accessible targets. Although numerous compounds were
reported as G-quadruplex ligands, the search of compounds that could differentiate between

distinct G4 structures is still a very challenging task.

The goal of my project is to develop a methodology for rapid and simple synthesis and
screening of compounds, that could facilitate the search of structurally diverse, potentially
selective, highly affine and biologically active G-quadruplex binders. Towards this end, we put
emphasis on dynamic combinatorial chemistry (DCC), as it permits to generate in situ and
analyze libraries of up to 20 compounds and directly select the best binders to the target
among them. Obviously, not every chemical reaction can be used for DCC and there are
numerous restrictions for its choice. Firstly, the reaction should be reversible in order to
permit the re-equilibration of DCL after target addition. Secondly, the reaction should be

performed in conditions that are compatible with native structures of biological targets (i.e.,

aqueous conditions, around physiological pH and temperature). The last requirement for

library analysis is the stability of the products in the conditions of analysis, DNA-binding

experiments (e.g. melting experiments) and, last but not least, conditions of biological
experiments. Here are several reactions that could be used for DCC, depending on the type of

bond formed (Table 4):
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Table 4. Types of DCC
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In the literature, the most exploited reactions for nucleic acid- and protein-targeted DCC are
those of N-acylhydrazone formation!** and disulfide exchange.'?® As discussed in the
Introduction (Part 1.3.6), DCC of disulfides and imines have been already exploited in the field
of G-quadruplex targeting. However, both disulfides and imines are not stable enough for
subsequent studies or therapeutic applications: imines are not stable even in the conditions
of analysis as they readily hydrolyze; disulfides are instable in biologically relevant conditions
due to the reaction of disulfide exchange with glutathione abundant in living cells. Therefore,
the modification of amplified imines or disulfides into more stable analogues is often
required.?2 DCC of acylhydrazones, on the contrary, is free of this limitation as it gives direct
access to compounds stable in aqueous solutions even at high temperatures. Other
advantages of DCC of acylhydrazones include commercial availability or easy access to
aldehyde and acylhydrazide building blocks (in particular, heterocyclic derivatives); as well as
the presence of both donors and acceptors of hydrogen bonds in the acylhydrazone group,
that can contribute to ligand’s binding to nucleic acids (Figure 36). The most important is that
the reaction of acylhydrazone exchange can occur in agueous conditions at pH around 6 in the

presence of a suitable catalyst, such as aniline or its derivatives (Figure 36).143
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Figure 36. Reaction of acylhydrazone synthesis. H-bond acceptors in N-acylhydrazone motif are
highlighted with red color, H-bond donors — with blue.

On the other hand, numerous biologically active hydrazone derivatives were reported. This
scaffold is the part of several antitumoral, antimicrobial, antiviral compounds,
antidepressants, anticonvulsants and analgetics.’** Despite the fact that acylhydrazone
derivatives are rapidly metabolized in highly acidic media, they are rather stable in plasma.
This motif is found in several approved drugs (e.g., nifuroxazide and dantrolene)*> as well as
two promising drug candidates for cancer treatment that are currently in clinical trials: PAC-1
(NCT02355535, completed Phase-1) and aldoxorubicin (NCT02049905, completed Phase-3)
(Figure 37). In addition, as mentioned in Introduction (Part 1.3.1), the hydrazone motif was

already encountered in several G4-ligands (105.3 and 106.15, Figure 37).10> 106

Approved druas Clinical candidates Reported G4-binders
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o OO0y o
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Aldoxorubicin

Figure 37. The presence of N-acylhydrazone motif in approved drugs, clinical candidates and reported
G4-binders.

Considering the fact that DCC of acylhydrazones had not been studied in the context of G4-
targeting and taking into account all aforementioned advantages of this method, we decided
to implement DCC of acylhydrazone exchange. In order to adapt the acylhydrazone chemistry
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for the search of G4 ligands, we designed a model ligand by replacing the amide bonds in the
structure of PDC, an already known G4-ligand, by acylhydrazone ones (Figure 38). Depending
on the mode of replacement, model ligands could be synthesized from a bis(acylhydrazide)
and two aldehydes or, on the contrary, from a dialdehyde and two acylhydrazides. For our

experiments we chose the first case (A-B-A’).
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Figure 38. Design of model acylhydrazones. Structure of the known ligand PDC, its acylhydrazone
analogue, two model libraries and building blocks for their synthesis.

The project starts with the synthesis of building blocks: aldehydes (A) and bis(acylhydrazides)
(B in Figure 38). In order to validate the methods that we are going to develop we also need
to have a reference library of bis(acylhydrazones) with known G4 affinities. For this purpose,
a set of bis(acylhydrazone) ligands will be prepared by classical organic synthesis and their
binding to selected G4 targets (those described in the Introduction, Part 1.1.3-1.1.4) will be

studied, using classical biophysical techniques.

The main goal of the project is to implement the comparative approach of dynamic
combinatorial chemistry of acylhydrazones for G-quadruplex targeting. As mentioned in the

Introduction (Part 1.3.6), the classical, i.e., comparative approach consists in generation of
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dynamic combinatorial libraries in the presence and in the absence of the target (Figure 26).
The comparison of the composition of these libraries permits to identify compounds that were
amplified by the target, i.e. enriched in the target-templated library. To put this into practice,
the reaction of library generation should be optimized. This includes the choice of appropriate
buffer, catalyst, time of the reaction and concentrations of the reactants and target. Another
important point is the optimization of the method of separation and analysis of libraries. This
includes the choice of suitable column for HPLC analysis, eluents and the gradient of elution.
The direct analysis of protein—templated libraries is possible because proteins easily denature
with releasing bound ligands and can be separated by simple centrifugation or filtration.43 146
However, we have not found any example of direct analysis of G-quadruplex templated

libraries. Therefore, we took into consideration several fall-back solutions.

The first fall-back solution is to use non-comparative approach of dynamic combinatorial
chemistry. In this case, the ligand—target complex is isolated (pulled-down) from the library
and bound ligands are released and analyzed afterwards. Among numerous possible ways to
do this we consider either the use of streptavidin-coated magnetic beads in combination with
biotin-modified oligonucleotides (as used by Balasubramanian et al.)*?* or gold-coated
magnetic nanoparticles in combination with thiol-modified oligonucleoties (as described by

Dash et al.).??0

Finally, another fall-back solution is to focus on approach of classical combinatorial chemistry
and perform multiple parallel combinatorial synthesis of acylhydrazones, followed by a
subsequent study of their binding to nucleic acid targets by high-throughput screening

techniques (such as FID or FRET-melting).

In parallel with our investigations, the team of M. Blondel (Univérsité de Bretagne
Occidentale) expressed interest in novel G4 ligands for targeting mRNA EBNA1 of Epstein-Barr
virus (Part 1.1.5).3® Some of ligands synthesized in the course of this work were specifically
studied with respect to their binding to G4 EBNA1 and cellular activity. These results will also

be presented and discussed.
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1. Synthesis and studies of model ligands

1.1 Synthesis of building blocks

As mentioned in AIMS OF THE WORK, the model bis(acylhydrazone) ligand was designed from
the PDC molecule and can be assembled from two aldehydes and one bis(acylhydrazide). The
project starts with the synthesis of the first selection of building blocks which is presented on
Chart 7. We started with the cationic aldehydes A1-A5, as positively charged molecules
typically have higher affinity to nucleic acids due to electrostatic interactions. Selected
bis(acylhydrazides) L1-L4 were preferentially of heterocyclic nature to provide ligands with

additional hydrogen bonding functions as well as some biological activity.
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Chart 7. First selection of building blocks for bis(acylhydrazone) synthesis; in this part, A=A’.

Bis(acylhydrazides) L1-L4 were prepared from the dimethyl ester precursors by the reaction
of hydrazinolysis. Methyl esters of pyridine-2,6- and pyrimidine-4,6-dicarboxylic acids 1 and 2
were purchased from commercial suppliers, while naphthyridine and phenanthroline
analogues 6 and 10 were prepared in-house (Scheme 5). The synthesis of naphthyridine
derivative 6 involves the construction of the heterocycle 4 from 2-aminopyridine-3-
carbaldehyde 3 and acetone in excellent yield. Subsequent incorporation of a methyl group
by MelLi and oxidation of the obtained dihydroderivative by KMnOQO4 led to 2,7-dimethyl-1,8-

naphthyridine 5 in 77% vyield. It was halogenated in a radical reaction with N-
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chlorosuccinimide following a described procedure.*” Subsequent hydrolysis of hexachloro-
2,7-dimethyl-1,8-naphthyridine and esterification of obtained acid gave the desired dimethyl-
1,8-naphthyridine-2,7-dicarboxylate 6 in 51% yield. The synthesis of bis(acylhydrazide) L4
started with an oxidation of 2,9-dimethyl-1,10-phenanthroline to dialdehyde 8 with SeO.in a
65% yield and then to dicarboxylic acid 9 with HNOs in a 82% yield.'*® After the esterification
step, the dimethyl ester 4 was transformed into L4 through a hydrazinolysis reaction in

excellent yield.

~ x Xy
Xy N2H, * H,0 Ho H
(0] = (o) - " ° . _N = N.
- Z ~ R HoN Z NH,
EtOH, 78 °C, 18 h
o o o o)
1:X=Y=CH,Z=N L1: X =Y = CH, Z = N (90%)
2:X=Y=N,Z=CH L2: X =Y =N, Z = CH (93%)
(I) ) 3 eq. Meli,
N m Et?o -60°C, 2h NCS. BPO cat.
+ )
| — 55°C,4h 2) KMnOQy, acetone PhC' 90 °C, 2h
N~ NH, oo, 7%
3
X X
| H;’:?é‘ MooH. MeOH, 65 °C, 18 n
Cl,e” N N el 51 80%
0
Se0, 12:[“532 - MeOH, H,S0,
dioxane ) R
120°C, 2 h 82% o 70 °C, 18 h

83%

7 65%

N,H, * H,0

EtOH, 78 °C, 18 h
93%

Scheme 5. Synthesis of bis(acylhydrazide) building blocks L1-L4
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The cationic aldehydes A1-A5 were prepared by simple alkylation of the commercially
available pyridine-4-, quinoline-4- and quinoline-6-carbaldehydes (Scheme 6). 4-Formyl-1-
methylpyridin-1-ium iodide A1 was obtained in 94% vyield by stirring the aldehyde 11a with
the excess of iodomethane in DCM at room temperature as described in the literature.!*®
Quinoline-4-carbaldehyde 11b and quinoline-6-carbaldehyde 11c were alkylated by an excess
of iodomethane, iodoethane, or benzyl bromide in boiling acetone, which is the typical
conditions for alkylation of quinoline derivatives,*>%>! to give building blocks A2—-A5 in good

yields ranging from 77 to 85%.

o CHO CHO
Seo NP DCM, r.t., 72 h for A1 S | &
acetone, 56 °C, 18 h for A2-A5 l}] X@
11a-c R
A1-A5

11a: Ar = pyridine-4-yl A1: Ar = pyridine-4-yl, R = Me, X =1 (94%)
11b: Ar = quinoline-4-yl A2: Ar = quinoline-4-yl, R = Me, X = | (77%)
11c: Ar = quinoline-6-yl A3: Ar = quinoline-4-yl, R = Bn, X = Br (81%)

A4: Ar = quinoline-6-yl, R = Et, X = | (81%)
AS5: Ar = quinoline-6-yl, R = Bn, X = Br (85%)

Scheme 6. Synthesis of aldehyde building blocks A1-A5.

Being very electrophilic, these aldehydes can readily form hydrates. In aqueous solutions,
aldehydes A1-A3 exist predominantly in the hydrated form: in *H NMR spectra the peak of
the aldehyde group is absent; instead, there is a characteristic peak at 6.2 ppm of a proton of
the geminal diol group (Figure 39a). In contrast, agueous solutions of aldehydes A4—A5
contain only about 30% of the hydrated form (Figure 39b), due to different positions of
aldehyde groups with respect to quaternary nitrogen atom. As we will see later, the hydration
does not change the reactivity of the aldehydes, since all aldehydes A1-A5 were able to form

acylhydrazide products, including in aqueous solutions.
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Figure 39. NMR spectra (300 MHz) of aldehydes A1 (a) and A4 (b) in D,O (+MeOH for reference).

1.2 Preparative synthesis of model bis(acylhydrazones)

For the synthesis of bis(acylhydrazones) initially a two-step approach was explored, namely
the condensation of aldehydes with acylhydrazides, followed by alkylation of the formed
acylhydrazone (Path A, Scheme 7). This approach is similar to that typically used for the
synthesis of PDC and PhenDC3.% The reaction of condensation was successfully carried out in
boiling methanol or ethanol with yields of 55-90%. However, the reaction of quaternization
performed with an excess (150 eq.) of alkylation agent in some cases was uncomplete and the
impurity of monoalkylated acylhydrazone (up to 20% as per *H NMR) could not be removed
by recrystallization of the product. So we turned our attention to the method of one-step
synthesis of model ligands from acylhydrazides and alkylated aldehydes (Path B, Scheme 7).
This reaction is complete after 2 hours in DMF at 100 °C (for certain cases: 80 °C, 4 hours),
without the use of catalyst. The products were than purified by a recrystallization in
MeCN/H,0 (1:1). One product (NaphDH2) could not be recrystallized because of its poor

solubility but revealed sufficiently pure according to *H NMR, LC/MS and combustion analysis
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data. This way, twenty symmetrical bis(aclhydrazones) were synthesized in good yields (Table

5).
Path A:
CHO
(@) O TN
+ ' |
.NH HN. L\“:,’ N
H,N NH, N
L1 - L4 (Ar-CHO)
11a: Ar = pyridine-4-yl
11b: Ar = quinoline-4-yl
11¢: Ar = quinoline-6-yl
Path B:
R CHO
IS
o o + 8 @ |
S ©
NH  HNL N X
HoN NH, R
L1-L4 A1-A5

Scheme 7. Synthesis of model bis(acylhydrazones).

EtOH
78 °C, 18h

’

12a-c:
13a-b:
14a-c:
15a—c:

DMF, 100 °C, 2h or

DMF, 80 °C, 4h

PyDH1-5
PymDH1-5
NaphDH1-5
PhenDH1-5
(see Table 1)
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Table 5. Structures and acronyms of the synthesized model ligands, reaction conditions and yields.

A N © D (o o A@@ o
‘QN‘ Nevre 7o) B P NEe
Me N © Br
L 1 © gj s U7 ©)5
2 3
S PyDH1, [OR28], | PyDH2, [OR19], | PyDH3, [OR20], | PyDH4, [OR21], | PyDH5, [OR40],
N7 Al-L1-Al A2-L1-A2 A3-L1-A3 Ad—L1-A4 A5-L1-A5
1 90% ° 87%° 89% ° 92%° 52%°
SN PymDH1, PymDH?2, PymDHS3, PymDH4, PymDHS5,
M [OR31], [OR27], [OR127], [OR129], [OR128],
, Al-12-A1 A2-12-A2 A3-12-A3 Ad—L2-A4 A5—-12-A5
97%° 92%° 93%° 96% ° 97%°
NN NaphDH1, NaphDH?2, NaphDH3, NaphDH4, NaphDH5,
. L L .| jor29;, [OR30], [OR22], [OR23], [OR42],
N , N Al-13-A1 A2-L3-A2 A3-13-A3 Ad—13-A4 A5-13-A5
78%° 81%° 90% ° 75% ° 80%"®
PhenDH1, PhenDH2, PhenDH3, PhenDH4, PhenDHS5,
[OR33], [OR34], [OR35], [OR36], [OR41],
Al-14-Al A2—L4-A2 A3-14-A3 Ad—L4-A4 A5-L4-A5
76% ° 78% 9 87%° 72%° 91%°

Conditions of synthesis: ° DMF, 100 °C, 2 h; ® DMF, 80 °C, 4 h.

1.3 Structural characterization of bis(acylhydrazone) compounds

X-ray quality crystals of PyDH1 (217), PymDH1 (217), and PhenDH1 (2I~) could be obtained from
acetonitrile—water (in the case of PymDH1 (2I7), a simultaneous formation of yellow and
orange polymorphs was observed, both belonging to the P1 space group but differing by the
packing of cations). Single-crystal diffraction analysis revealed that in all three compounds the
organic cations were essentially planar, with minimal twisting at the level of terminal
heterocyclic rings breaking the two-fold molecular symmetry (Figure 40). In all cases, both N-
acylhydrazone groups adopted E—antiperiplanar conformation. Remarkably, PyDH1 and
PhenDHL1 revealed co-crystallized water molecules located in between the two acylhydrazone
groups and forming hydrogen bonds with both amide NH groups (PyDH1: d(NH---O) = 2.84 and
2.90 A, a(N-H--0) = 150°; PhenDH1: d(NH--0) = 2.85 and 2.84 A, a(N-H--0) = 170°). In
addition, in PyDH1 the water molecule formed a weak hydrogen bond with the pyridine

nitrogen (d(N---O) = 3.08 A, Figure 40a), whereas in PhenDH1 it formed a stronger, bifurcated
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hydrogen bonds with both phenanthroline nitrogens (mean d(N---0) = 2.95 A, Figure 40c). The
coordination of water molecules thus determines the inward-folded, V-shaped conformation
of PyDH1, similar to what was observed with related, charge-neutral pyridine-2,6-
bis(acylhydrazones),*>? as well as the U-shaped conformation of PhenDH1 which is further
stabilized due to the number and favorable arrangement of hydrogen bonds. In contrast,
PymDH1 (Figure 40b) was found to adopt a linear conformation, partially stabilized by
intramolecular bonds between the amide NH groups and nitrogen atoms of the pyrimidine
core (d(N---N) = 2.66 A). Although this compound also crystallized along with water molecules,
the latter were found to coordinate to amide CO groups, on one hand, and iodide anions, on

the other hand (not shown).

It may be hypothesized that the described interactions with water molecules persist in
aqueous solutions, governing the molecular shape of bis(acylhydrazone) ligands. In this
context, V- or U-shaped derivatives PyDHn and PhenDHn, presumably, have a more favorable
structure for binding to G4-quadruplex structures due to a more complete overlap with G-

tetrads, as compared to linear analogues PymDHn.

1:2.85A
2:2.98A
3:2.92A
4:2.84 A

Figure 40. Solid-state structures of a) PyDH1 (2I") x 2 H,0, b) PymDH1 (2I) x 2 H,0 x MeCN, and c)
PhenDH1 (2I°) x 2 H,0 x MeCN, from single-crystal X-ray diffraction analysis. Non-bound water,
acetonitrile molecules and counter-ions were omitted for clarity. CPK atom colors; green lines and labels
indicate intermolecular hydrogen bonds with crystallized water molecules and the corresponding N---O
distances
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1.4 Evaluation of affinity of bis(acylhydrazones) to G-quadruplexes by FRET-

melting

The interaction of 20 model bis(acylhydrazone) derivatives with five representative G-
guadruplex-forming sequences and one hairpin duplex was studied in FRET-melting
experiment. The chosen G4-forming sequences were the three variants of the human
telomeric sequence (24TTG, 25TAG and 22CTA) and two sequences from promoter of the
oncogene c-myc (Pu24T and myc22, Table 6). As mentioned in the Introduction, where their
structures are discussed in more details, these sequences represent different topologies,
namely hybrid-1 (24TTG), hybrid-2 (25TAG), antiparallel (22CTA), simple parallel (myc22) and
snap-back parallel (Pu24T). For the FRET-melting assay we used the sequences, labeled with
fluorescein (5’) and TAMRA (3’). As a reference we used the benchmark G4-ligand PhenDC3.
The experiments were performed in three different buffers (K100, K10 and K1), that contain
different concentrations of K*-ions, which were chosen such as that the temperature of
melting of G-quadruplex alone was approximately the same for each oligonucleotide (in our
case, around 60 °C, Table 6). Thus, buffer K1 was used for myc22 and Pu24T, K10 for 22CTA,
and K100 for 25TAG, 24TTG and hp2 control.

Table 6. Sequences used for fluorescence melting experiments and their melting temperatures in the
absence of ligands.®"®

Acronym Sequence (5’ - 3’) Fold Length Tm, °C T, °C | Tm, °C
K100 | K10 | K1
24TTG TTGGGTTAGGGTTAGGGTTAGGGA G4 hybrid-1 24 61.3 | 52.9 | 57.3
25TAG TAGGGTTAGGGTTAGGGTTAGGGTT G4 hybrid-2 25 58.2 | 43.4 | 39.1
22CTA AGGGCTAGGGCTAGGGCTAGGG G4 antiparallel 22 63.3 | 56.9 | 56.0
myc22 TGAGGGTGGGTAGGGTGGGTAA G4 parallel 22 849 | 65.6 | 61.0
Pu24T TGAGGGTGGTGAGGGTGGGGAAGG G4 parallel 24 88.3 | 79.6 | 60.0
hp2 GTTATATCT-18heg-TGATATAAC hairpin duplex 19 65.7 | 67.8 | 68.2
ds26 CAATCGGATCGAATTCGATCCGATTG Duplex (competitor) 26

@ Systems, chosen for subsequent FRET-melting experiment with ligands, are highlighted in orange;
b Composition of K100 buffer: 10 mM LiAsO;Me;, 100 mM KCl, pH 7.2; K10 buffer: 10 mM LiAsO;Me,,
10 mM KCl, 90 mM LiCl, pH 7.2; K1 buffer: 10 mM LiAsO,Me;, 1 mM KCl, 99 mM LiCl, pH 7.2.

The experiments with ligands were performed using 0.2 uM of double-labeled oligonucleotide

and 1 uM of ligand, standard conditions for FRET-melting assay.'3* Many (but not all) of our
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compounds revealed a capacity to bind and stabilize different G4-forming nucleic acid
sequences, as revealed by high AT values, i.e., increase of melting temperatures in the

presence of ligands (Figure 41).

Among the tested compounds, compounds PyDH2, NaphDH2, PhenDH4 showed good
stabilization of all tested G4-sequences: ATm > 20 °C for myc22, 25TAG, 22CTA and 24TTG and
ATy > 15 °Cfor Pu24T. Of note, for the sequence Pu24T the temperatures of stabilization were
not as high compared with others sequences, that could be explained by its initially very high
stability. PhenDH1, PhenDH2, PhenDH3 and PhenDH5 also provide significant increase of
temperature of melting: PhenDH1 for 25TAG and 24TT7G, PhenDH2 for myc22, 25TAG and
24TTG, PhenDH3 for 25TAG and 24TTG and PhenDH5 for myc22, 25TAG, 22CTA and 24TTG.
At the same time, pyrimidine derivatives PymDH1-PymDH5 do not significantly affect the
temperature of melting of G4-forming nucleic acid sequences. Having in hands both types of
ligands, namely those that stabilize G4, and those without such a capacity, within the same
library of chemically similar compounds (identical charge, same functional groups) is beneficial
for the project as it makes possible a “calibration” of the following DCC experiments and

molecular modeling data.

Only a small drop of melting temperatures observed in the presence of double-stranded
competitor ds26 proves that ligands bind selectively to G4. A control experiment with double-
strand hairpin DNA sequence (F-hp2-T) shows the same: none of our ligands significantly

affects the stability of a double-stranded DNA.
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Figure 41. Thermal stabilization of selected DNA G-quadruplexes (0.2 uM) by tested compounds (1.0
uM), assessed by fluorescence melting experiments in the absence (orange bars) or in the presence of
duplex DNA competitor ds26 (green bars: 3 uM, violet bars: 10 uM). N.m. — not measured.
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Taking into account all above mentioned observations, we can make following conclusions:

» The structure of the central heterocycle (L) plays a crucial role in determining the binding
capacity of bis(acylhydrazone) to G-quadruplexes. All derivatives of phenanthroline, as
well as the majority of derivatives of pyridine were found to be “good” ligands. On the
contrary, derivatives of pyrimidine-4,6-diacylhydrazide, PymDH1-PymDH5, possessed
almost no stabilizing activity with respect to all sequences tested, even though the
structures of pyridine (Py) and pyrimidine (Pym) heterocycles are very similar.
Presumably, it is due to the linear shape of pyrimidine derivatives that is stabilized by
intramolecular H-bonds between amide hydrogens and N-atoms of pyrimidine ring. In
contrast, the derivatives of other heterocycles had U- or V-shaped form, more favorable
for stacking with external G-tetrads (Figure 40).

» The structure of the lateral heterocycle also plays an important role. Among U-shaped
ligands, the derivatives of quinolinium carbaldehydes A2—-A5 provide higher thermal
stabilization than derivatives of pyridinium carbaldehyde A1l. This is in accordance with a
common concept that suggests an increase of affinity of the ligand to a G4-structure with

the augmentation of its planar aromatic surface (due to better n-it stacking).

» The structure of the alkyl chain at the quaternary atom of nitrogen does not drastically
affect the binding affinity. However, in the majority of cases methyl derivatives showed
the highest stabilization, revealing no additional stabilization with the incorporation of

benzyl group despite additional rt-surface area.

1.5 Molecular modeling (in collaboration with Dr Liliane Mouawad, M.Sc. 2

project of Denis Leclerc)

In order to simplify the search of potential ligands for G-quadruplexes, we made an attempt
to exploit structure-based virtual screening. Molecular modeling for G4-ligands is popular in
the field, with docking being the most used approach.>3 Molecular docking consists in finding
the best orientation of two molecules in the complex. For each such an orientation (pose) the

docking score, a value that represents free energy of binding, or AG, it is calculated. However,
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a comparison of molecular modeling scores with experimental affinities is seldom performed.
With our ligands in hand, we had a unique opportunity to make such a correlation. For this
work, we used ligand-docking software Glide (Schrédinger, Inc.), with the default parameters.
Several high-resolution structures complexes of G-quadruplexes with ligands were available
in PDB (Figure 42). The first structure, 5MVB, was the complex of telomeric G-quadruplex
wtTel26 with the ligand Auoxo6, that contained two atoms of gold (Figure 42A).*>* The
sequence wtTel26 differed from 25TAG only by the presence of an additional thymine base in
5’. It adopted exclusively hybrid-2 topology in the complex with Auoxo6. In comparison to the
free G-quadruplex, capping of the top tetrad by nucleotides was absent in the complex;
however, adenine base (A3) was stacked upon the ligand. The second studied structure, 2L7V,
was the complex of oligonucleotide myc22 with two molecules of quindoline (Figure 42B).*>>
The G4 in this complex was of parallel topology. Quindoline molecules alone with bases
adjacent to external tetrads (A6 and T23) formed a plane capping these tetrads. These
interactions were stabilized by additional capping of these planes by bases G5 (on the top)
and A24 (in the bottom). 2A5R was a complex Pu24T oligonucleotide with a porphyrin ligand
TMPyP4 (Figure 42C).3 The ligand was stacked upon the top tetrad. Its binding did not affect
the snap-back parallel topology of the G4, but prevented the stacking of the pair A3eA12.
Instead, two bases (T1 and G2) were capping the ligand. The last structure that we used for
docking is 2MGN, a complex of Pu24T with PhenDC3 (Figure 42D).%? As in the previous
complex, the ligand was stacked on the top tetrad. Due to its large aromatic surface and rather
stable U-shape conformation, PhenDC3 efficiently covered the tetrad, interacting with all

guanines of the external quartet. No additional capping was reported.
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quindoline

PhenDC3

Figure 42. PDB-structures of G4-nucleic sequences with ligands used for docking studies: a) 5MVB —
wtTel26 with Auoxo6; b) 2L7V — myc22 with quindoline; c) 2A5R — Pu24T with TMPyP4; d) 2MGN —
Pu24T with PhenDC3.

However, as these structures were solved by NMR, the positions of the K* ions, coordinated
by G-tetrads, were not identified. For docking calculations, bound ligands were removed and
K*ions were placed in the center of mass of the eight oxygen atoms of the two stacked tetrads.
We started with re-docking the original ligands of each PDB structure (Figure 42) into their
own binding sites. 30 poses were generated for each ligand and compared to the pose of the
PDB file. In each G4 system, two poses were considered: the top-rank pose that had the lowest
docking score (or gScore, which represents free energy of binding) and the “best” pose that
was the one with the smallest RMSD, Root Mean Square Deviation from the original PDB pose

(Figure 43).

e 5MVB: As gold atoms are not recognized by Glide, the re-docking could not be

performed for this system.

e 2L7V: For the top cavity, the top-rank pose had an RMSD of 7.268 A and a gScore of -
9.058 kcal/mol. The best pose had an RMSD of 7.320 A and a gScore of -7.360 kcal/mol.
For the bottom cavity, the top-rank pose had an RMSD of 9.338 A and a gScore of -
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7.552 kcal/mol, and the best pose had an RMSD of 9.035 A and a gScore of -7.160
kcal/mol. Both RMSDs and scores for bottom cavity were higher than those observed
for the top cavity showing that the ligand was positioned even further from the
reference pose. In both cavities there was no pose close to the experimental positions
of the ligand. However, since experimentally the ligand adopts very different positions
in the top and in the bottom cavities and interacts mostly with the closest G-tetrad,
we may consider that there is a large number of possibilities in positioning such a small

molecule.

2A5R: The top-score docking pose had an RMSD of 8.215 A and gScore of -13.493
kcal/mol. The best pose had an RMSD of 7.478 A and gScore of -13.342 kcal/mol. Both
top-score and best poses had rather high RMSD, but this is mainly due to the rotation
of the methylpyridines. Also, both poses were shifted and not centered on the G-tetrad
anymore. This could be explained by the protonation error during the preparation of
the ligand by ligprep software: the docked porphyrin had four protonated nitrogen

atoms at its center, when experimentally only two of four were protonated.

2MGN: The top-score pose obtained by docking had an RMSD of 8.098 A and gScore
of -7.708 kcal/mol and the best pose had an RMSD of 6.681 A and Score -5.407
kcal/mol. Interestingly, these two docked poses of PhenDC3 were not planar: one of
ligand’s arms was raised to establish a hydrogen bond with the oxygen of the sugar of
one guanine of the tetrad. This pose seems to be less constrained than that of the PDB
structure. To verify the reason why this ligand adopts experimentally a rather
constrained structure, we checked the NMR constraints available from the PDB. It
appeared that, since the molecule is symmetrical, the constraints were applied
indifferently on both arms, impeding the formation of the H-bond observed in Glide
poses. To verify if these poses are nevertheless plausible, the distances corresponding
to the NOE (Nuclear Overhauser effect) constraints have been calculated for each pose
given by Glide and the number of constraints violation calculated. One pose was found
to respect the NMR constraints as satisfactory as the PDB pose while establishing the

H-bond with the guanine, thus being more plausible.
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Top-score pose Best pose

Pdb pose

2L7V top position

2L7V bottom position

2A5R

2MGN

The NMR
constraintsare
respected and

thereis an

additional
hydrogenbond

2MGN: proposed
structure

Figure 43. PDB, top-score and best positions for ligands from corresponding PDB structures (2L7V, 2A5R
and 2MGN) obtained by Glide as well as proposed structure for 2MGN.
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Next, 17 compounds of the prepared library, derivatives of pyridine (PyDH1-PyDHS5),
pyrimidine (PymDH1-PymDH2), naphthyridine (NaphDH1-NaphDH5) and phenanthroline
(PhenDH1-PhenDH5), as well as two benchmark G4 ligands PDC and PhenDC3 were docked
to the above mentioned G4 structures using the same settings of Glide software, and gScore
values were collected. Then we tried to find a correlation between gScore and experimental
affinity values for our 19 molecules to the above-mentioned structures (Figure 44). As a proxy
of the latter, we considered the temperature of stabilization of G4 in fluorescence melting
experiments (ATm) since those data were readily available. Unfortunately, although the
general trend, where compounds with higher ATy values tend to have lower gScores was
respected, the correlation found between experimental and calculated affinities was very
poor (R? between 0.115 and 0.330, Figure 44). This observation questions the significance of

published report on G4 ligand identification by virtual screening / docking programs.>3
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Figure 44. Comparison of the calculated affinities with the experimental ones. For each G4, the Glide
score (gScore) is plotted versus the experimental ligand stabilization (AT, ° C) of the tested ligands (red
— derivatives of pyridine, orange — pyrimidine, blue — naphthyridine, green — phenantroline, black —
reference compounds PDC and PhenDC3).

Among the possible reasons of poor correlation between gScore and AT, we may assume:

1) Docking is a rather coarse method of molecular modeling. The use of force field to

represent the G-quadruplex is not completely accurate. While it can be well suited to

simulate binding pockets of defined structure in proteins, the G-quadruplexes are

highly dynamic structures that can readily reorganize upon ligand binding. A structure

of G4 from the complex in PDB makes sense only for the ligand, for which it was

resolved. The molecule of another structure can induce a rearrangement of the loops

and flanking regions and in some cases may even lead to a complete change of the

topology of the G4. A good illustration of above statement is that we found the best

-94 -



2)

3)

4)

correlation (R? = 0.33) between gScore and ATy, values for PDB 2MGN, the complex of
Pu24T with PhenDC3, a ligand structurally very similar to our set.

Ligprep, the procedure used for the optimization of the conformation of the ligand
prior to docking, does not take into account the solvent molecules. The majority of our
ligands are of U-shape that is stabilized by the H-bonds through the molecule of water
(Figure 40a,c). This important feature may be omitted when the conformation of the
ligand is optimized.

Even though AT obtained in FRET-melting experiment is sufficient for ranking of the
set of ligands according to their affinity to G4 structures, it may not correctly reflect
the value of affinity of the molecule to the target. Multiple factors are not taken into
account in this assay (stoichiometry, interaction with unfolded structure, AH and AS
contributions to binding). Finally, in FRET-melting experiment we measure
temperature of thermal stabilization of the structure while in biological systems these
conditions (60-90 °C) will never be the case.

In addition, we noticed a systematic bias due to overestimation of some type of
interactions. It mostly concerns derivatives of A3, in particular PyDH3 and PhenDH3.
Low gScores systematically have been assigned to these compounds, however, in
FRET-melting they usually had only moderate ATn. To better understand the origin of
this bias we looked at the best pose, generated for PyDH3 with Pu24T G-quadruplex
from 2MGN PDB (Figure 45). As we can see, the ligand is very well positioned on the
top tetrad of the G4 and its lateral benzyl moieties are protruding in the grooves. We
may hypothesize that even though geometrically it is an optimal position, in reality
benzyl groups are too hydrophobic to interact with negatively charged grooves. If we
exclude these two compounds from the set, the R? value will increase up to 0.526 for

2MGN.
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Figure 45. The best pose of PyDH3 with Pu24T from 2MGN PDB file.

Taking into account all above mentioned drawbacks, we decided not to use molecular docking

for the follow-up work.

1.6 Conclusions

We started this work with the synthesis of the model library of acylhydrazone compounds. For
this purpose, the building blocks, namely bis(acylhydrazides) L1-L4 and cationic aldehydes
A1-A5 were synthesized from available precursors. Two synthetic routs of acylhydrazone
synthesis were tested and the most efficient approach was selected for the synthesis of the

model library of 20 acylhydrazones.

The capacity of model acylhydrazones to thermally stabilize G-quadruplexes of different
topologies was evaluated using the FRET-melting assay. We found that most derivatives with
central pyridine (Py), naphthyridine (Naph) or phenanthroline (Phen) units were efficient G4
binders, in contrast to pyrimidine (Pym) counterparts. Structural characterization of
compounds using X-ray confirmed a significantly different molecular geometry of pyrimidine

derivatives (linear), in contrast to U- or V-shape of analogues with other central heterocycles.
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We also attempted to use the docking method of molecular modelling for our project. To
validate this method, firstly, we analyzed three reported complexes of G4s with small
molecules from the Protein Data Bank and re-docked the ligands from these complexes into
their own binding sites. Secondly, we docked structures of our model acylhydrazones to four
G4 structures from PDB. We than attempted to find the correlation between melting
temperatures and gScore obtained from docking. Unfortunately, due to numerous reasons
such a correlation was rather poor so we have not continued docking experiments in our

project.

Of note, other methods of molecular modeling (such as molecular dynamics or flexible
docking) may be better suited for simulation of G4-ligand interaction. However, these
methods are computationally expensive (MD) or not available with the software in our

disposition (Glide).
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2. Dynamic combinatorial chemistry

Dynamic combinatorial chemistry (DCC) is a supramolecular approach that exploits reversible
chemical reactions to generate dynamic combinatorial libraries (DCL) of products under
thermodynamic control.}?21%6 This method is particularly well-suited for the discovery of
ligands and receptors, since the addition of an external species (a “target”, or a “template”)
shifts the dynamic equilibrium towards the formation of the product(s) having the highest
affinity to the target.’>” While DCC has now been well established for protein targeting,1231°8
its application in the field of nucleic acids is much more restricted.?>>%° Along these lines,
Balasubramanian'?412¢ and Ulven'®! labs exploited DCC for the discovery (or optimization) of
G4-DNA ligands; of note, all these approaches relied on the reaction of disulfide exchange and
involved only small number of components, typically, a central scaffold possessing a G4
affinity and a set of side chains. More recently, Dash et al. utilized a DCC approach based on
the reversible formation of imines followed by pull-down and reduction, to identify novel
carbazole-based G4-DNA ligands.*?® However, as discussed in AIMS OF THE WORK, a serious
drawback of imine-based DCC is that it requires the conversion of imines, identified from DCL
analysis, into stable amine analogues whose affinity and selectivity to the target may be
significantly different. Therefore, there is a need for the development of alternative

chemistries suitable for nucleic acid-targeted DCC.

2.1 Preliminary experiments and optimization of conditions for DCC

generation

The advantages of the use of reaction of acylhydrazone formation in DCC were discussed in
AIMS OF THE WORK. It was also mentioned that this reaction is posissible to perform in water
in near physiological pH with the help of suitable catalysts. This possibility was first reported
back in 1962 when the catalysis of semicarbazone formation by anilines was described.®? In
this reaction aniline was found to work as a nucleophilic catalyst via the rate-limiting

formation of a Schiff base. The latter, being highly reactive, forms adducts with semicarbazide.
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Scince then, numerous nucleophilic catalysts with enhances reactivity, such as antranilic

163 164

acids,'®3 p-phenylenediamine!®* or 2-(aminomethyl)benzimidazoles,'®> were reported. The
general mechanism of acylhydrazone formation, catalyzed by nucteophilic catalysts, is

peresented on Scheme 8.

O
O H,N OH L Q H‘_ S
®) ®)\” - H,0 ®/\N’ . ®/\

hemiaminal activated imine acylhydrazone

Scheme 8. The mechanism of nucleophilic catalyst assisted acylhydrazone formation.

To access the feasibility of synthesis of bis(acylhydrazones) in the conditions compatible with
native structures of G4-DNA, we started with the study of the reaction of equimolar amounts
of the cationic aldehyde Al with pyridine-2,6-dihydrazide L1 in the aqueous DCC buffer (100
mM NH4OAc, 1.5 mM KCl, pH 6.4) in the presence of four anthranilic acid derivatives as
nucleophilic catalysts cat.a—d (Figure 46a).'®3 HPLC analysis of reaction mixtures (Figure 46b)
demonstrated that in presence of 5-methoxyantranilic acid (cat.b) the reaction almost
reached equilibrium after 24 hours, whereas cat.a and cat.c were less efficient, and only traces
of products were detected when the reaction was performed in the presence of cat.d. In view

of this result, cat.b was employed as a catalyst in the following DCC experiments.
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Figure 46. Optimization of the catalyst for the synthesis of cationic bis(acylhydrazones). a) Reaction
scheme; b) time course of formation of A1-L1 (empty circles, dashed lines) and A1-L1-A1 (filled circles,
solid lines) upon the reaction of A1 and L1 (40 uM each) in DCC buffer in the presence of catalysts cat.a—
d (5 mM). Data from three independent experiments.

Next, we generated a first combinatorial library (DCL1) through the reaction of two aldehydes
(A1 and A2) and three dihydrazides (L1-L3). The employed conditions (10 mM of cat.b,
incubation time of 24 hours) led to the formation of 15 products (Figure 47a), including six
mono-acylhydrazones and nine bis(acylhydrazones), all of which could be successfully
separated by HPLC (Figure 47b). The peaks were assigned by using pairwise combinations of
reagents. We also investigated the conversion of the reagents (Table 7) to make sure that the
reactivity of building blocks is approximately equal and there will no bias in DCC experiments

because of substrates with low reactivity.

All six symmetric bis(acylhydrazones) present in this library (pink in Figure 47) were
synthesized in the preparative fashion in the previous part of this work and their G4-binding

properties are already known (RESULTS AND DISSCUSSION, Part 1), enabling a subsequent
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validation of the G4-templated DCC approach. This library contained both “good” A2-L1-A2
(PyDH2), A2-L3-A2 (NaphDH2) and “poor” A1-L1-A1 (PyDH1), A1-L2-A1 (PymDH1) ligands.
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N N a N
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e e SR
X NN — : L1 .L3-
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Figure 47. a) Schematic representation and b) HPLC profile of a 15-membered DCL1 obtained upon 24-
h reaction of two cationic aldehydes with three dihydrazides. c(A1) = ¢(A2) = 120 uM, c(L1) = c(L2) =
c(L3) = 40 uM, c(cat.b) = 10 mM in 100 mM NH4OAc, 1 mM KCI buffer, pH 6.0. Peaks labelled with
asterisks in b) could not be assigned. Conditions: column Atlantis T3, 3 um, 3 x 100 mm (Waters), eluent
A: H,0 +0.01% TFA; eluent B: ACN + 0.01% TFA; flow rate: 0.8 mL min™%; detection wavelength: 310 nm.
Gradient: from 0 to 80% B.
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Table 7. Initial composition of DCL1 and conversion rate of the corresponding reactants.
Reactant c (UM)  conv. (%)?

Al 120 81
A2 120 61
L1 40 97
L2 40 88
L3 40 ~100
cat.b 5 mM
DNA 5°

@ Conversion, calculated as per relative peak area of the reactants before and after addition of the
catalyst and incubation for 24 h (in the absence of DNA). © In templated libraries.

One of advantages of acylhydrazone-based DCC is that it gives access to stable products that
can be directly analyzed by HPLC, opposing to imine-based DCC where “freezing” step
borohydride reduction is usually needed.'?® Thus, protein-templated DCLs of acylhydrazones
are typically analyzed by direct HPLC injection; in HPLC conditions, the protein template
denatures and bound ligands are instantly released, allowing their quantification and
comparison with the “blank” library obtained in the absence of the template.143146:166 Tg verify
the applicability of this method to G4-templated DCLs, we performed HPLC injections of
equimolar mixtures (25 uM each) of pure, extemporarily prepared A2-L1-A2 (i.e., PyDH2, a
strong G4-DNA binder, RESULTS AND DISSCUSSION, Part 1) and A1-L2-A1 (a very poor G4-DNA
binder)<sup>167</sup><sup>167</sup><sup>167</sup><sup>166</sup> in the absence and
in the presence of 50 uM of a G4-DNA oligonucleotide (Pu24T, Table 8). The presence of G4-
DNA had no effect on A1-L2-A1l that was eluted in a sharp peak. However, the peak of A2-L1-
A2 was shifted and strongly distorted in the presence of G4-DNA (Figure 48: (1) and (2)). A
possible explanation of this phenomenon is that the complex of G4-DNA with strong binders
is not instantly dissociated, but retained in the column head after HPLC injection, leading to a
gradual dissociation occurring during the HPLC run and manifested as peak tailing. Indeed, G4-
DNA structures were shown to be extremely stable in a range of non-physiological conditions,
including up to 50% acetonitrile;%816% moreover, the dissociation constants of best G4-DNA
binders (including A2-L1-A2) are typically found in the low-nanomolar range, i.e., one to three
orders of magnitude lower than that of typical protein inhibitors discovered by protein-
templated DCC,1461%6 gnd this strong binding can lead to additional stabilization of the folded
form of G4-DNA.
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Table 8. DNA oligonucleotides used in this work.

Use

Acronym  Sequence (5" — 3') Structure

DCCa FMP FTC Msd
PU24T  TGAGGGTGGTGAGGGTGGGGAAGG S;ra"(eslg‘ap'bac" X X X X
myc22 TGAGGGTGGGTAGGGTGGGTAA G4 (parallel) X
25TAG TAGGGTTAGGGTTAGGGTTAGGGTT ?;‘pe 2) (hybrid, X X
22CTA AGGGCTAGGGCTAGGGCTAGGG G4 (anti- X X

parallel)

hp2 GTTATATCT-HEG-TGATATAAC® hairpin X X X
dT22 TTTTTTTTTTTTTITTTTITTTITT single-stranded X X
dTe TTTTTT single-stranded X
ds26 CAATCGGATCGAATTCGATCCGATTG  Self-comple- X9

mentary duplex

? DCC pull-down experiments: the oligonucleotides were 5’-modified with biotin. ® Fluorescence melting
experiments: oligonucleotides were labelled with 5-FAM and 3’-TAMRA. € Isothermal fluorimetric
titrations: oligonucleotides were labeled with 5-Cy5. ¢ Native ESI mass spectrometry. € HEG =
hexa(ethylene glycol) linker. ' Internal reference. ¢ Unlabeled ds26 was used as a competitor in
fluorescence melting experiments.

Al-L2-A1

R

_

300

EL T

apo | 40 &00  5&0

‘woo

‘550

EIT N

750

Figure 48. HPLC profiles of mixtures of A1-L2-A1 and A2-L1-A2 (25 uM each in 100 mM NH4OAc, 1.5 mM
KClI buffer, pH 6): (1) in the absence of G4-DNA; (2) in the presence of Pu24T (50 uM); (3) same as (2)
followed the addition of PhenDC3 (125 uM); (4) same as (2) followed addition of equal volume of
formamide prior to injection. Samples were incubated for 1 h at room temperature prior to analysis.
The injection volume was 5 uL in (1-3) and 10 uL in (4), to compensate for the addition of formamide.
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We attempted to release bound ligands by adding an excess (5 molar equivalents) of PhenDC3
as a competitor prior to HPLC analysis, as was described by Ernst et al. (in this work, the
authors were blocking binding sites of a protein with excess of highly affine ligand to show
that the shift in composition of DCC was not due to non-specific interactions)’® or by
supplementing the samples with equal volume of formamide. However, in either case the
original peak shape and area of A2-L1-A2 could not be restored (Figure 48: (3) and (4)), making
peak integration unreliable. These observations implied that the comparative approach using
the direct HPLC analysis could not be employed for reliable assessment of G4-DNA-templated

libraries.

2.2 Pull-down experiment with streptavidin-coated magnetic beads

We hypothesized that the issues discussed above could be overcomed by implementation of
“pull-down” (or “capturing”) protocol when DNA is biotinylated and can be removed from the
solution with the help of streptavidin-coated paramagnetic beads. Instead of comparing
templated and non-templated libraries, this approach seeks to identify the best binders
pulled-down by DNA-covered beads from “frozen” libraries, following ligand release in more

harsh conditions.*?2 The principle of this method is shown on Figure 49.
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Figure 49. Experimental protocol for DNA-targeted DCC (here: DCL1) using biotinylated DNA

oligonucleotides and streptavidin-coated magnetic beads.

To validate this approach, DCL1 was incubated in the presence of 5'-biotinylated Pu24T. In

parallel, we employed two 5'—biotinylated, non

namely a single-stranded oligonucleotide (dT22) and an 18-mer hairpin (hp2) containing a non-

nucleoside (i.e., hexaethyleneglycol) loop, introduced to avoid the possible binding of ligands

in the loop region (sequences: Table 8). Follow

arrested by increase of pH up to 8 by addition

(Dynabeads MyOne T1, Thermo Fisher) were added, resulting in pull-down of DNA-ligand

complexes. After a thorough washing, the pulled-

-105
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by addition of neat formamide and heating to 50 °C, and analyzed by HPLC; the resulting peak
areas were normalized with respect to control (blank, Figure 49) library to account for the
differences in initial composition and the differences in UV absorption by ligands, and
compared with a sample treated with magnetic beads in the absence of biotinylated DNA, to

account for non-specific ligand absorption on the beads.

The results (Figure 50a) demonstrated that five ligands were selectively pulled down from the
library by Pu24T-covered beads, in the following relative order: A2-L3-A2 > A2-L1-A2 > A1-L3-
A2 = A2-12-A2 > A1-L1-A2. Satisfyingly, this ranking was in a good agreement with the ligand-
induced stabilization of Pu24T observed in fluorescence-melting experiments performed with
pure samples of symmetric ligands that demonstrated that A2-L3-A2 (NaphDH2) and A2-L1-
A2 (PyDH2), but not A2-L2-A2 (PymDH2) were good G4 binders (Figure 50b). Of note, non-
specific binding of ligands to magnetic beads was not negligible in these experiments, as
evidenced by the amount of ligands pulled-down in the absence of biotinylated DNA (“beads
only”); at the same time, no ligand was selectively pulled-down in the presence of single-
stranded or hairpin DNA, demonstrating the absence of binding to non-G4 DNA targets. This
fact also agrees with the results of fluorescence-melting experiments that demonstrate

minimal effect of all ligands on thermal stability of the hairpin hp2 (Figure 50b).
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Figure 50. a) Relative (with respect to the “blank library”) amounts of components of DCL1 released
after pull-down with naked beads or biotinylated oligonucleotides; data are mean #* s.d. from three
independent experiments. b) Ligand-induced stabilization of G4-DNA Pu24T and hairpin hp2 (0.2 uM)
in fluorescence-melting experiments performed with pure, extemporarily synthesized symmetrical
components of DCL1 (1.0 uM). Data are mean + s.d. from three measurements.

Inspired by these results, we designed two other libraries: a 14-membered DCL2, prepared
from the dihydrazide L1, cationic aldehyde A2 and its isomer A6, as well as two novel
aldehydes (A7 and A8) (Figure 51a), and an 18-membered DCL3 was constructed from L1, its
4-(2-morpholinoethoxy) derivative L5, and aldehydes A2, A6 and A8 (Figure 52a). In both
cases, we introduced the fragments that were uncharged (A7) or partially charged in the assay
conditions (A8) in a hope to obtain ligands displaying a G4 affinity comparable to that of the

prototype bis(acylhydrazones) (A2-L1-A2, PyDH2) but a lower permanent cationic charge.
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Figure 51. Design (a) and corresponding chromatogram (b) of 14-component DCL2. N.d. = components
not detected in the blank library. Italicized numbers indicate the conversion of the reagents in “blank”
libraries.
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Figure 52. Design (a) and corresponding chromatogram (b) of 18-component DCL3. N.d. = components
not detected in the blank library. Italicized numbers indicate the conversion of the reagents in “blank”

libraries.

Of note, the conversion of aldehyde A8 in the conditions of DCL synthesis was significantly

lower (34-41%) comparing with heterocyclic aldehydes A2 and A6-A7 (80-100%) (Table 9),

presumably due to its lower reactivity owing to the presence of an electron-donating amine

substituent in the benzene ring. Nevertheless, acylhydrazone products containing the A8

fragment could be clearly detected in the resulting libraries (Figure 51b, Figure 52b).
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Table 9. Initial compositions of DCLs 2—3 and conversion rate of the corresponding reactants.

R DCL2 DCL3

eactant ¢ (UM) conv. (%) c (UM) conv. (%)
A2 60 87 80 83
A6 60 94 80 97
A7 60 ~100
A8 60 34 80 41
L1 120 91 60 95
L5 60 97

cat.b 5mM 5mM

DNA® 5 5

?In templated libraries.

2.3 Hits identification & synthesis

The pull-down experiments, performed with magnetic beads in the conditions identical to
those presented in Figure 50, demonstrated that, in the case of DCL2, A2-L1-A8 was the only
compound massively and selectively extracted in the presence of Pu24T,; even in this case,
significant amounts of this ligand were detected in samples treated with dT22 and hp2
oligonucleotides (Figure 53a). Interestingly, A2-L1-A2, a good G4-DNA binder, was not
selected from this library. In contrast, in the case of DCL3, a number of compounds were
selectively extracted in the presence of Pu24T, in the following order: A2-L1-A8 ~ A2-L5-A8 >
A2-L1-A2 = A2-L5-A2 > A2-L1-A6 = A2-L5-A6 (Figure 53b). These compounds (in addition to
A2-L1-A2 already described above) could be considered as promising G4-DNA binders, and we

next sought to synthesize some of them in preparative fashion in order to confirm their G4-

binding properties.
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Figure 53. Relative (with respect to the “blank library”) amounts of components of a) DCL2 and b) DCL3,
released after pull-down with naked beads or biotinylated oligonucleotides; data are mean # s.d. from
three independent experiments. c) Structure of compound A2-L1-A8, pulled down from both DCL2 and
DL3 libraries.
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2.4 Synthesis of building blocks and selected compounds

Aldehydes A1-A2 and acylhydrazides L1-L3 were synthesized previously in this work (RESULTS
AND DISSCUSSION, Part 1). Aldehyde A6 was obtained similarly to A2 (Scheme 9a).
Acylhydrazide L5 was obtained in two steps starting from diethyl chelidamate 16 via reaction
of alkylation with 4-(2-chloroethyl)morpholine hydrochloride, followed by hydrazinolisis of
diethyl 4-(2-morpholinoethoxy)pyridine-2,6-dicarboxylate 17 (Scheme 9b). Aldehydes A7 and

A8 were purchased from commercial suppliers.

a) O\ O\
N Mel | A
_ . ®
N acetone, 5? C,18h N/ o
89% o
11b
A6
o (o)
b) OH 0o
C|/\/N\) O/\/N\) O/\/N
X - HCI
oo M 4 B NoH,4 - Ho0 N
N > o
79% o A o 73% |
o) 0 N (0] N/ O
[ 6] © © NH  HN.
f 17 j H,N NH,
L5

Scheme 9. Synthesis of building blocks A6 (a) and L5 (b).

The non-symmetric bis(acylhydrazone) A2-L1-A8, selected from both DCL2 and DCL3, was
considered as a priority target. An initial attempt to synthesize this compound was undertaken
through a “one-pot” reaction performed by heating of L1 with equimolar amounts of A2 and
A8 in DMF (Scheme 10), followed by chromatographic separation of the products. However,
while mass-spectrometric analysis showed three compounds (A2-L1-A2, A2-L1-A8 and A8-L1-
A8) formed in this reaction, they co-eluted on a preparative RP-HPLC column, rendering their

separation impossible on a preparative scale (Figure 54).
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Figure 54. a) The chromatogram of the reaction mixture after addition of A2 to the solution of A8-L1
with traces of A8-L1-A8; b) mass spectra corresponding to peak at 4.38 minutes.
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Therefore, we designed hybrid ligands 24a and 24b, in which N-methylquinolinium and 4-(4-
methylpiperazino)phenyl moieties were linked to the central 2,6-pyridyl unit through two

different combinations of carboxamide and acylhydrazone bonds.

The synthesis of A2—-L1-A8 analogues 24a and 24b is presented on Scheme 11a. Both isomers
were prepared from the commercially available mono-methyl pyridine-2,6-dicarboxylate 18
through amidation with the corresponding aromatic amines 19 and 20 to give the amides
21a-b, followed by methylation of the quinoline substituent yielding the salt 22a,
hydrazinolysis of methyl esters to give the acylhydrazides 23a and 23b, and the reaction of the

latter with aldehydes A8 or A2, respectively.

In addition, symmetric bis(acylhydrazones) A2-L5-A2 (selected from DCL3) and A8-L1-A8 (not
selected either from DCL2 or from DCL3, and chosen as a negative control) were prepared by

straightforward condensation of the corresponding building blocks (Scheme 11b-c.).

-114 -



H,N

‘ X
a) NG = | = | = |
o Mel o NaH,-H,0 o
— 9 SN COOMe 8, SN >cooMe 242 SN
i NH i i

NH NH  HN
N N N N
NH2 2 21a(70%) 22a (89%) 23a (90%) ) ~
=
0 \N‘ o | © K/N‘Me
OH N N
18 =
» oA ] ]
N 20 N” "COOMe N,H,-H,0 O "Ny o) A2 o \N o
L _Me NH 7 .
- i NH HN iv
A oo™ o
N
N N
Me/N\) 21b (73%) @ ,\(\)
Me” 23b (95%) Me” 24b (49%)
b) O/\/N\) c)
o/\/N\) O X YOY
—

\
o Ao
X N o
/ _NH .
‘ H,N NH2
L1
A2 Me I D\‘
A8 A8-L1-A8 (69%) “Me

A2-L4-A2 (73%)
Scheme 11. Synthesis of ligands a) non-symmetric (carboxamide/acylhydrazone) 24a and 24b; b) symmetric A2-L5-A2 and c) symmetric A8-L1-A8 (negative

control). Conditions: i) EDCI-HCI, HOBt, DCM/DMF (10:1 v/v), r.t., 18 h; ii) Me,CO, reflux, 18 h; iii) MeOH, r.t., 3 h; iv) PrOH, AcOH cat., reflux, 18 h. v) DMF, 100
°C, 2 h; vi) i-PrOH, 100 °C, 18 h.
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2.5 Evaluation of G4-binding properties

2.5.1 Fluorimetric titrations

G4-binding properties of novel derivatives were initially studied by isothermal fluorimetric
titrations that harness the ligand-induced fluorescence quenching of 5’-Cy5-labelled oligonuc-
leotides (cf. INTRODUCTION, part 1.4.4). Performed at a constant temperature, this method
is suitable to characterize of strong binders with Ky values down to few nM, and is gaining
increasing popularity in characterizing ligand—G4 interactions. In addition, contrary to
fluorescence-melting experiment, this method directly provides the values of dissociation

constants (Kq) of G4—ligand complexes.

Prior to perform fluorimetric titrations, we recorded CD-spectra of 5’-Cy5-labelled telomeric
sequences 5-Cy5-22CTA and 5°-Cy5-25TAG (Figure 55), because in the original article
introducing this essay®® the change of topology of telomeric sequence to parallel was
reported. This phenomenon was explained by the influence of the fluorophore. It appeared
to us that sequence 5’-Cy5-22CTA had mixed hybrid topology in the conditions, suggested for
this assay (buffer K100 with additives CHAPS and Triton-X), regardless cooling mode (fast or
slow) (Figure 55A, black and red curves). However, when the annealing of this sequence was
performed in the buffer without additives, the sequence formed a G4 structure of antiparallel
topology (Figure 55B, black curve). We added CHAPS and Triton-X to this prefolded G4 to see
if the additives can affect the topology of prefolded sequences after annealing. Even after 18
hours, antiparallel topology of 5’-Cy5-22CTA sequence remained unchanged (Figure 558, red
curve). The topology of 5-Cy5-25TAG, annealed in the buffer with additives was parallel
(Figure 55C, black curve), as reported by Balasubramanian et al.®® However, if the same
sequence was annealed in K100 buffer without additives it formed G4 of hybrid topology
(Figure 55C, red curve). These experiments indicate that the change of topology of labelled
sequences is mostly due to the presence of additives during the annealing step and that the
influence of fluorophore (Cy5) on G4 topology is less prominent in these cases. For our
experiments, we used 5’-Cy5-labelled DNA annealed in K100 buffer (at 1 uM) and slowly

cooled to room temperature.
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Figure 55. CD spectra of telomeric 5°-Cy5-22CTA (A,B) and 5’-Cy5-25TAG (C) prefolded in different
conditions. A) 5’-Cy5-22CTA annealed in K100 with additives with consequtive quick (black) or slow
(red) cooling. B) 5’-Cy5-22CTA annealed in K100 buffer without additioves, slow cooling before (black)
and 18 hours after (red) addition of additives to the solution of prefolded sequence. C) 5’-Cy5-25TAG
prefolded in K100 with (black) or without (red) additivies. Spectra of corresponding unlabelled
sequences prefolded in K100 buffer without additives with slow cooling are showed in blue in all
panels.? Conditions K100 with additives: 10 mM LiAsO,Me; 100 mM KCl, 0.5 w/v % CHAPS, 0.05 v/v %
Triton X-100, pH 7.2. K100: 10 mM LiAsO;Me;, 100 mM KCl, pH 7.2. Annealing: 5 minutes at 95 °C; fast
cooling: the sample is put on the ice for 15 minutes; slow cooling: the samples was cooling in
thermoblock to room temperature for 4-12 hours. ® Spectra of 5’-Cy5-22CTA and unlabelled 22CTA are
recorded in different cuvettes.

Fluorimetric titrations were performed by mixing the 5’-Cy5-labelled DNA (c(final) = 2 nM)
with the range 0 to 10 uM of ligand concentrations and measuring the spectra of fluorescence
after 2 hours of incubation. The fluorescence intensity was normalized by dividing the raw
value by the mean intensity of no-ligand wells. The obtained titration curves were fitted to a

1:1 binding model using Equation (1):

A+%+1—\/(A+%+1)2—4x%
F=Fy—(Fp—F) X

(1)

2 ’

where Fo and F, are fluorescence intensity in the absence and in the presence of saturating
. . . . . . K
concentration of the ligand, respectively; x is a concentration of the ligand and A = Td' where

K is the dissociation constant and c is the concentration of labelled oligonucleotide (2 nM).
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The results of titrations, performed with four fluorophore-labelled G4-DNA oligonucleotides
belonging to different folding topology groups (Pu24T and myc22: parallel, 25TAG: hybrid,

22CTA: antiparallel), confirmed the G4-binding properties of novel derivatives (

Table 10, Figure 56). Compounds A2-L1-A2 and A2-L5-A2 had very similar and very high affinity
to all four G-quadruplexes, with K4 values of 6 to 16 nM, which is comparable to that of the

benchmark ligand PhenDC3 (Kq of 7 to 17,

Table 10) and largely supersedes the affinity of several recently reported G4-binding peptides
(determined by the same method).?’%'72 Hybrids 24a and 24b were significantly less active
(with Kq = 90 nM), with 24a generally having lower affinity than 24b. In particular, the
interaction of 24a with telomeric G4-DNA (25TAG) was characterized by a Kq value of 2.9 uM,
more than ten-fold larger than in case of parallel quadruplexes Pu24T and myc22 (K4 = 250
and 200 nM, respectively). Compound A8-L1-A8 did not quench the fluorescence of Cy5-
labelled G4 substrates, a fact that can be interpreted either as poor G4 binding of this
compound, or as unfavourable electron transfer with the fluorophore, resulting in the lack of
quenching effect upon binding. Finally, none of ligands showed quenching of fluorophore-
labelled hairpin hp2 and single-stranded control dT,; at concentrations lower than 1 uM
(Figure 56), giving evidence of the absence of non-specific (i.e., unrelated to G4-DNA binding)

guenching effect of ligands on the Cy5 probe in the employed concentration range.

Table 10. Dissociation constants (K4 /nM) of ligands to G4-DNA, determined from fluorimetric titrations
with 5’-Cy5-labelled oligonucleotides.”
Ligand Pu24T myc22 25TAG 22CTA

A2-L1-A2 7.6+0.6 7.8+03 11.3%05 8.3+0.3
A2-L5-A2 11.8+18 64+03 16.1+0.8 8.1+0.6

24a 248 + 10 199+ 7 2890+140 651+%56
24b 88+4 131+9 92+3 313+27
A8-11-A8 >10* > 104 > 104 > 104
PhenDC3 6.7+0.8 87+20 nmpP 16.8+4.7

 Conditions: c(DNA) = 2 nM, c(ligand) =0 to 10 uM in 10 mM LiAsO,Me;, 100 mM KCl, 0.5 w/v% CHAPS,
0.05 v/v% Triton X-100 buffer, pH 7.2; Aex = 590 nm, Aem = 675 nm. Ky values are determined by numeric
fitting of the data (means from three technical replicates) to a 1:1 binding model, with errors
representing the standard error of the fitting parameter; b) not measured.
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Figure 56. Normalized changes of fluorescence intensity (Aex = 590%7°° nm, Aem = 675%7°° nm) upon titrations of ligands (final concentration: 1.8 nM to 10 uM)
to 5-Cy5-labelled oligonucleotides (c = 2 nM in 10 mM LiAsO:Me,, 100 mM KCl, 0.5 w/v % CHAPS, 0.05 v/v % Triton X-100, pH 7.2). Data are means #* s.d. from
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2.5.2 Native mass spectrometry!

Additional information about G4 binding of novel derivatives was obtained from native mass
spectra of G4—ligand complexes that were performed with two G4-DNA (Pu24T and 25TAG).
In all cases, the peaks of G4—ligand complexes could be clearly observed. Interestingly, mass
spectra of 25TAG in the presence of A2-L1-A2 and A2-L5-A2 were largely dominated by the
peaks of 1:1 complexes, formed upon ejection of one of the two K* ions initially present in this
substrate (Figure 57). Ejection of K* cations was previously observed with other ligands of the
bis(quinolinium) family, and attributed to the ligand-induced change from hybrid to anti-
parallel conformation of this G4-DNA.'*? In contrast, 1:1 complexes of 25TAG with hybrids 24a
and 24b showed the peaks attributed to both hybrid (2K*) and anti-parallel (1K*) species. This
observation, along with the additional signals of 2:1 (ligand : G4) complexes, suggests their
multiple binding modes to the 25TAG quadruplex. In the case of Pu24T, no K* ejection was
observed, and only minor peaks of 2:1 complexes could be detected with all ligands (Figure
58), consistent with the presence of a single ligand-accessible binding site (most likely, the 5'-

tetrad).3!

L Experiments performed in the lab of V. Gabelica, IECB, with assistance of Dr. E. Largy and Dr. F. Rosu.
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Figure 57. ESI-MS spectra of 25TAG (5 uM) in the absence (top) and in the presence of equimolar
concentrations of ligands (L) A2-L1-A2, A2-L5-A2, 24a, and 24b, in 100 mM TMAA + 1 mM KCl buffer.
c.p. = calibration peak (dTs).
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The relative intensities of the peaks of the ligand-bound and free G4-DNA were used for the
calculation of apparent binding constants (Table 11). We examined charge state 6~ because it
contained fewer nonspecific potassium adducts. The concentration of each DNA form was

determined from the mass balance equation and from the peak areas:

A(DNA)
tol  A(DNA)+A(DNA+L)+A(DNA+2L)

[DNA]free = [DNA]

(2)

A(DNA+L)
(DNA+L)+A(DNA+2L)

[DNA + L] = [DNAror * (3)

A(DNA+2L)
(DNA+L)+A(DNA+2L)

[DNA +2L] = [DNAl ot * 5o (4)

The concentration of free ligand was determined through the mass balance equation:

[L]free = [L]tot - [DNA + L] - Z[DNA + ZL] (5)

Apparent consecutive dissociation constants (Kp1 and Kp2) were calculated using Equations (6—

7):
__ [DNA]freeX([L]free

Kp1 = [DNA+L] (6)
_ [DNA+LIX[L] free

Kb, = [DNA+2L] (7)
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Table 11. Apparent dissociation constants (K4 / nM) determined from mass-spectra of G4-DNA-ligand
complexes.®

Ligand Pu24T 25TAG
A2-L1-A2 85 n.d.p
A2-L5-A2 220 <7.0

24a 470 330

24b 240 120

A8-L1-A8 9000 not measured

@ Conditions: DNA (5 uM) in the absence (top) or in the presence of 5 uM of ligands. Buffer: 100 mM
TMAA + 1 mM KCl buffer Time of incubation: 2 hours. ° The K4 value could not be determined since the
peak of unbound G4-DNA was undetectable

The values of apparent binding constants were generally found in a relatively good agreement
with the results of fluorimetric titrations, except for the interaction of 24a with telomeric
25TAG that was characterized by a K4 value of 0.33 uM, almost 10-fold lower than the value

obtained by fluorimetry (2.89 uM,

Table 10). This discrepancy may be due to a particular binding mode of this ligand,
unfavourable for interaction with the fluorophore, such as binding in the vicinity of the
unlabelled 3'-tetrad.®® The fact, that the values of dissociation constants for complexes of
ligands A2-L1-A2 and A2-L5-A2 with Pu24T obtained by fluorimetric titrations method are
higher than those obtained by mass spectrometry may be explained by the influence of
fluorophore: Cy5 may be positioned above external 5’-tetrade in such a way that it provides
an additional stabilization of the complexes with ligands and in this way increases the ligands’
affinities to Pu24T. It would be very interesting to test this hypothesis by the recording of mass
spectra of complexes of ligands with 5’-Cy5-labelled oligonucleotides and comparing the

corresponding Ky values with those obtained with unlabelled sequences.
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2.5.3 Fluorescence-melting experiments

Finally, DNA binding of ligands was assessed by fluorescence-melting experiments, based on
thermal denaturation of double-labelled sequences. The conditions of these experiments,
namely the K* content of the buffers, were selected so that the four G4-DNA substrates and
the hairpin hp2 denature at comparable temperature in the absence of ligands (Tm° = 60 °C,
cf. RESULTS AND DISSCUSSION, Part 1) thus allowing direct comparison of ligand-induced
thermal shifts (ATm). The results (Figure 59) show that, in all cases, no preferential stabilization
of Pu24T over three other G4-DNA substrates was observed; instead, most compounds prefe-
rentially stabilized the 25TAG quadruplex, with ATm values of up to 30 °C (A2-L1-A2).
Consistently with the results of fluorimetric titrations and mass-spectrometry experiments,
hybrids 24a and 24b induced lower stabilization of most substrates compared with A2-L1-A2,
but higher than A8-L1-A8. However, in the case of antiparallel quadruplex 22CTA, compounds
24a (ATm = 15.3 °C) and, particularly, 24b (AT = 18.8 °C) were almost as efficient as A2-L1-A2
(ATm =22.2 °C) and A2-L5-A2 (AT = 17.7 °C) despite large differences in binding constants (

Table 10). Conversely, compound A2-L5-A2 systematically induced less efficient stabilization
of all G4-DNA substrates compared with the parent ligand A2-L1-A2, although both
compounds were pulled down from DCL3 at almost identical levels (Figure 53b) and displayed

very close Kg values in the fluorimetric assay (

Table 10). These differences between Ky values and thermal stabilization effects may be due
to their different binding mode; indeed, ligands with large entropic contributions to the
binding vyield higher thermal stabilization effects.!3® Of note, fluorescence melting
experiments confirmed the excellent level of selectivity of all ligands with respect to duplex

DNA, as evidenced by negligible stabilization of the hairpin hp2 (ATm < 2 °C).
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—0— A2-L5-A2

—e— 24a 30
24b
AB-L1-A8 ol

25TAG Pu24T

22CTA myc22

Figure 59. Ligand-induced stabilization (AT, °C) of G4-DNA (Pu24T, myc22, 22CTA, 25TAG) and hairpin
control (hp2) observed in fluorescence-melting experiments performed with compounds A2-L1-A2, A2-
L5-A2, 24a, 24b, and A8-L1-A8 [c(DNA) = 0.2 uM, c (ligand) = 1.0 uM, buffer composition: the same as
in RESULTS AND DISSCUSSION, Part 1. Data are mean values from three measurements. The structures
of DNA substrates are schematically shown next to each axis and the structures of compounds below
the graph.

In addition, almost no drop of ligand-induced stabilization was observed when fluorescence
melting experiments were performed in the presence of excess double-stranded competitor
(self-complementary 26-mer ds26), and only in the case of Pu24T, the addition of the duplex
resulted in decrease of the stabilization induced by ligands 24a and 24b by 2-3 °C (Figure 60).
This observation agrees with the results of DCC pull-down experiments, which also indicated
moderate selectivity of A2-L1-A8 for Pu24T with respect to duplex DNA, as non-negligible

amounts of this ligand were pulled-down with dT,; and hp2 (Figure 53).
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Figure 60. Ligand-induced stabilization of G4-DNA (Pu24T, myc22, 25TAG and 22CTA, ¢ = 0.2 uM)
observed in fluorescence-melting experiments performed with compounds A2-L1-A2, A2-L5-A2, 24a,
24b, and A8-L1-A8 (c = 1.0 uM) in the absence (dark green bars) and in the presence of duplex
competitor ds26 (3 and 10 uM, green and pale green bars, respectively). Data are mean #* s.d. from
three measurements.

2.6 Conclusions

In this part of thesis, we developed a DCC approach based on the formation of DCLs of
acylhydrazones in the conditions compatible with native structures of G4-DNA (aqueous
media, near-physiological pH), followed by identification of putative best binders through a
pull-down with biotinylated oligonucleotides immobilized on streptavidin-coated magnetic

beads. This approach was initially validated using DCL1, where the ranking of pulled-down
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ligands was found in a good agreement with their G4-binding properties. Subsequently, we
constructed two novel libraries, DCL2 and DCL3, which pointed out to several novel
bis(acylhydrazones), including A2-L1-A8, A2-L5-A8, and A2-L5-A2, as promising G4-DNA
binders. A preparative synthesis of A2-L1-A8 was attempted but was not successful. Indeed,
to the best of our knowledge, no non-symmetric bis(acylhnydrazone) was reported in the

literature, so far.

Due to the hard synthetic accessibility of non-symmetric bis(acylhydrazones), compound A2-
L1-A8 was emulated through two isomeric carboxamide/acylhydrazone hybrids 24a and 24b.
Both hybrids, as well as the bis(acylhydrazone) A2-L5-A2, indeed demonstrated fair affinity to
various G4-DNA substrates (with Kq values in the 10-650 nM range) and a good level of G4-
vs.-duplex selectivity, as evidenced by isothermal fluorimetric titrations, mass-spectrometric
and fluorescence-melting experiments, but failed to outperform the prototype ligand A2-L1-

A2.

At the current stage, we were not able to obtain ligands with significant selectivity towards
one or another G4 topology or another structural feature. Development of such ligands would
probably require generation of DCLs from building blocks featuring higher structural diversity
and/or more complex structural motifs (e.g., peptide derivatives) as well as optimized pull-
down protocols. Nonetheless, our approach resulted in hybrid ligands (24a and 24b) whose
fair G4 affinity combines with favourable drug-like properties, as illustrated by the values of

the corresponding physico-chemical descriptors (calculated using SwissADME).1”3

Table 12. F(sp®) and clogP of compounds 24a, 24b and A2-L1-A2.

Ligand F(sp?) clogP
24a 0.21 -1.3
24b 0.21 -1.7
A2-L1-A2 0.07 -7.1
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Thus, non-symmetric ligands combining an N-methylquinolinium moiety with another
aromatic moiety represent an interesting motif for the development of other biologically

active G4-DNA binders.
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3. Identification of Optimal G-quadruplex
Ligands by Combining Parallel Synthesis
and Profiling of Cationic

Bis(acylhydrazones)

As mentioned in AIMS OF THE WORK, one of fall-back solutions envisaged for this project was
to develop an approach of classical combinatorial chemistry by performing multiple parallel
combinatorial synthesis of acylhydrazones, followed by a subsequent study of their binding to
nucleic acid targets by high-throughput screening techniques. Towards this end we designed
a combinatorial chemistry strategy based on the straightforward preparation of “ready-to-
screen” samples of cationic bis(acylhydrazones), coupled with high-throughput profiling of
their binding to a panel of G4-DNA targets. The implementation of this method can lead to an
easy, rapid and not-expensive way to analyze numerous compounds for their affinity to the

target.

3.1 Library design and synthesis.

3.1.1 Synthesis of aldehydes

The selection of currently used aldehydes is presented on Chart 8.
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Chart 8. Selection of aldehyde building blocks. The compounds shown in brackets could not be obtained.
Aldehydes A1-A6 were already synthesized in the course of this work (cf. RESULTS AND

DISSCUSSION, Parts 1 and 2). We prepared aldehydes A9—A11 using the same conditions as

for A2—AS5 (22 equivalents of alkylation agent, boiling acetone, 18 hours, Scheme 12a).
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a) CHO CHO

RSN acetone, 56 °C, 18 h '\/ | @

e
R
11b,d,e A9-A11
11b: Ar = quinoline-4-yl A9: Ar = quinoline-4-yl, R = cyclopropylmethyl, X= 1 (15%)
11d: Ar = quinoline-3-yl A10: Ar = quinoline-3-yl, R = Me, X = | (86%)
11e: Ar = quinoline-2-y! A11: Ar = quinoline-2-yl, R = Me, X = | (53%)
b) RX | T, °C|Time, h| vield
s s Mel 60 72 0%
RX TosOMe 60 72 0%
2 —_— X\
@[N/ % CEN/(D % TosOMe 80 18 | traces
26 A12 \ TosOMe 100 72 0%
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Scheme 12. Synthesis of quaternized aldehydes A7-A16.

The attempts to methylate benzothiazole-2-carbaldehyde 26 by iodomethane or methyl p-
toluene sulfonate at 60 °C during 18 and 72 hours respectively were ineffective (Scheme 12b).
On the contrary, heating with methyl p-toluenesulfonate without solvent at 60 °C for 18 hours
gave traces of product A12. Attempt to raise the temperature to 100 °C leads to products of

polymerization.

The methylation of 1-methyl-benzoimidazole-2-carbaldehyde 27 with iodomethane in DCM at
room temperature during 72 hours results in a precipitation of light-yellow crystals of 1,3-
dimethyl-benzoimidazol-3-ium 28 (Scheme 12c¢) that presumably formed through
decarbonylation of 27. The assay with trimethyloxonium tetrafluoroborate, on the contrary,
was successful and the desired product A13 was isolated in 28% yield. This aldehyde is rather

stable in water that was confirmed by 'H NMR.

The attempt to synthesize 9-formyl-10-methylacridinium 29 was also problematic (Scheme

13a). While no reaction occurs with methyl iodide or methyl methanesulfonate in different
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conditions, with methyl trifluoromethanesulfonate the alkylating agent was consumed, but
the product could not be identified. A reaction with 12 equivalents of dimethylsulfate without
solvent at 100 °C during 15 minutes gave the desired product contaminated with 15% of

starting material.

RX |T,°c| Time | Result
Ox Mel 60 | 72h no reaction
X MesOMe 60 72 h no reaction
O \ _RXyp O ® O TosOMe | 110 | 12h |oxidation to acid
NG N TosOMe | 110 | 72 h |decarbonilation
| x° TfOMe | 40 | 18h | notidentifiable
29 A14 Me,SO, 100 '15 min 85%
b) Solvent | T, °C | Time, h| Kat.
. acetone | 60 18
- 80 72
Oy acetone | 60 72 EtyN*I
D (f
\ -
0.__0O
plewpey
HC(OMe)s, pTSA. ANy N Br N
MeOH, 65 °C, 18 i _ DMSO ® o
90% N gr
(f o
o
c) Ox =
Bra O
B B
H
— acetone ﬁ/
N 60 °C, 72 h o
11a 0% Br ‘\k
A16 e
d) Ox Ox
Pyridine
acetone, 60 °C
80%
®J) o
Br | SN Br
32 =

Scheme 13. Synthesis of aldehydes A14-A18.
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The attempt to quaternize quinoline-4-carbaldehyde 11b with cyclohexylmethyl bromide in
the “standard” conditions (acetone, 60 °C, 18 hours) gave no result (Scheme 13b). Stirring the
mixture of reagents without solvent at 80 °C for 72 hours, without or with catalyst did not lead
to formation of A15 neither. The attempt to incorporate cyclohexylmethyl group in the
compound 30 with a protected aldehyde group (to increase the nucleophilicity of the

endocyclic N atom) also failed.

The attempt to quaternize pyridine-4-carbaldehyde 11a with methoxypropylbromide in

“standard” conditions was not successful (Scheme 13c).

In  contrast, aldehyde A17 was easily obtained from pyridine and 4-
bromomethylbenzaldehyde (Scheme 13d). This aldehyde is different from all other aldehydes
of the series by that the quaternary N atom and the aldehyde group are located in different

ring systems.

3.1.2 Synthesis of bis(acylhydrazides)

The set of bis(acylhydrazides) (Chart 9) was constructed to include heterocyclic derivatives
with a varied number of condensed rings (L1-L5, L11-L12), a benzene counterpart (L10), three
aliphatic derivatives with varied length of the spacer between the acylhydrazide functions (L7-

L9), and carbohydrazide (L6) as the minimal dihydrazide.
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Chart 9. Selection of bis(acylhydrazides)

Acylhydrazides L1-L5 were synthesized in the course of this work (cf. RESULTS AND
DISSCUSSION, Parts 1 and 2). Compounds L6, as well as L8—L10 were purchased. Compounds
L7 and L12 were prepared from the corresponding esters (Scheme 14a and c). The pyrazine

derivative L11 was prepared starting from 2,6-dimethylpyrazine 31 (Scheme 14b).174

o) H
a) ‘3\\«0\/ NoHs * H,0 S
o EtOH, r.t. HoN-N
a2 o 10 min H Lso
33 86%
b)
Ny Se0, Ns
\ _ Ssocl, \
= 1) pyridine/H,0 10: 1 [e) _ 0
N reflux, 18 h; '\f’l'eo'; . N
34 2) H,0, filtration re “;‘% 0 5 O
g ]Y
EtOH reflux
18 h
69%
C) OH
| X NoH4 * H,0
4>
O N EtOH, r.t.
10 min
OEt .3 OEt 83%

Scheme 14. Synthesis of bis(acylhydrazides) L6, L11—L12.
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3.1.3 Optimization of conditions of acylhydrazone synthesis

Our previous experiments towards the synthesis of model bis(acylhydrazones) indicated that
these products can be obtained by heating the aldehyde and bis(acylhydrazide) reagents in a
suitable solvent. Here, we attempted to prepare “ready-to-screen” samples of
bis(acylhydrazides) by performing reactions in small volume (= 1 ml) of the solvent without
isolation of product, considering that the conversion of the starting materials is nearly—
qualitative and that minor impurities present in such samples (i.e. unreacted starting material,
monoacylhydrazides) have little impact on the outcome of the screening experiment. In order
to generate “ready-to-screen” solutions of the products, stock solutions of eleven
bis(acylhydrazides) 1A-K (9 mM in DMSO) were mixed with solutions of ten aldehydes 2a—j (9
mM in DMSO) in a one-by-one fashion, to give the reaction mixtures containing 2.0 and 4.4
mM (i.e. 2.2 molar equivalents) of dihydrazide and aldehyde components, respectively
(Scheme 15; the names of aldehydes and bis(acylhydrazides) were changed to follow the
results easier). The reaction mixtures were supplemented with AcOH as a catalyst (final
concentration: 1 M), and heated at 60 °C for 48 h to ensure complete conversion of the
dihydrazide. The use of higher temperature (100 °C) and shorter reaction time was
disadvantageous, as it led to the formation of significant amounts of dealkylated products.
After several preliminary experiments, chelidamic acid dihydrazide (1K) was discarded from
the set of bis(acylhydrazides) due to unwanted formation of Michael adducts in the course of
reaction. Aldehyde 2j (A6) was also tested, but was discarded due to its low reactivity in the
mentioned conditions. After exclusion of these building blocks, the resulting solutions were
analyzed by LC/MS and revealed an average purity of 87% and minimal purity of 80%, as per
peak area (Table 13). It goes in a range with commercial combinatorial libraries the purity of
which normally is around 80-90%. The as-synthesized sample solutions were employed for the

screening by fluorescence-melting experiments without further treatment (Scheme 15).
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Scheme 15. Library design and one-step synthesis of “ready-to-screen” solutions of bis(acylhydrazones).
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Table 13. Purity of as-synthesized samples of bis(acylhydrazones) 3Aa-lJi as determined by LC/MS
analysis (UV peak area, %).°

Bis(acylhydrazide)

Aldehyde

1A 1B 1C 1D 1E 1F 1G 1H 1) 11
2a 87 86 84 91 81 89 99 99 99 99
2b 84 86 81 81 84 91 83 80 80 81
2c 85 83 87 84 96 89 90 95 81 88
2d 93 91 90 94 85 90 90 80 83 91
2e 92 93 93 93 93 92 93 93 98 93
2f 85 84 83 86 88 80 82 94 88 87
2g 89 88 90 89 89 92 89 93 94 88
2h 88 87 89 88 92 88 83 84 94 83
2i 80 82 80 80 90 85 84 86 85 86

@ Conditions: colon Waters Alliance 2695 equipped with a Waters XBridge C1s-3.5 um column. Eluent A:
H20 + 0.1% HCOOH, eluent B : acetonitrile + 0.1% HCOOH, gradient elution with 2 to 100% of eluent B.

3.2 Screening of interaction with G4-DNA by FRET-melting experiments.

The capacity of the “as-synthesized” ligands to stabilize G4-DNA was assessed by FRET-melting
experiments, which monitor thermal denaturation of G4-forming oligonucleotides labelled
with a fluorophore—quencher pair (cf. Introduction, Part 1.4.2). Four representative G4-DNA
targets belonging to different topology classes were selected for screening: 25TAG (hybrid-2);
22CTA (antiparallel), myc22 (parallel), and Pu24T (snap-back parallel), as schematically
presented in Figure 61f (for more detailed information about sequences cf. Introduction, Parts
1.1.3-1.1.4). A hairpin with 8 base pairs in the stem part (hp2) was included as a mimic of
double-stranded DNA. The conditions of melting experiments were used the same as
described in RESULTS AND DISSCUSSION, Part 1. The results of FRET-melting experiments,
presented as heatmaps of ligand-induced stabilization (ATwm), are presented in Figure 61, a-e

(The corresponding values are given in Table A1, Annex).
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Figure 61. Results of FRET-melting assay with 90 ‘as-synthesized’ bis(acylhydrazone) ligands 3Aa-Ji.
a)-e) Heatmaps of ligand-induced stabilization (ATn) of G4-DNA: a) 25TAG, b) 22CTA, c) myc22, d)
Pu24T, e) hp2; f) Schematic depiction of G4 and hp2 substrates used in the assay; all oligonucleotides
were labelled with a fluorophore (5-FAM) and a quencher (3'-TAMRA). Data are average values form
three technical replicates. Conditions: c(G4-DNA) = 0.2 uM, c(ligands) = 1 uM.

The results of FRET-melting screening present a number of interesting regularities. With
respect to molecular structure, the capacity of bis(acylhydrazones) to stabilize, or not, G4-DNA
substrates seems to be mostly due to the combination of two major factors: the total number
of aryl rings (Nar) and the nature of the central moiety L. The importance of the first factor is
demonstrated by the strong positive correlation between Nar and ligand-induced stabilization
(ATm, Figure 62). With respect to the nature of the central moiety, the derivatives containing
pyridine (A), pyrazine (C), naphthyridine (D), and, in particular, phenanthroline (E) fragments,
generally, demonstrated very high capacity to stabilize G4-DNA, in stark contrast to the
analogues containing pyrimidine (B) and benzene (F) fragments, as well as all aliphatic
derivatives (G-J). Among the latter, only carbohydrazone derivatives 3Jc and 3Jh (Nar = 6)
demonstrated significant level of thermal stabilization of G4-DNA (ATm = 12—-14 °C, with 25TAG
and 22CTA). This fact confirms the assumption that G4-binding properties are directly related

to the ability of the ligand to adapt a U-shaped conformation, stabilized by water-mediated
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hydrogen bonds between the acylhydrazone groups and the central heterocyclic unit, as was
observed in the solid-state structures of 3Aa and 3Ea (cf. RESULTS AND DISSCUSSION, Part
1.3).

o 25TAG
’ + 22CTA 3Ef/:\3Ei
30 1 ¢ myc22 . \./ .
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Figure 62. a) Plots of ligand-induced stabilization (ATy) as a function of number of aromatic rings (Na;)
for 90 ligands and four G4-DNA substrates.

The nature of lateral moieties (X in Scheme 15) appears to play a secondary role in G4-
stabilizing properties. Thus, 1-methylpyridinium (X = a) and 4-(pyridinium-1-yl)methylphenyl
(X = i) substituents, generally, resulted in less efficient G4 stabilizers, comparing with
quinolinium fragments, except when combined with the phenanthroline unit such as in
compounds 3Ea and 3Ei, respectively. In contrast, in the case of quinolinium substituents (X =
b—h), the G4-binding properties of the ligands were relatively insensitive with respect to the

nature or position of the side chain.

Most ligands behaved relatively uniformly with respect to different G4-DNA targets,
considering the generally lower propensity of parallel G4 (myc22 and, particularly, Pu24T) to
ligand-induced stabilization as compared to 25TAG and 22CTA (Figure 61a—d). On the other
hand, none of compounds had any significant effect on the melting of the hairpin substrate
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hp2 (ATm =010 4.0 °C, Figure 61e), demonstrating an excellent level of quadruplex-vs.-duplex

selectivity.

Considering the ensemble of the data, compounds 3Ef and 3Ei (Figure 63) that consistently
demonstrated the highest stabilization of most G4 substrates, as well as 3Ch, representative
of moderate-affinity G4 binders of the series, were selected and synthesized in a preparative
fashion, yielding analytically pure samples. Their G4-binding properties were studied in more

detail and in comparison with compounds 3Ab (PyDH2) and PhenDC3.
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Figure 63. Structures of novel bis(acylhydrazone) derivatives selected for detailed studies (3Cb, 3Ei, 3Ef)
and structure of positive controls 3Ab (PyDH2) and PhenDC3.

3.3 Hit validation.

3.3.1 FRET-melting

The conditions of FRET-melting experiments employed in the screening step (~1.0 uM of
ligand, i.e., five molar equivalents with respect to G4-DNA) were selected in order to

compensate for possible differences in ligand concentrations in the “ready-to-screen”
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samples. However, these conditions are not appropriate for the ranking of high-affinity
binders, since the stabilization effect induced by these compounds (ATn 2 35 °C) reaches the
experimental limit of the method, and lower concentrations of ligands (0.5 puM) are
recommended for the assessment of high-affinity binders.1’”> For the pure ligands, we studied
the ligand-induced stabilization of the four G4-DNA substrates in a range of lower ligand
concentrations (0.2-1.0 uM). The results (Figure 64) demonstrated that, in all cases, almost
no stabilization was observed with 0.1 or 0.2 uM of ligands. With 25TAG, compounds 3Ei and
PhenDC3 yielded an almost maximal stabilization effect (ATm > 30 °C) already at a 0.4 uM
concentration, whereas other ligands were slightly less efficient, as similar stabilization was
achieved at only higher concentrations (0.8-1.0 uM). With 22CTA and myc22, the
concentration dependence of the stabilization effect was less steep for all ligands. In all cases,
the stabilization effect observed with 1 uM of ligand matched the value observed in the
screening experiments (‘Screen’ in Figure 64), giving additional proof that this experiment has
an excellent tolerance with respect to minor differences in ligand concentration and the
presence of potential impurities resulting from the synthesis procedure. Altogether, a clear
ranking of ligands could be observed with all four G4-DNA: 3Ei > PhenDC3 > 3Ef > 3Ab > 3Cb;
the superior activity of compound 3Ei, compared with PhenDC3, was particularly remarkable

in the case of 22CTA (Figure 64b).
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Figure 64. Concentration-dependent stabilization of G4-DNA observed in fluorescence melting
experiments. Conditions: c(G4-DNA) = 0.2 uM. Data are means * s.d. from three technical replicates.
The upper limit of AT,, detection is 36 °C. The AT value observed in screening experiments with ‘as-
synthesized’ ligands (“Screen”) in plotted for comparison.

3.3.2 FID assay

Next, the G4-binding properties of these ligands were evaluated by the fluorescent indicator
displacement (FID) assay, which assesses the capacity of ligands to displace Thiazole Orange
(TO), a probe that is dark in the unbound state but fluorescent in the complex with G4-DNA
(cf. Introduction, Part 1.4.3). In this assay, the capacity of the ligands to bind to G4-DNA is
guantified by DCsp values (i.e., the concentration required to decrease the fluorescence of G4-
bound TO by half of its initial intensity). An additional G4-DNA substrate (24TTG, a variant of
human telomeric sequence forming a Type 1 hybrid structure in K* conditions) was included
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in this assay to complement the Type 2 hybrid structure (25TAG). Remarkably, the results
(Table 14, Figure 65) demonstrated that the relative capacity of ligands to bind to G4-DNA was
inverted compared to the one observed in melting experiments. Specifically, pyridine and
pyrazine derivatives (3Ab and 3Cbh, respectively) were systematically more active than
phenanthroline derivatives (3Ef, 3Ei, and PhenDC3). Among the latter, compound 3Ei
demonstrated an intriguing selectivity towards anti-parallel G4-DNA (22CTA, DCso = 0.23 uM),
comparing with all other G4 substrates (DCso = 0.31-1.2 uM), which in line with the high
stabilization effect of this compound observed in melting experiments (Figure 64b). It should
be noted, however, that DCso values lower or too close to the concentration of G4-DNA
substrate employed in the FID assay (i.e., 0.25 uM) should be treated with caution and
interpreted merely as an evidence of high affinity of the ligand (K4 < 0.25 uM). None of tested
ligands had the capacity to effectively displace TO from its complex with hp2 at the tested
range of concentrations in this assay and therefore they all have DCso > 2.5 uM for hp2 (data

nor shown).

Table 14. Ligand-induced displacement of TO (0.5 uM) from G4-DNA substrates (0.25 uM). Data are
presented as DCsp values (i.e., concentration of the ligand required to displace 50% of TO) obtained
from three technical replicates.

G4-oligonucleotide

Ligand
Pu24T myc22 22CTA 24TTG 25TAG
3Ab (PyDH2) 0.376+0.012 0.287+0.005 0.240+0.017 0.272+0.013 0.272+0.016
3Cb 0.340+0.004 0.255+0.007 0.219+0.004 0.262+0.007 0.287 £0.010
3Ef 0.573+0.021 0.600+0.013 0.348+0.031 0.390+0.023 0.984 +0.044
3Ei 1.210+0.045 0.502+0.002 0.227+0.009 0.308+0.005 0.466 0.025
PhenDC3 0.580+0.013 0.559+0.021 0.315+0.003 0.321+0.017 0.451+0.02
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Figure 65. Ligand-induced displacement of TO (0.5 uM) from G4-DNA substrates (0.25 uM). Data are
presented as reciprocal DCso values (i.e., concentration of the ligand required to displace 50% of TO)
obtained from three technical replicates. The experiments were performed in the K100 buffer (10 mM
LiAsO;Me;, 100 mM KCl, 1% v/v DMSO).

3.3.3 Circular dichroism (CD) spectroscopy.

To evaluate the effect of bis(acylhydrazone) ligands on the conformation of G4-DNA, we
recorded CD spectra of unlabelled oligonucleotides in the absence and in the presence of 0.5,
1, and 2 molar equivalents of selected ligands (Figure 66). The results demonstrate that, in the
case of 25TAG, all tested ligands induce a change from the Type 2 hybrid structure into an

antiparallel form, characterized by positive peaks at 295 and 240 nm and a negative peak at
- 146 -



260 nm (Figure 66a); this change was complete with compounds 3Ab and 3Cb, but only partial
with compounds 3Ef and 3Ch. The situation was opposite with 24TTG which mostly
maintained the Type 1 hybrid structure in the presence of 3Ab, 3Cb and 3Ef, but underwent a
partial shift to the antiparallel form in the presence of compound 3Ei (Figure 66b). Finally, CD
spectra of 22CTA (antiparallel), myc22 and Pu24T (parallel G4) were not affected in the

presence of the ligands, indicating the absence of conformational changes (Figure 66¢c-e).
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K-100 buffer.
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3.3.4 Fluorescence titrations.

We performed also fluorescence titration experiments with Cy5-labelled G4-forming
sequences: 5'-Cy5-25TAG, 5'-Cy5-Pu24T, 5’-Cy5-myc22 and 5’-Cy5-22CTA. The conditions of
the experiments and data treatment are similar to those describes in RESULTS AND
DISSCUSSION, Part 2. The calculated dissociation constants are presented on the Table 15 and

corresponding curves on the Figure 67.

Table 15. Dissociation constants (Kd / nM) of ligands to G4-DNA and a hairpin control (hp2), determined
from fluorimetric titrations with 5’-Cy5-labelled oligonucleotides.®

G4-oligonucleotide

Ligand
Pu24T myc22 22CTA 25TAG
3Ab (PyDH2) 7.5+0.5 7.8+0.3 8.3+0.3 11.3 £1.1
3Cb 8.5+0.6 13.9+0.7 19.1+13 n.m.2
3Ef 29.2 +19 18 +13 19.7+1.6 n.m.
3Ei 1161 + 564 3290 +581 > 10000 n.m.
PhenDC3 6.7+0.8 8.7+2.0 16.8 +4.7 n.m.

a) Not measured.

- 149 -



5'Cy5-Pu24T

5’Cy5-myc22

5’Cy5-22CTA

5'Cy5-25TAG

3Ab

1.0 W ol o (Usen)
FO(FO-FEY (A+(XD)+ L sari(A+(
Equation B o et
o L Plot A2L1A2
8 o8- A 375000
s o L0005
3 0 012501
2 o 200000
5064 Reduced Chi-Sqr 37,0558
= R-Square (COD) 0.94607
g A0 Soare osic0s
2 0.4
.
"Saag i
[}
0.0 ..
T T T T
10 100 1000 10000
104 . .
Vodel Raffio (User)
FO-FO-Fb) (A= (D) Lsqri(A+
08 L Equation (WD)+1)"2-4*(4D)))/2
2 Plot Aolinz
g A 590073203495
2 Fo 120
S 06 o 0.15083 000448
2 () 210
> Reduced Chi-Sar 4302373
@ 0.4 R Square (COD) 09634
5 Ad). ReSquare 096424
E
s
S o2
L ]
.
0.0 .
T T T T
10 100 1000 10000
1.0
8 0.8
2
@
3
3
S 06
2
3 o sz
NOAT o TR
< e
£ ; caim .
S 024 a e M
2021 s
o o0y camr
0.0
T T T T
10 100 1000 10000
c(ligand), nM
1.0
ey T
@ o TR
208 o 2
o B
3 s
@ "
4] 5
5 X
0.6 ResrmicrisT
2 Fanicen,
Q
N
T 0.4
E
s
z
0.2 ",
.
.
0.0 T T T T
10 100 1000 10000

3Cb

PhenDC3

1.04 4
. 1.0 .. 104 .
[ ] 1.04 L]
LY
08 0.8 e e 08
B 458177+ 966791 0.84
0.6 4 | -
08 ressacors 064 i N
5 v ) 06+
04 i . 3
04 0.4+ Pt oty "
L 55060971 5 28196637 0.4+ — .m,
. o o
0.2 2 ot 5 .
LN I o2 » 024 Reducad chisar siaaresy 024 [ L]
- . Eommem | 1k
. i
004 004 - . "
0.0 0ol = LETR
™ - T b : . . : i i i i 007 e
10 100 1000 10000 T 0 100 1000 10000 T T T T T
1 10 100 1000 10000
1.04 Wodel R0 (Usen)
" Wodel Rallo (Use) 1.0 . s 1.0 LI} 104 " e L N R
FO-(FO-Fb) (A+(D)+1-5qr(A+(4D)| - TR \ e
08 — oo L] o T " o Ttz
8- Pt e T :
i Gos6irs 065254 0.8 o 084 . 0.8+ 5 s oo
o 102705 <0 04544 . [] 5
5 015174 000339 = e oy s
06 0 z e e a0ty vawss
. ) 0.6 550 PO s 4 Ad, Risquare 7
Reduced CHi-Sqr 3350728 0.6 e avaton oy o 0.6 s s
R Saqure (COD) 0ss015 e e e
g, R Sqare oor67 :
0.44 3
0.4 - 0.4 - : 0.4 -
L - .
4 . = iz et
02 0.2 " 0.2 e ma - 0.2
.. - .
. ., L]
" L] L]
0.04 L]
0.0 " = ® o004 0.0 L
l 1‘0 1(‘)0 10‘00 10600 T T T T T T T T T T T T T T
10 100 1000 10000 1 10 100 1000 10000 1 10 100 1000 10000
1.04 4
104 i 10 [] 104 LI} E
08 08 081 o e 08
. | .
L] Plot El L]
0.6 0.6 L. 0.6 A 11663.99407 & 1691103611 0.6 .
» o 09550 i L
" o tossT
04 04 ] . 04 [rmscn o i
R squre (C00) o1 0.4 gy
n i 23327.96804 £ 3962207218 © - L]
EER I E———— 02 021 02 S —
0.0 004 = = 004 004 "
T T T T T T T T T T T T ™ T . . . .
1 10 100 1000 10000 10 100 1000 10000 1 10 100 1000 10000 1 10 100 1000 10000
1.04
N
0.84 L
n.m.? n.m. n.m. 06 .
W
oad [ [emoremr .
[]
024 [? L
00+ -
T T T T T
1 10 100 1000 10000

- 150 -

¢ (ligand), nM



»—\

o
-
[

e o o
= > ®
L !

5'Cy5-hp2
Normalized fluorescence

o
o

o
°

1 10 100
c (ligand), nM

T
1000

T
10000

1.04

0.8

0.6

0.4

0.2

0.0

3Cb

1

T T T
10 100 1000
¢ (ligand), nM

T
10000

3Ef

1

100
c (ligand), nM

T
1000

T
10000

0.8+

0.6

0.4

0.2+

0.0

3Ei

1

100
c (ligand), nM

T
1000

T
10000

PhenDC3

T T T T
1 10 100 1000 10000

c (ligand), nM

Figure 67. Normalized changes of fluorescence intensity (Aex = 590%7°° nm, Aem = 675%7°° nm) upon titrations of ligands (final concentration: 1.8 nM to 10 uM)
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Among the tested compounds, compounds 3Ab and 3Cb had very similar and high affinity to
G-quadruplexes (K¢ up < 20 nM), similar to PhenDC3. Compound 3Ef had similar affinities
(except for Pu24T). Very surprisingly, compound 3Ei did not show efficient fluorescence
quenching of none of G4s, including 22CTA, to which it showed the highest affinity both in FID
and in FRET assay. Such a low fluorescence quenching can be explained by two following

hypotheses:

1) The structure of the compound 3Ei in the complex may be not favorable for the
efficient fluorescence quenching, as the positive charges are situated too far from the
central unit so that the central core of 3Ei is less electron deficient comparing to other
compounds of the series. Presumably, the ligand stacks on the G-tetrad of G4 and the
positively charged branches are situated in the grooves and are involved in efficient
electrostatic interactions with the phosphates. To check this hypothesis, we performed
a docking of 3Ei and Pu24T G4 (from PBD 2MGN). Indeed, the positively charged
pyridinium substituents were found almost perpendicular to the tetrad and the
ligand’s plane (Figure 68), thus far away from the fluorophore that presumably hovers
over the ligand. The absence of the direct contact between the fluorophore and

electron-deficient pyridinium units prevents the electron—transfer quenching.

Figure 68. Results of docking of 3Ei and 2MGN (Pu24T) structure.
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2) The second hypothesis that may explain the low fluorescence quenching is that the
compound binds to the tetrad (3’) opposite to the one close to the fluorophore (i.e.
5’). But in the case of Pu24T this would mean that the binding occurs most plausibly
with the opening of bottom tetrad that is otherwise hindered because of the snap-
back base loop.

3) Itisalso possible that an inefficient quenching is due to different redox potentials (Ered)
for N-alkylquinolinium and benzyl pyridinium groups. The other tested compounds
have two moieties of N-akylquinolinium that are highly electron deficient. On the
contrary, 3Ei possess pyridinium substiturents that may be less electron deficient, in
particular, because they have benzyl derivatives as N-alkyl substituents. So it may
occur that Ereq of benzyl pyridinium substituents is not sufficient to quench the
fluorescence of Cy5 through an electron—transfer process. To check this hypothesis we
are going to repeat the fluorimetric titrations with at least one oligonucleotide,

labelled with another fluorophore (6-FAM).

3.3.5 Mass spectrometry of G4-DNA-ligand complexes?

To further investigate the binding of ligands to selected G4s, we recorded ESI-MS spectra of
five G4-DNA oligonucleotides (24TTG, 25TAG, 22CTA, myc22 and Pu24T) in the presence of
selected compounds (3Ab, 3Cb, 3Ef and 3Ei). Due to large volume of data we present only
spectra with 3Ei (Figure 69). Interestingly, in the case of hybrid G4 substrates (247TTG and
25TAG), the formation of complexes with all ligands was accompanied by ejection one of the
two K* cations initially present in the structure [DNA + 2K*], as evidenced by the appearance
of the peaks of complexes [DNA + 1K* + 1L] and [DNA + 1K* + 2L], in addition to the complexes
that maintained two K*ions ([DNA + 2K* + 1L] and [DNA + 2K* + 2L]). In contrast, no K* ejection
was observed with 22CTA (that maintained one K* ion in the complexes with ligand), myc22

and Pu24T (that maintained two K* ions). This is reminiscent of the situation observed with

2 Experiments performed in the lab of V. Gabelica, IECB, with assistance of Dr. E. Largy and Dr. F. Rosu.
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PhenDC3, PDC (360A), and pyridostatin (PDS).}4? Although the details of the ligand-induced
conformational change of G4 that accompany the K* ejection are not known, this seems to be
a general feature of ligands containing a U-shaped bis(carboxamide) or bis(acylhydrazone)
motifs. Interestingly, while in CD experiments this change was observed for 25TAG upon
binding of all ligand, 24TTG was changing its conformation only upon addition of 3Ei. This can
be explained by different experimental condition of the assay: CD spectra were recorded
immediately upon ligand addition, mass spectra after two hours of incubation. It is plausible,
that sequence 25TAG readily changes its topology, when for 24TTG it takes more time for
rearrangement. In addition, buffer used for CD contained 100 mM K* ions, while for mass
spectrometry the buffer contained only 1 mM of K* that also could influence the stability of
G4. In addition, CD is not a very precise method and gives only general information about the
system. For example, the system contains 10% of G4 is in another topology it may not be

visible by CD.

- 154 -



100
25TAG | 5y, 25TAG 5 uM
50
OK‘ Gl S c.r. c.p.
0 R i * . |
T 1T 1 1 & 7T1 T rr1 1] 11 r]rrrrprrrprr0.r..T,rr 17117 T 1 1 T 1 1
1300 1320 1340 1360 1380 1400 1420 1440 1460 1480 1500
100 . iz 25TAG+3Ei 5-2.5 uM
@ 25TAG
2K+ p.
S 50 op 25TAGH cp. 25TAG+2L
©° + + + +
g i P | ] g
g 0 T T T T T T T T T T T T T T T T T T T T T T T
° 1300 1350 1400 1450 1500 1550
g 100 25TAG 25TAGHL 25TAG+3Ei 5-5 uM
@ 25TAG+2L
50 2K+ c.p. | .
0K+ 1K*l 3K+ KX C'iJ' 1K+l 2K+
0 |||A|‘|||||||||||||||||||||||||||||||||||||||||||||l||
1300 1320 1340 1360 1380 1400 1420 1440 1460 1480 1500 1520 1540
m/z
100 |24TTG
24TTG 5 uM
50 c.p.
2K+ ) | 3K eP- c.p.
0 - T v 1 A\ TIi1iililittlJlJilliiJlflilirIygrrryfrrryrrryrrrrrrrrr vy I\ T v
1260 1280 1300 1320 1340 1360 1380 1400 1420 1440 1460 1480 1500
100 .
24TTG 24TTG+L 24TTG+3Ei 5-2.5 uM
q 50 c.p. c.p. c.p.
= e NS 1K+
g % A o 2ic |
2 LI B I | rrrr.grrrrrrrrJrrrrJrrrryrrrJrrr 111 L L N B N N B N |
3 1260 1280 1300 1320 1340 1360 1380 1400 1420 1440 1460 1480 1500
<
(0]
100 24TTG+L
% 24TTG | ,
< 24TTG+3Ei 5-5 uM
T 50 c.p. N . 24TTG+2L
2K+ [3K+ “2K+ cpy |
0 N N O B s B B B B B B S B By B B By s B S B B B B e |
1260 1280 1300 1320 1340 1360 1380 1400 1420 1440 1460 1480 1500
. 24TTG+2L
100 2ATTG 24TTG+3Ei 5-10 uM
1K+
50 . 24TTG+L
c.p.
2K+ . c.p. .
Nl Kj |42k P )L 42K
0 T fFr~rrrr7TrrrTrr~~r~prr~r. . pr o r. 1 r.1r. 1.1 1rr 11ttt [t t t [t t t1]
1260 1280 1300 1320 1340 1360 1380 1400 1420 1440 1460 1480 1500
m/z

-155-



Relative Abundance

Relative Abundance

22CTA

100 1 . 22CTA 5 um
p.
1K+
cp.
50 N
oK 2K%, . cp.
3K
" " i A N
0 | L rrrrrr~—r 1 rrrrJp rr. ¢ r. . .., Tpr . v T Tt 1.1 11t 1ttt 1ttt [ t 1t 1t 1
1140 1160 1180 1200 1220 1240 1260 1280 1300 1320 1340 1360 1380
22CTA+L .
22CTA+3Ei 5-2.5 uM
100 22CTA
1K+ c.p.
50 ke, 2K c.p.
oK | r oK+ ©P- l
0 g |
T T T T T T T T T T T T T T T T T T T T T T T T T T
1150 1200 1250 el 1300 1350 .
100 22CTA+3Ei 5-5 uM
22CTA
1K) e 22CTA+2L
50 1K+ c.p. c.p.
oK+ c.p. l | 1K* |
L A N
0 L L L L L LI L T 11 Tt 1Tl 11Trtlrrrlrrrrrror
1140 1160 1180 1200 1220 1240 1260 1280 1300 1320 23€TA+3Ei5-10 uM
100 22CTA+L ZZC.T AvaL
50 1K+ c.p. 1K+ Jc.p.
22CTA ep. [2K+ ]_ K
0 | [\ A
T T T T \ T T T T T T T o T T T T T T LRARAR) T 1
1150 1200 1250 1300 1350 1400
Pu24T Pu24T 5 umM
100 —
7] K
50
e L
0 \\\\\\\\\\\\\\\\.\\'\\\\\\\\\\\\\\\\\\\\‘\\\\\\\
1300 1320 1340 1360 1380 1400 1420 1440 1460 1480 1500
Pu24T
100 Pu24T+3Ei 5-2.5 uM
2K+ Pu24T+L
50 c.p.
| 3K* r ‘ 2K+ i
0|||||||||||||||||||||||||||||||||||||||||||||||
1300 1320 1340 1360 1380 1400 1420 1440 1460 1480 1500
Pu24T+L
100 Pu24T1+3Ei 5-5 uM
Pu24T c.p. 2K*
50 e
l | BSK
[0 e o e S S T N O S U S S [ W B U S B W S B S S ) N B S S e
1300 1320 1340 1360 1380 1400 1420 1440 1460 1480 1500 1520
Pu24T+L Pu24T+3Ei5-10 uM  Pu24T+2L
100: c.p. (]
oK+ cp. 2K+
50
Pu24T 3K
I "y
0 == T L L T L L S | L L L L R T T vV | v LI

T 1 T T T T T \m|
1300 1320 1340 1360 1380 1400 1420 1440 1460 1480 1500 1520

m/z

-156 -



myc22
100 | y myc22 5 uM
N c.p.
50 2K c.p.
S I
0 N N
rr|r+r T ] rrrrrrrprrrrrrr.jrrrrrrrrrrrrrrr1 |+ 11
1180 1200 1220 1240 1260 1280 1300 1320 1340 1360 1380 1400
100 ,
| mye22 myc22+L myc22+3Ei 5-2.5 uM
g 50 2K+ c.py c.p.
g c.p. I 2K
© O ‘n = Ml i A
c rrr+r,rrrrprrrprrrprr.r|rr.r.r,r..r,....r.r. .t &t [ T T &t 1.1
§ 1180 1200 1220 1240 1260 1280 1300 1320 1340 1360 1380 1400
§ myc22+L
B 100 Myc22 myc22+3Ei 5-5 uM
g1 "
2K+
503 oK+ c.p. c.p. myc22+2L
o 1P I I i |1 2k 4
r | 1T 1T1tTl1TrTrrrrrrrrrrrrr rtr 1111l rrrrrrrrrrrrr1t7T17
1180 1200 1220 1240 1260 1280 1300 1320 1340 1360 1380 1400
100 myc22+L myc22+3Ei 5-10uM  ™yeaz+2L
c.p.
50 ’ c.p.
c.p. 2K+ 2K+
o | .
rtr ] 1T rTrlrTrrlrrrrlrrrrrrr rr 1|1 rrrrrrrrrrrrrr1 T 1 T 1
1180 1200 1220 1240 1260 1280 1300 1320 1340 1360 1380 1400

m/z

Figure 69. ESI-MS spectra of G-quadruplexes (25TAG, 24TTG, 22CTA, Pu24T and myc22, 5 uM) in the
absence (top) and in the presence of 2.5, 5 and sometimes 10 uM of ligand 3Ei, in 100 mM TMAA + 1
mM KCl buffer after 2 hours of incubation. c.p. = calibration peak (dTs).

The data of mass-spectrometric measurements were exploited to obtain the values of
apparent affinity constants that were calculated for two different ratios DNA: ligand: 1:0.5 and
1:1 (Table 16). In some cases, Kq values, determined from the ratio DNA/ligand 1:0.5, was
significantly (10 fold) higher than those from the ratio 1:1. When repeating this experiment
after prewashing of the capillary with 2.5 uM solution of the ligand, we obtained the value
very similar to one, obtained from 1:1 ratio ( in Table 16). Apparently, there are processes of
the saturation of the capillary with ligand that may cause the disruption of the complex and
extraction of the ligand from the system. While for 1:1 ratio it does not drastically affect the
result, its contribution becomes rather important when the DNA G4 is in excess in the system.
In addition, the spectra of systems with 1:1 ratio were recorded after the corresponding 1:0.5
ratio spectra, so it possible that the first injection served as a prewashing for the capillary. For
this reason, we tend to consider that the values, obtained from the 1:1 ratio are closer to real
Kg.
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Table 16. Apparent dissociation constants (K4 / nM) determined from mass-spectra of G4-DNA—ligand
complexes. Conditions: 100 mM TMAA + 1 mM KCl buffer, incubation for 2 hours.

Ligand 25TAG 24TTG 22CTA Pu24T myc22
05eq 1leq. 05eq 1eq. 0.5eq 1eq. 0.5 eq leq. 0.5eq 1eq.
3Ab nm? 6.6 2434 461  nd. <1 107 80.8 n.d. 54
3Cb n.d.b 4.6 152 17.6 n.d. 4.0 414 75 194 122
3Ef 56 204 1059 628 n.d. 52 1010 58 1143 214
3Ei n.d. n.d. 1127 978 n.d. 4.0 3302¢ 305 2010 582
PhenDC3 n.m. <1 n.m. 75 n.m. 2.1 n.m. 572 n.m. 567

? The spectrum was not measured; ” The K4 value could not be determined since the peak of unbound
G4-DNA was undetectable; 9 Ky = 311 nM after prewashing of capillary with a 2.5 uM solution of 3Ei.

A Kq was not possible to determine for the 1:0.5 system (G4: ligand) for all ligands with 22CTA
oligonucleotide, because the peak area of the complex was higher than the peak area of the
oligonucleotide alone. This could be due to an error in determination of oligonucleotide
concentration or due to saturation of the capillary with DNA. Another reason for this could be
that oligonucleotide alone and in complex can have different responses in the mass

spectrometer that can lead to false positive (or negative) results.

Comparing to fluorescence quenching experiments, the dissociation constants, determined by
mass spectrometry, were more heterogeneous. All compounds, tightly bind to 25TAG and
22CTA with K4 less than 7 nM, except 3Ef, that binds to these G4s with Kq of 204 and 52 nM,
respectively. Considering another G-quadruplex of hybrid topology (24T7TG), they bound less
tightly with Ky values up to 1 uM (for 3Ei). Considering the G4s from promoter sequences,
ligand bound overall less tightly than to telomeric sequences with the lowest Ky observed for
3Ab to myc22 (54 nM). Importantly, high binding of PhenDC3 to telomeric sequences was

observed that is consistent with literature data.>3

The tight binding of compound 3Ei to antiparallel sequence 22CTA observed in the FID assay
was confirmed by mass spectrometry. Indeed, its affinity to 22CTA was much higher than to
parallel sequences from MYC promotor. However, in mass spectrometry the binding of 3Ei to
24TTG were around two times less strong comparing to parallel G4s. In addition, extremely

high affinity of the compound to 25TAG was observed in the mass spectrometry assay.
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To measure the Kq of 3Ei to 22CTA and to 25TAG more accurately, we also recorded spectra

of these combination at lower concentration of counterparts (2 uM and 1 uM). While for

22CTA, the affinity constants could be measured, that was not possible for 25TAG (Table 17).

However, this data also should be treaded cautiously as the experimental errors are higher for

such low concentrations of DNA.
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Figure 70. ESI-MS spectra of G-quadruplexes (25TA and 22CTA, 2 or 1 uM) in the absence (top) and in
the presence of equimolar concentration of ligand 3Ei, in 100 mM TMAA + 1 mM KCl buffer after
incubation for 2 hours. c.p. = calibration peak (dTs).

Table 17. Apparent dissociation constants (K4 / nM) determined from mass-spectra of G4-DNA-ligand
complexes of 22CTA with 3Ei. Conditions: 100 mM TMAA + 1 mM KCI buffer, incubation for 2 hours.

Kd, nM
Mixture
22CTA-3Ei 25TAG-3Ei
2 UM G4-DNA + 2 uM 3Ei 8.3 n.d.
1 uM G4-DNA + 1 uM 3Ei 4.5 n.d.
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In order to determine if the experiments were reproducible, we recorded the spectrum of the
system 3Ei—Pu24T twice and determined apparent Kq (Figure 71). The values (48 and 58 nM,

respectively) did not differ significantly.
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Figure 71. Replicate of the spectrum of Pu24T with 3Ef 5-5 uM. Buffer: 100 mM TMAA + 1 mM KCl;
incubation for 2 h.

Finally, to investigate in more detail the selectivity of compound 3Ei to G4 of antiparallel
topology 22CTA, observed in FID assay, we performed a mass-spectronic competition
experiments in which equimolar amounts of DNA-G4 oligonucleotides of three different
topologies (25TAG: hybrid 2, 22CTA: antiparallel, Pu24T: snapback parallel, 2 uM each) were
titrated with compounds 3Ei and 3Cb. The oligonucleotide sequences for the experiment were
chosen in a way to avoid all possible superimpositions of peaks of oligonucleotides (bound or
unbound) at different charge states. We have not performed the competition experiments
with compound 3Ef due to significant mass superimpositions. The peak areas, corresponding
to each oligonucleotide alone or its complex, was than calculated at 6~ charge state and the

fraction of bound oligonucleotide (¢) was calculated using formula (8):

_ __ A(DN4eL)
¢ (%) = A(DNA)+A(DNAeL) 100, (8)
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where A(DNA) and A(DNA+L) are peak areas of free DNA-G4 and its complex with ligand,

respectively.
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Figure 72. Design of the competition experiments. A) MS spectrum of the equimolar mixture of three
DNA G4 oligonucleotides. B) MS spectrum of the equimolar mixture of three DNA G4 oligonucleotides
with ligand. The peaks corresponding to free DNA or its complex with ligands are highlighted in
different colors. Conditions: (25TAG), (Pu24T) and (22CTA) = 2 uM, c(ligand) = 2 uM. Buffer: 100 mM
TMAA + 1 mM KCI; incubation for 2 h.

The results of this competition experiment (Figure 73) indicate that the ligand systematically
binds tighter to telomeric sequences (22CTA and 25TAG) comparing to G4 for MYC promotor
Pu24T. At relatively high concentration (3 fold excess), the ligand binds to all G-quadruplexes
in the system roughly homogeneously with, however, specifically higher preference for the
22CTA (93% of DNA is bound) comparing to Pu24T (69% DNA is bound). This difference is even
better noticeable at concentration of the ligand 4 uM when ¢ (22CTA) is almost two fold
bigger than for Pu24T (81.4% and 43.6%, respectively). Finally, this trend becomes even more
prominent at equimolar amounts of ligand to G4 mixture when the fraction of 22CTA in the
complex is five times bigger than the one of Pu24T (46.1% and 9%, respectively). 25TAG
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showed a behavior similar to the one of 22CTA, having consistently high percentage of bound
fraction DNA similar to, but consistently lower, than the one of 22CTA. All these data confirm
the preferential binding of 3Ei to telomeric G4 of antiparallel topology over a parallel structure
(Pu24T). Slightly lower but close tendency of 3Ei to bind to 25TAG can be explained by the
same reason: the binding of 3Ei to 25TAG is followed by the ejection of the K* cation and
change of its conformation to antiparallel. So the affinity of 3Eito 25TAG is high, but less than
for 22CTA as it also comprises the binding of 3Ei to the hybrid-2 G4 structure.

a) Bound DNA - titration 3Ei (6-2 uM) b) Bound DNA - titration 3Cbh (6-2 uM)

[3Ei] 6uM 4uM [3Cb] 6 uM 4uM 2um

W 22CTA
W Pu24T
W 25TAG

c) BoundDNA - titration with controls: PhenDC3 and 3Ab (PyDH2)
PhenDC3 -2 uM 3Ab (PyDH2) -2 puM

Figure 73. Results of MS-competition experiment, presented as distributions of fractions of ligand—
bound G4-DNA (¢). Conditions: c(22CTA) = c(Pu24T) = ¢(25TAG) = 2 uM; c(ligand) = 2—6 uM: a) with
3Ei; b) with 3Cb; c) with control ligands 3Ab (PyDH2) and PhenDC3: c(22CTA) = ¢(Pu24T) = ¢(25TAG) =
c(PhenDC3 or 3Ab) = 2 uM. Buffer: 100 mM TMAA + 1 mM KCl; incubation for 2 h.

W 22CTA
W Pu24T
W 25TAG

Compound 3Cb, as well as reference compounds 3Ab and PhenDC3, also preferably bind
telomeric sequences rather than Pu24T sequence: even at the concentration of the ligand 2
MM it bound almost homogenously. However, if we recalculate the concentration of ligands
3Ch, 3Ab and PhenDC3 bound to DNA in systems with 2 uM of added ligand, it will be more
than 2 uM. For example, in the case of 3Cb, the concentration of the bound DNA and,
therefore, the concentration of ligand in the complexes in the bound state will be c(22CTA) x
@(22CTA) + c(Pu24T) x @(Pu24T) + c(25TAG) x ©(25TAG) = 2 uM x (0.498 + 0.371 + 0.566) =

2.87 uM. If we exclude the error in the concentration of 3Cb, 3Ab and PhenDC3 we need
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explain this by the different MS responses of DNA in the bound and unbound states. It also
should be mentioned that even a small error in the preparation of the stock solution of the

ligand or in the measured concentration of oligonucleotides will affect drastically the results.

3.4 Conclusions

In this part, we developed a very simple method for the synthesis and high-throughput
screening of bis(acylhydrazones) to estimate their capacity to stabilize G-quadruplexes.
Heating of mixtures of building blocks with the catalyst (AcOH) gives the product solution
directly in DMSO at approximately 2 mM concentration, which can be directly used in the
biophysical experiments without any purification. We used this method to prepare 90
bis(acylhydrazones) with high yield and purity (87% on average). FRET-melting, performed
with our combinatorial library and four G4 sequences of different topologies, allowed us to
select three novel compounds for further investigation. These compounds were re-
synthesized in the preparative manner and their interaction with targets was studied by
numerous techniques. First of all, FRET-melting was performed with pure compounds, and we
confirmed that AT, obtained using “as-synthesized” compounds did not differ from the values
obtained with pure samples. We performed FRET-melting using different concentrations of
ligands to look at the stabilizing capacities of these compounds more detailed. The FID assay,
performed with five G-quadruplexes of different topologies pointed to the selectivity of the
compound 3Ei towards antiparallel telomeric sequence 22CTA. Fluorimetric titrations with
Cy5-labelled G-quadruplexes showed roughly a homogenous response of all compounds to all
G4-sequences. The most promising compound 3Ei, however, showed no significant
fluorescence quenching of Cy5 in experiments with all G-quadruplexes, including 22CTA. In
mass spectrometry experiments, however, 3Ei showed high affinity to telomeric sequences
25TAG and 22CTA. Its preferential binding to telomeric antiparallel sequences was also
confirmed in competition experiments, where among the three oligonucleotides, (25TAG,

22CTA and Pu24T), 3Ei preferably bound to telomeric sequences, in particular, to 22CTA.
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These results, despite numerous discrepancies in data from different assays, represent an
interesting material regarding the advantages and pitfalls of different techniques for selection
and characterization of G4-binders. In addition, we consider that compound 3Ei represents a
very promising structure for telomeric targeting due its preferential binding to telomeric

antiparallel G-quadruplexes.
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4. Ligand pull-down beyond

streptavidin-coated magnetic beads

The protocol of ligand pull-down involving streptavidine coated magnetic beads, as described
in RESULTS AND DISSCUSSION, Part 2, has two major disadvantages: the high level of non-
specific binding to the beads and their high price. The generally advised beads’ pre-washing
with poly-L-lysine or biotin did not reduce the amount of non-specific interactions in our hands
so for further experiments we decided to use another types of pull-down such as gold-coated
magnetic nanoparticles that have been reported as a good support for dynamic combinatorial

chemistry'29128 or solid phase extraction, that has not been used the DNA field before.

4.1 Experiments with gold-coated magnetic nanoparticles

In our first experiments we attempted to reproduce the two-step synthesis of Au@Fes04
nanoparticles reported by Dash et al. (Scheme 16).! In the first step, the iron(ll)—iron(lll) oxide
(or ferrous ferric oxide) Fes04 nanoparticles are obtained from ferrous and ferric chlorides
(FeCly and FeCls, respectively) in ammonium hydroxide solution. They are easily separated
from the reaction mixture with the help of the magnet. The second step includes the reduction
of chloroauric acid by sodium citrate in the presence of Fes04nanoparticles. As sodium citrate
is mixed with Fe304 nanoparticles before the addition of chloauric acid, the reaction of
reduction of chloroauric acid should take place at the surface of ferrous ferric oxide and
thereby coat magnetic nanoparticles with gold. The desired Au@Fes04nanoparticles are again
separated using the magnet and re-suspended in water. However, while the first step was
successful and precipitate of Fes04 could be easily separated, the magnetic precipitation in
the second step did not work well and no visual precipitate was obtained on the magnet.

Instead, the resulting solution was rich with floating particles of pink color. We, however, were
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able to separate the supernatant after 30 minutes of precipitation of on the magnet and

continued using this fraction.

FeCl, + FeCly + NHJOH ——3= Fe304y (1)
(0] OH O
HAuUCI, + @CSWCS Na® +Fe304, —»  Fe304@AuU (2)
Na S
07 0 g
Na

Scheme 16. Synthesis of gold-coated magnetic nanoparticles

The obtained nanoparticles were further functionalized with 5’-thiol-capped oligonucleotide
5’-SH-Pu24T and 5’-SH-hp2. By the measurement of absorbance at 260 nanometers we
evaluated the concentrations of bound oligonucleotides in nanoparticles’ suspension (Table

18).

Table 18. Absorption measurements of functionalised nanoarticles.

Oligonucleotide Maximum of absorbance £ Measured concentration
Pu24T 0.147 248200 0.59 uM
hp2 0.047 181700 0.26 uM

For the preliminary experiments, we incubated the functionalized nanoparticles with the
equimolar mixture of two ligands, A2-L1-A2 [PyDH2, OR19] and A2-L2-A2 [PymDH2, OR27],
“good” and “poor” G4-ligands, respectively (according to our previous FRET-melting
experiments, cf. RESULTS AND DISSCUSSION, Part 1) for 2 hours (Scheme 17). The
nanoparticles were then retained with magnet and the supernatant was analyzed by HPLC
(fraction “unbound ligands”). The nanoparticles were then re-suspended in the buffer, heated
for 5 minutes at 65 °C and separated supernatant was also analyzed by HPLC (fraction

“released ligands”).
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Scheme 17. Protocol of the experiment with nanoparticles.

The HPLC analysis of the fractions in experiments with Pu24T G-quadruplex indicated the
depletion of A2-L1-A2 in solution of unbound ligands and the presence of this ligand in the
released fraction (Figure 74A). In the experiment with the hairpin hp2, the solution of
unbound ligands contained almost the same amount of both ligands and the released fraction
contained only a small amount of A2-L1-A2 (Figure 74B). The fact, that the “good” ligand A2-
L1-A2 was present in released fraction of both G4 and hairpin functionalized magnetic
nanoparticles indicates on some non-specific interactions of A2-L1-A2 with hp2—Au@Fe304
that may be due to electrostatic interactions (however, in this case we would expect the

mixture of two ligands to be released, as they are equally charged).
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Figure 74. HPLC analysis of mixtures of bound and released ligands in the experiments with
nanoparticles with attached A) G-quadruplex Pu24T; B) hairpin hp2.

In parallel, the synthesized nanoparticles were analyzed by transmission electron microscopy
(TEM). As expected, FesO4 nanoparticles were spherical with average radius 7 nm (Figure 75A).
However, the nanoparticles obtained in the second step (after coating with gold, Figure 75B)
appeared not to have an expected structure. Instead of magnetic nanoparticles coated with
gold it is rather likely that we obtained nanoparticles of gold with attached FesO4 nanoparticles
on their surface. In some gold nanoparticles we could see the grid, characteristic for FezOa4
nanoparticles that could be an indication that we obtained FesO4 nanoparticles coated with
gold and then surrounded by Fe304 nanoparticles again. We also analyzed pink nanoparticles
that were not precipitating on the magnet (Figure 75C). In some cases we also could
distinguish the lattice, characteristic for ferromagnetic nanoparticles but in majority the
mixture contained gold nanoparticles. For comparison, we also show the micrograph reported

by Dash et al. (Figure 75F).1?° We tried to repeat the synthesis, but, unfortunately, obtained
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aggregated nanoparticles in the first step (Figure 75D) and some porous particles in the second

(Figure 75E).

Figure 75. TEM images of our nanoparticles. First experiment: A) FesO4 B) Fes0.@Au; C) Fe;0,@Au /
Au, that did not precipitate on the magnet; second batch: D) FesO4; E) FesO.@Au, that precipitated on
the magnet; F) G4_Au@Fe304 reported by Dash et al.° | thank Sylvain Trepout (Institut Curie) for TEM
images of nanoparticles.

Even though we obtained nanoparticles that are similar to those, reported by Dash et al.
(Figure 75B and F),*?° it appeared that they do not have a structure needed to perform pull-
down experiments. We therefore considered the methods of indirect coating, which imply
having the glue material between magnetic core and gold surface.l’® For example,
hydrophobic Fes0s@Au nanoparticles can be obtained by the reduction of HAuCls on the
surface of oleylamine and oleic acid capped Fes04 nanoparticles in chloroform.'’” Hydrophilic
core/shell Fe304/Au nanoparticles can be obtained by further reduction of HAuCls4 by sodium
citrate in the presence of surfactant in water phase. Another option could be to use
commercially available gold coated magnetic nanoparticles.!’® However, after thorough
consideration we decided to abandon the experiments with nanoparticles and to focus our

attention on the method of solid phase extraction.
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4.2 Solid phase extraction

The principle of solid phase extraction (SPE) reside in to selective extraction of analytes from
a mixture by absorption on a solid phase. The general steps of SPE include conditioning of the
cartridges, load, washing and elution (Figure 76). The cartridges are conditioned with organic
solvents (acetonitrile or methanol) to wet the pores and then with water or the working
buffer, to prepare the stationary phase to interact with analytes. When the sample is loaded
onto the cartridges (with a manifold or with a syringe), some molecules will be retained by the
stationary phase (specifically or non-specifically) and some other will pass through the
cartridge with the percolate. This step has to be performed very slowly in order to make sure
that the analytes interact with the stationary phase. In the following step, called washing, the
analytes of interest are separated from the non-specifically bound compounds. The choice of
washing solvent depends on the mixture and the stationary phase. It is usually performed with
big volumes and several times. The last step corresponds to the elution of the analytes. The
solvent used to elute the analytes has to disrupt the interaction between the stationary phase
and the analyte. The volume used for elution can be small, especially if the sample is at trace

levels. Finally, the eluted fraction is analyzed by HPLC or another suitable technique.

Sample
Conditioning Solvents Target Compounds: @ Rinse Solvent Elution Solvent
Interferences: A

> S o wK

e4ie o || ‘
® o } Retained {
e ®aol !
A A ‘
]- To Waste
A
Step 1: Condition Step 2: Load Step 3: Wash Step 4: Elute

Figure 76. The principle of solid phase extraction method (adapted from 7).
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4.2.1 Preliminary experiments

For our preliminary experiment we selected two Agilent cartridges: non-polar octadecyl (C18)
and strong anion-exchange (SAX), with trimethylaminopropyl surface (SAX, Figure 77). Both
phases are known to retain DNA due to hydrophobic (C18) or electrostatic interactions. We
hypothesized that a complex of G4-DNA with a strong ligand could be absorbed on the solid
phase without dissociation. The following elution steps, performing in the conditions
denaturing the DNA-ligand complex, would release the bound ligand allowing its subsequent

analysis by HPLC and / or by LC/MS.

| | =
_Si _Si N
Qo l % QO | \/\/@\
c18 SAX

Figure 77. Structures of a sorbent of two Agilent cartridges, selected for preliminary experiments: C18
and SAX.

We performed SPE with a mixture of two ligands — “good” G4 ligand A2-L1-A2 [OR19] and
“poor” Al1-L2-Al [OR31] — and caffeine (an additional control). SPE was performed in the
presence of Pu24T G-quadruplex or ss6 single strand, as well as without DNA. Both ligands
were retained on the C18 cartridge due to hydrophobic interactions, whereas DNA most likely
passed through the cartridge with the percolate or during the washing step. Both ligands were
found in the elution fractions (data not shown). However, with the SAX cartridge, A1-L2-A1l
[OR31] was found in percolated and in washing solutions, whereas A2-L1-A2 [OR19] was
found mostly in the elution step when the experiments were performed in the presence of G4
(Figure 78). In the control SPE experiment without DNA both ligands were found in the
percolated and washing fractions, however, in eluted fraction only A2-L1-A2 [OR19] was
present in a rather small amount. The same is true for the single—strand control. If we compare
the three eluted fractions (no DNA, G4 and ss), A2-L1-A2 [OR19] was found in much higher
amount in the eluted fraction from G4 compared to single—strand or control (no DNA)

experiment. These results indicate that ligand—G4 complex is indeed retained on the cartridge
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and is eluted as the complex is denatured by the eluent, i.e. the mixture of formamide and

acetonitrile. Therefore, SAX cartridges were selected for further experiments.
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Figure 78. a) Scheme and b—d) results of preliminary experiments presented as relative peak area of
corresponding compounds obtained in SPE experiment b) without DNA; in the presence of c) Pu24T G4
or d) single—stranded control ss6. SPE was performed with the mixture of three compounds: OR19,
OR31 and caffeine. C(caffeine) = c(OR19) = ¢c(OR31) = 10 uM;, c(DNA) = 25 uM. Experiment is performed
in triplicate.

One of advantages of SPE pull-down technique is that no modifications of oligonucleotides are
required for these experiments. In addition, the non-specific interaction of cationic ligands

with the polycationic cartridge are expected to be minimal.

4.2.2 Design of the experiments

In the previous DCC experiments (RESULTS AND DISSCUSSION, Part 2) we noticed, that
acylhydrazones that contain A2-L1-Ax fragment seem to have high affinity to G-quadruplexes.
Considering this fact, we sought to develop the novel approach for the screening of ligands of
DNA G-quadruplexes. We propose to replace the scaffold A2-L1 by an amide derivative which,

being rather similar to acylhydrazide analogue, guarantees the affinity of ligands that contains
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his moiety to G-quadruplexes. In this case, on the one hand, our model ligand should be affine
to G-quadruplexes due to A2-L1 moiety, and, on the other, we can try to achieve the
selectivity towards definite G-quadruplex structures by varying the second (aldehyde)
counterpart (Scheme 18). As we already had in our hands two hydrazides, analogues of A2-L1

(H1) and of A5-L1 (H2), we decided to use both of them for the design of ligand libraries.
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Scheme 18. The design of ligand libraries for SPE experiments.

4.2.3 Selection of hits

First round of selection

The synthesis of acylhydrazides H1 and H2 is described previously (cf. RESULTS AND
DISSCUSSION, Part 2). The selection of 34 aldehydes for SPE experiments is shown in Scheme
19; most compounds were ordered from commercial suppliers. Some of aldehydes (A2, A5,
A8) were already synthesized or used previously. Ten dynamic combinatorial libraries were
generated by combining subsets of aldehydes (A-E) with two acylhydrazides, H1 and H2,
separately (Scheme 19). Each of ten combinatorial libraries was generated in the presence of

four DNA oligonucleotides: G-quadruplexes Pu24T and 22CTA as well as double-strand ds26
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and hairpin hp2. The control libraries (prepared in the absence of DNA) were analyzed by
LC/MS and the peaks of all products were attributed. The libraries, generated in the presence
of the targets, were loaded on SAX cartridges, washed, and the eluted fractions were analyzed
by HPLC. The use of the same column (Luna Phenomenex 50*3 mm, dp = 3um) and
chromatographic conditions permitted to attribute the peaks by LC/MS and then to use HPLC
for further experiments. Elutes of combinatorial libraries composed from the same building
blocks, but templated with different targets, were compared and compounds enriched in the
presence of G-quadruplexes compared with double-stranded and hairpin DNA were identified

by comparing the peak area of compounds in the corresponding libraries (Figure 79).
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Figure 79. Example of HPLC chromatogram of libraries tamplated in the presence of 22CTA G4 and
hairpin.

Twenty hits were selected in these experiments. These include the adducts of hydrazide H1
and aldehydes V1, V5, V7-V10, P5, P9, P11, O3-05, as well as the adducts of H2 with
aldehydes R3, R7, V7-V9, 02, 04, 05 (Scheme 19). The combinations of these mentioned
building blocks were chosen for the second round of selection in which the combinatorial
libraries were generated from acylhydrazide H1 with the aldehyde sets F—G and H2 with sets
H—-I (Chart 10).
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Chart 10. Sets of aldehydes for the second round of selection acylhydrazones from dynamic
combinatorial libraries. Sets F and G were mixed with hydrazide H1 and sets H and | — with H2. The
labeling of aldehydes is arbitrary.

Second round of selection

In the second round of selection, 28 compounds were generated in four combinatorial
libraries (Chart 10). As in the first round of the selection, each combinatorial library was
incubated in the presence of four different DNA oligonucleotides separately (Pu24T, 22CTA,
ds26 and hp2) and then extracted on the Agilent SAX cartridge. The elutes were analyzed by
HPLC and eight hits were selected: compounds H104, H1V7, H1R4, H204, H2V6 were retained
both by Pu24T and 22CTA, while compounds H1V9, H2V7 and H2R8 were retained only by
Pu24T (Figure 80). Surprisingly, in the set of tested compounds there were no products

selective exclusively to 22CTA G-quadruplex.
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Figure 80. Structures of compounds, captured by both 22CTA and Pu24T and only by Pu24T.

4.2.4 Confirmation of the hits

To evaluate compounds, selected through SPE from combinatorial libraries, we decided first
to use the method of parallel synthesis and high-throughput screening of acylhydrazones
described in RESULTS AND DISSCUSSION, Part 3 as it is easy to perform. Importantly, in FRET-
melting experiments with “as-synthesized” ligands, AT values of these compounds were

almost the same as obtained with pure compounds, synthesized in the preparative way.

The building blocks corresponding to selected eight compounds as well as for some negative
controls (H1R8, H2P7, H203, H2V9 and H2R4) were mixed with the catalyst (acetic acid) in
DMSO and heated for two days at 60 °C. The compounds were then analyzed by LC/MS. Except
for H1R4, almost all products were obtained in excellent (289%) yields (Table 19), as estimated

by LC peak areas.
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Table 19. Peak areas (%) of the compounds synthesized as “ready-to-screen” solutions. Hits selected
from SPE experiments are highlighted in bold.

H1 ' H2 Yield
derivatives Vield [%] derivatives [%]
H104 90 H204 100
H1V7 92 H2V7 98
H1V9 90 H2R8 90
H1R4 H2V6 97
H1RS8 89 H2P7 96
H203 96
H2V9 97
H2R4 98

All as-synthesized compounds were then tested in FRET-melting experiments employing
double labelled G-quadruplexes 22CTA, 25TAG, KRAS, myc22 and hp2 as a control (Figure 81).
FRET-melting experiments were also performed with Pu24T G-quadruplex, but due to high
standard deviations with Tm values observed with sequence, this data were discarded. A

reproduction of the experiment with Pu24T is planned.
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Figure 81. Results of FRET-melting experiment performed with “in situ” synthesized compounds and A)
22CTA, B) 25TAG, C) hp2, D) KRAS, E) myc22. F) Schematic structures of the double-labelled targets,
used in this experiment.

As we can see from the results of FRET-melting experiment (Figure 81), “hit” compounds (on
the left) generally produced higher AT, values than the “controls” (except for HIR8). Among
the whole set of tested compounds only two of them, H104 and H1RS, significantly stabilized
tested G-quadruplexes. Interestingly, HIR8 was the “control” compound, not selected from
combinatorial libraries by SPE. The same tendency was present for all oligonucleotides: H104
systematically gave higher AT, followed by H1R8. These two compounds, as well as H1V7,
that provided moderate (ATm = 17 °C) stabilization, but seem to be selective for KRAS G-
quadruplex, were re-synthesized in a preparative manner (Scheme 20). The three compounds

were obtained in good yields and characterized by *H and NMR spectroscopy.
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Scheme 20. Synthesis of lead compounds H104, HIR8 and H1V7, selected by FRET-melting experiment
with “in situ” synthesized compounds.

Further experiments with synthesized compounds are under the progress. Compared with the
symmetric dicationic compounds described in RESULTS AND DISSCUSSION, Part 1, non—
symmetric scaffolds H1R8 and H1V7 are interesting in terms of lower charge (1+) and lower

insaturation (higher fraction of sp3-hybridized atoms).

4.2.5 Conclusions

In this part we tried to substitute the expensive streptavidin coated magnetic beads in the
pull-down step of dynamic combinatorial chemistry experimental setup with cheaper options
having less non-specific interactions. For this purpose, we first tried to synthesize gold-coated
magnetic nanoparticles, as described by Dash et al., but unfortunately, the synthesis was

irreproducible in our hands.

We then turned our attention on the method of solid phase extraction. This relatively
unexplored method allows to immobilize the complex of the target with bound ligands, wash
out the weakly bound ligands, and then analyze the compounds released from the complex.
Slightly similar approach is used in the group of Daniela Montesarchio: they use the resin in

cartridges that is covalently functionalized with G-quadruplexes, so libraries of ligands are just
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loaded on the colon and the compounds that bound to G4s were then identified.80.181,182

However, this method is not widely used in the G4 field.

The building blocks for the library design were already synthesized in the course of this work
or purchased from commercial suppliers. Pseudo-static combinatorial libraries of ten
combinations of building blocks were generated in the presence of two G-quadruplexes
(Pu24T and 22CTA) and control double-strand and hairpin targets. In two rounds of selection,
eight hits were identified. In the third round of selection, these compounds were synthesized
“in situ” using the method of synthesis in solution described in RESULTS AND DISSCUSSION,
Part 3 and FRET-melting experiment was performed for these compounds with G-
qguadruplexes of different topologies. Three hits, identified from these experiments, were

synthesized preparatively and the study of their interaction with G4s is ongoing.
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5. Cationic bis(acylhydrazones) as
potential drugs for treating EBV-related

cancers

The mechanism of immune evasion developed by EBV is described in the INTRODUCTION,
(section 1.5). The important role in this mechanism belongs to the process of inhibition of
translation of EBNA1 mRNA by the host protein nucleolin which forms complex with G-
guadruplexes present in mRNA EBNA1. As mentioned before, PhenDC3 was found to disrupt
the complex of EBNA1 mRNA with nucleolin and therefore enhance the translation EBNA1
mMRNA.*® Compounds, described in the RESULTS AND DISSCUSSION, Part 1 of this work, were
also tested for their capacity to regulate the translation of viral genome maintenance protein
EBNA1, in the context of collaborative research project with teams of Prof. Marc Blondel
(Université de Bretagne Occidentale) and Dr. Robin Fahraeus (Institut de Génétique

Moléculaire).

5.1. In silico evaluation

The drug-like properties of 20 cationic bis(acylhydrazones) synthesized previously (cf. RESULTS
AND DISSCUSSION, Part 1, Table 5) were evaluated using SwissADME, a free tool allowing to
assess the physicochemical descriptors, pharmacokinetics (ADME), and drug-likeness of small
molecule.'”? It should be noted that certain methods of in silico evaluation are poorly suitable
for cationic compounds as the ones described in this work, as illustrated by significant variance
of physico-chemical properties predicted by different algorithms for the same compound (e.g.
for PyDH1, clogP from —7.75 to 1.83, Table 20). According to the established practices,
consensus estimation (i.e., the average of five models) was used in evaluation of drug-likeness
of compounds.’® The results of in silico assessment (Table 20) indicated satisfactory
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bioavailability for most bis(acylhydrazones), as given by the combination of six
physicochemical descriptors (lipophilicity, molecular weight, polarity, solubility, saturation
and number of rotatable bonds). Among those, insufficient saturation (i.e., low fraction of sp?
carbons) could be identified as the limiting factor for bioavailability of most derivatives, as
well as high molecular weight for the derivatives NaphDH3, NaphDH5, PhenDH3 and
PhenDH5 (M > 700 Da). With the exception of the Ilatter four derivatives, all
bis(acylhydrazones) satisfied the Lipinski’s rule, and most derivatives also satisfied the
Muegge’s rule 18, indicating a high potential to serve as drugs (Table 20). Finally, we employed
a gastrointestinal absorption predictor calculated by the BOILED-egg model (Figure 82).1%
According to this model, most compounds, again with the exception of NaphDH3, NaphDH5,
and PhenDH3-5, had a high rate of passive gastrointestinal absorption; however, none of
compounds was expected to cross the blood-brain barrier (Figure 82). In conclusion, the
results of in silico evaluation indicate that the cationic bis(acylhydrazone) scaffolds are
compatible with their use as RNA-targeting drugs, while heavy and aromatic substitutes (e.g.,

R = Bn) should be avoided for the sake of bioavailability, unless indispensable for RNA binding.
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Table 20. Selected physicochemical descriptors and computed (SwissADME)*3 ADME parameters, pharmacokinetic properties, and drug-like nature of
bis(acylhydrazones)

. I Drug-likeness (no. of
Molecule | MW Fract. |Rotat.|H-bond|H-bond TZS Lipophilicity ESOL ESOL abSoIr t BBB violations) PAINS
C(sp®) |bonds|accept.|donors (A% | iLogP XLOGP|WLOG |MLO |Silicos-IT|Consensus| Log S Class P permeant Lipinski Muegg| Bioavail. | alerts
3 P |GP| LogP | LogP : P e score
PyDHL |403.4] 0.1 5 2 |103.6] -7.75 | 1.46 | 0.26 | 0.4 | 1.83 -0.76 | -3.18 | Soluble | High No | Yes(0)|Yes (0)] 055 0
PyDH2 |503.5| 0.07 5 2 [103.6] -107 | 414 | 256 |2.25| 3.9 0.43 -5.55 M°dsegf‘te'y High No |Yes()|ves(©)| 055 1
PyDH3 |655.7] 0.05 | 12 | 5 2 |103.6] 8.14 | 7.33 | 559 |4.04| 6.77 3.12 -8.29 | Poorly sol.| High No | Yes(1)|No(2)| 055 0
PyDH4 [531.6| 013 | 10 | 5 2 [103.6] -859 | 474 | 353 |2.64| 4.72 1.41 -5.94 MOdSeorf‘te'y High No |Yes(1)|ves ()| 055 1
PyDH5 [655.7| 005 | 12 | 5 2 036 -8.05 | 7.33 | 559 |4.04| 6.77 3.14 -8.29 |Poorly sol.| High No |[Yes(1)|No()]| 055 0
PymDH1 [404.4] 0.1 | 8 6 2 |116.5] -7.93 | 0.81 | -0.35 |-0.18] 1.27 -1.28 | -2.77 | Soluble | High No | Yes(0)|Yes(0)] 055 0
PymDH2 [504.5| 0.07 | 8 6 2 |1165 -7.73 | 349 | 1.96 | 1.7 | 3.33 0.55 -5.15 MOdSec:f‘te'y High No |Yes(1)|Yes(0) 055 1
PymDH3 |656.7| 0.05 12 6 2 |116.5] -5.01 6.68 | 4.98 |3.51| 6.18 3.27 -7.89 |Poorly sol.| Low No Yes (1) | No (2) 0.55 0
PymDH4 [532.6| 013 | 10 | & 2 |116.5 -5.37 | 4.09 | 2.93 |2.08| 4.14 1.57 -5.54 MOdSeorf‘te'y High No |Yes(1)|Yes(0) 055 1
PymDH5 [656.7] 0.05 | 12 | & 2 |1165 -432 | 6.68 | 498 |351| 6.18 3.41 -7.89 SF;I’SS% Low No |Yes(l)|No()| 055
NaphDH1|454.5] 0.08 | 8 6 2 1165 882 | 2.06 | 0.81 |1.05] 2.3 052 | -3.91 | Soluble | High No | Yes(0)|Yes(0)] 055
NaphDH2 |554.6| 0.06 | 8 6 2 |116.5 -6.19 | 474 | 3.11 |2.57| 4.35 1.72 -6.27 SF;‘I’SSé High No |Yes(1)|Yes(0) 055
NaphDH3|706.8| 0.05 | 12 | 6 2 1165 -6.19 | 7.93 | 6.14 |420| 7.2 3.87 -9.00 sF;:I)Sl;II){e Low No No(2) |No(3)| 0.17 0
NaphDH4 [582.6| 0.12 | 10 | 6 2 [1165 -5.98 | 534 | 4.08 |2.94| 5.17 2.31 -6.66 SPO‘I’Sg'ﬁ’e High No |Yes(1)|No(1)| 055 1
NaphDH5|706.8) 005 | 12 | 6 2 65| -7.24 | 7.93 | 6.14 |429| 7.2 3.66 -9.00 sF:)?SSé Low No No (2) |No(3)| 0.17 0
PhenDH1(504.5| 0.07 | 8 6 2 |1165 -7.36 | 3.07 | 1.96 |1.29| 3.33 0.46 -4.88 MOdSec:f‘te'y High No |Yes(1)|Yes(0) 055 0
PhenDH2 [604.7| 0.06 | 8 6 2 [1165 -8.05 | 5.74 | 4.27 |2.74| 5.37 2.01 7.22 ;?Sgé High No |Yes(1)|No(@)| 055 1
PhenDH3(756.9| 004 | 12 | 6 2 [1165 -7.39 | 893 | 7.29 |4.65| 8.21 4.34 -9.95 sPo(I)ch)kr)II{: Low No No(2) [No(3)| 0.17 0
PhenDH4[632.7| 0.11 | 10 | 6 2 165 593 | 6.34 | 523 |3.36| 6.19 3.04 7.62 ;‘I’Sg'ﬁ’e Low No |[Yes(1)|No()| 055 1
PhenDH5(756.9| 0.04 | 12 | 6 2 65| 578 | 8.93 | 7.29 |4.65| 8.21 4.66 -9.95 ;?SS%} Low No No (2) [No(3)| 0.17 0
PhenDC3(550.6| 0.06 | 6 4 2 |917| -5.15 | 559 | 486 |2.96| 453 2.56 -6.98 ;‘mé High No |Yes(l)|No()| 055 1
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Figure 82. BOILED-egg evaluation ¥ of passive gastrointestinal absorption (HIA) and brain (BBB)

penetration of bis(acylhydrazones). The white region indicates high probability of passive gastrointestinal
absorption, and the yellow region indicates high probability of BBB penetration.

The compounds were also assessed for the presence of fragments associated with pan-assay
interfering compounds (PAINS). The presence of quinolinium fragments was identified as
potentially troublesome in some (but not all) compounds (Table 20); however, an inspection of
the original screen revealed that this fragment was mainly associated with cationic dyes,
potentially interfering with colorimetric or fluorimetric assays.'® Since bis(acyhydrazones) are
colorless or faintly colored compounds, this filter was not applied and all compounds were

systematically assessed by biophysical and biological tests.
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5.2 Biophysical studies of interaction of novel ligands with G4 of EBNA1 mRNA
and G4-DNA

The interaction of novel bis(acylhydrazone) derivatives with the most frequent G4-forming motif
encountered in GAr-encoding sequence of the EBNA1 mRNA (g4-EBNA1, 5'-r(GGGGCAGGA-
GCAGGAGGA)-3’) was studied in vitro using two widely established methods, FRET-melting and
FID assay. In our conditions (10 mM KAsO;Me3, 10 mM KCl, 90 mM LiCl buffer, pH 7.3) and in the
absence of ligands, F-g4-EBNA1-T denatured at Tm° = 58.6 °C, which is slightly higher than the
reported value (54 °C).'®” The results (Figure 83a) demonstrate that bis(acylhydrazone)
derivatives display great variability with respect to their capacity to bind to and stabilize g4-
EBNA1, revealing interesting structure—activity relationships discussed in details below.
Specifically, most derivatives of the PyDH and NaphDH families, as well as PhenDH1,
demonstrated significant stabilization of g4-EBNA1 (ATm = 10 to 20 °C), and further
phenanthroline derivatives (PhenDH2-5) demonstrated even higher stabilization of the
substrate (ATm = 20 to 30 °C), comparable to the result obtained with PhenDC3 (AT = 30.0 °C).
In contrast, all derivatives of the PymDH family, as well as compounds PyDH1 and NaphDH1,
demonstrated low or very low stabilization of G4-RNA (ATm < 10 °C), illustrating the importance
of the nature of heterocyclic residues on the G4-RNA binding properties of ligands. Finally, most
derivatives that stabilized g4-EBNA1 also displayed significant level of selectivity with respect to

ds-DNA, as their stabilizing effect was almost unaffected by the presence of ds-DNA competitor.

The comparison of this data with the results of FRET-melting experiments performed with DNA
G-quadruplexes (cf. RESULTS AND DISSCUSSION, Part 1) demonstrates no preferential
stabilization of one or another substrate, since all compounds that stabilized g4-EBNA1 (PyDH2-
5, NaphDH2-5, and all PhenDH derivatives) also strongly stabilized both G4-DNA substrates (with
ATy =15to 30 °C). A similar behavior was observed with PhenDC3, which stabilized both G4-DNA
with AT of over 35 °C. The lack of selectivity is not surprising given the structural similarity of
novel ligands to PhenDC3 (a polyvalent G4 binder) and indicates a similar binding mode, relying
on compound stacking with terminal G-tetrads of G4 structures. Obviously, the substituents
explored in this work (ethyl or phenyl groups) are not sufficient for achieving a significant level

of selectivity between different G4 structures.
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Figure 83. In vitro binding of tested compounds to g4-EBNA1. a) Thermal stabilization F-g4-EBNA1-T (0.2
uM) by tested compounds (1.0 uM), assessed by fluorescence melting experiments in the absence (dark
red bars) or in the presence of duplex DNA competitor ds26 (red bards: 3 uM, pale red bars: 10 uM). The
experiments were performed in K10 buffer (10 mM LiAsO;Me;, 10 mM KCl, 90 mM LiCl, pH 7.3); data are
means * s.d. from three technical replicates. b) Ligand-induced displacement of TO (0.5 uM) from g4-
EBNA1 (0.25 uM). Data are means + s.d. from three technical replicates; n.d. = no displacement (DCsp > 2.5
uUM). The experiments were performed in K100 buffer (10 mM LiAsO:Me;, 100 mM KCl, 1 mM EDTA, 1%
v/v DMSO).

A complementary information about ligand affinity for g4-EBNA1 was obtained from the FID
assay, which assesses the binding of ligands through displacement of a fluorescent probe
(Thiazole Orange, TO). In this assay, the apparent ligand affinity is given by the concentration
required to displace 50% of the bound probe (DCso).'® The results of the FID assay (Figure 83b
and Table 21) indicated high g4-EBNA1 affinity (DCsp < 0.5 uM) for compounds PyDH2, PyDH3, as
well as PhenDH1-3, which was comparable to the result obtained for PhenDC3 (DCso = 0.31 uM).
In contrast, the derivatives PyDH1, PymDH1, PymDH4 and PyDH5 were not able to displace TO
from g4-EBNA1 (DCso > 2 uM), giving evidence of low affinity, whereas other derivatives

demonstrated moderate affinity (DCso = 0.5 to 2 uM). Of note, none of tested ligands was able to

-188 -



induce displacement of TO from the double-stranded DNA substrate ds26 (DCso > 2.5 uM in all
cases). Globally, the results obtained with both biophysical methods were in a good agreement,
except for a few discrepancies (compounds PyDH5, NaphDH2-5 and PhenDH4-5 which
demonstrated high thermal stabilization of g4-EBNA but only moderate capacity to displace TO,
DCso = 0.5 to 1 uM). Altogether, the results of biophysical studies point to pyridine derivatives
PyDH2 and PyDH3, as well as all derivatives of the phenanthroline series, as most promising

ligands for g4-EBNA.

Table 21. Results of the TO displacement assay (DCso, in uM) with tested compounds. Conditions: TO (0.5 uM), g4-
EBNA1 (0.25 uM). Data are means # s.d. from three technical replicates. Buffer: 10 mM LiAsO,Me;, 100
mM KCl, 1 mM EDTA, 1% v/v DMSO.

Py >25 0.18 0.26 0.72 0.66
Pym >2.5 0.59 1.25 2.14 >2.5
Naph 0.78 0.6 0.64 0.86 1.08
Phen 0.25 0.23 0.25 0.62 0.64

PhenDC3 0.31

5.3. Biological tests3

5.3.1. Effect of compounds on GAr-dependent protein expression

To assay the biological activity of the various compounds bis(acylhydrazones), we first
determined their effect on the GAr-dependent limitation of EBNA1 expression, which represents
a mechanism at the basis of EBNA1/EBV immune evasion. For this purpose, human lung
carcinoma H1299 cells were transfected with EBNA1 or EBNA1AGAr constructs and treated with
10 uM of the indicated compounds or, as a control, with DMSO (the vehicle). Then, the levels of
EBNA1 or EBNA1AGAr was assessed by western blot analysis using an antibody raised against
EBNA1 and, as a loading control, an antibody raised against GAPDH. PhenDC3 was used as a
positive control and DMSO as a negative control. In this assay, three types of results were

observed (Table 22): (i) most of the compounds had no effect (indicated by a “0”); (ii) two

3 Experiments preformed in the lab of Prof. Marc Blondel
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compounds, namely PyDH2 and PhenDH2, similarly to PhenDC3, led to a GAr-dependent
increase in EBNA1 expression, indicated by a “+” (i.e., they increased EBNA1 level while having
no effect on EBNA1AGAr); and finally (iii) three compounds (PyDH3, PymDH5, and PhenDH1)
increased EBNA1 level in a GAr-independent manner indicated by a “x” (i.e., they increased both
EBNA1 and EBNA1AGAr levels). The western blot results obtained with compounds PyDH2 and
PhenDH2 are presented on Figure 84a. As we were interested in compounds able to interfere
with the GAr-dependent limitation of EBNA1 expression and antigen presentation, a mechanism
at the basis of EBNA1 immune evasion, we focused only on the compounds that increase EBNA1

level while having no effect on EBNA1AGAr, namely PhenDH2 and PyDH2.

Table 22. Effect of compounds (all tested at 5 uM) on EBNA1 expression in H1299 cells.
Comp. Effect? Comp. Effect? Comp. Effect? Comp. Effect?
PyDH1  0(106/93)° | PymDH1 0 (80/92)P NaphDH1 0 (112/99)° [ PhenDH1  x (78/76)P¢
PyDH2  +(162/101)> | PymDH2  0(89/103)> | NaphDH2  0(95/100)> | PhenDH2  + (189/96)b
PyDH3  x (134/149)° | PymDH3 0 (108/106)° | NaphDH3 0 (106/93)° PhenDH3 0 (96/114)°
PyDH4 0 (86/98)° PymDH4  x (48/47)>¢ | NaphDH4 0 (82/111)° | PhenDH4 0 (80/96)
PyDH5  x (58/70)°¢ PymDH5  x(139/137)° | NaphDH5 0 (104/108)° | PhenDH5 0 (111/94)°

? 0: No effect ; +: GAr-dependent increase in EBNA1 expression; x: GAr-independent effect. © Number
between brackets indicate the quantification of respectively GAr-OVA (numerator) and OVA (denominator)
levels, as compared to their respective levels in DMSO-treated cells. ¢ Values in italics, which are
significantly smaller than 100, point to compounds that are toxic to both GAr-OVA- and OVA-expressing
cells.
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Figure 84. a) Expression of EBNA1 (top panel) or EBNAIAGAr (bottom panel) in transfected H1299 cells
treated with DMSO (control), PyDH2 (10 uM), or PhenDH2 (10 uM) 40 h post-transfection. b) Expression
of 235GAr-OVA (top panel) or OVA (bottom panel) in transfected H1299 cells treated with DMSO (control),
PhenDC3, PyDH2, or PhenDH2 (all at 10 uM) 40 h post-transfection. c) Expression of 235GAr-OVA or OVA
in transfected H1299 cells treated with PyDH2 used at 0 (control), 7.5, 10, or 15 uM concentration. Protein
(EBNA1, EBNA1AGAr, 235GAr-OVA or OVA) levels were normalized with respect to GAPDH (loading
control) and the resulting values indicated below the gels.

On the basis of the compounds effect on the expression of EBNA1 and in silico evaluation of their
drug-likeness, PyDH2 and PhenDH2 were selected for further biological studies that include
antigen presentation assay and proximity ligation assay (PLA). For this purpose, we first evaluated
the effect of various concentrations of both compounds on expression of ovalbumin (OVA) and
235GAr-OVA in H1299 cells using the same procedure as described above for EBNAL. The

OVA/235GAr-OVA system allows to assess the ability of GAr to limit both protein expression and
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antigen presentation since 235GAr (a full-length, 235 amino-acid GAr domain), when fused to
OVA, strongly limits both its expression and its antigen presentation by the MHC class | pathway.
In this way, this model recapitulates the effect of GAr on EBNA1 expression and antigen
presentation.'8® Similar to what has been observed with PhenDC3.3® compounds PyDH2 and
PhenDH2 increased 235GAr-OVA level in a dose-dependent manner, whereas having no
significant effect on OVA expression (Figure 84b,c). Together with the data on the effect of
compounds on EBNA1 expression, these results confirm the suggested mechanism of biological
activity of both compounds, namely, relieving of the GAr-dependent inhibition of protein

expression.

5.3.2. Inhibition of NCL binding to G4 in EBNA1 mRNA: proximity ligation assay (PLA)
and RNA pull-down assay*>

We employed the proximity ligation assay (PLA) '° to verify that compounds PyDH2 and
PhenDH2 prevent nucleolin (NCL) to interact with the G4s of the GAr-encoding sequence of
EBNA1 mRNA, the mechanism at the basis of the GAr-dependent limitation of EBNA1 expression
and antigen presentation. Briefly, PLA is a technique originally developed to detect proteins in
close proximity (theoretically, at a maximum distance of 40 nm) and which is based on the use of
a pair of antibodies raised in two different species, each targeting one of the two protein of
interest. By using labelled oligomers, PLA has been adapted to the study of protein—-DNA®? and
protein—RNA interactions. In the latter case, mRNA of interest (EBNA1) is tagged through in situ
hybridization with a digoxigenin-labelled DNA probe, followed by incubation with a mouse anti-
digoxigenin, whereas NCL is tagged with rabbit anti-nucleolin. If both are located in a close
proximity, the subsequent incubation with DNA probe-conjugated anti-rabbit (p/us probe) and
anti-mouse (minus probe) antibodies and two connector oligonucleotide probes induces rolling
circle amplification, as schematically shown on Figure 85. The latter generates a concatemeric
DNA product, which is finally detected thorough hybridization with a fluorescently labelled

oligonucleotide probe as a distinct bright spot on a micrograph.’®? This way, we previously

4 Experiments preformed in the lab of Prof. Marc Blondel
5> Experiments preformed in the lab of Dr. Robin Fdhraeus
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demonstrated that NCL interacts with G-quadruplexes formed in the GAr-encoding sequence of
EBNA1 mRNA, and that PhenDC3 inhibits this interaction in Mutu-1 cells as well as in H1299 cells
transiently expressing EBNA1.3%192 Herein, we first exploited H1299 cells transiently expressing
EBNA1 following transfection with EBNA1l plasmid. Cells treated with DMSO control
demonstrated high level of PLA signals (1.83 + 0.54 per cell) further confirming that the EBNA1
MRNA-NCL interaction takes place in, or at the close vicinity of the nucleus (Figure 86a), whereas
non-transfected cells did not display PLA signals. Treatment with compounds PyDH2 or PhenDH2
both at a concentration of 5 uM significantly reduced both the number (0.27 £ 0.11 and 0.40
0.21 per cell, in cells treated with PyDH2 and PhenDH2, respectively) and the intensity of PLA
signals (Figure 86b—d), hence confirming the ability of these new derivatives to disrupt the EBNA1
MRNA-NCL interaction, in fine leading to the GAr-dependent inhibition of EBNA1 expression and

presentation of EBNA1-derived antigenic peptides.

EBNA1 mRNA l
- EBNA1 mRNA - NCL \ =
%,\' interaction %

In situ hybridization

Y primary antibody %
(host A)

primary antibody

(host B) @

PLA complex
RCA amplification and FISH detection

%
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.
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antibody Primary antibody incubation
anti-host B Ig

\, 3
\ J antibody
connector —~
oligonucleotides 3‘,‘\'\\L
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Ligation

Figure 85. Principle of the proximity ligation assay (PLA) applied to the study of EBNA1 mRNA-NCL
interaction. The DNA probe (50-CTTTCCAAACCACCCTCCTTTTTTGCGCCTGCCTCCATCAAAAA-igoxigenin-30)
was chosen such that hybridization occurs outside the G4-forming region, to avoid eventual interference
between G4 formation and RNA-DNA hybridization (adapted from ).
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Figure 86. Proximity ligation assay (PLA) performed in H1299 cells transiently expressing EBNA1. a—c)
Microscopy images of cells treated with a) DMSO (compound vehicle, negative control), b) PyDH2 (5 uM),
and c) PhenDH2 (5 uM). Nuclei were revealed by DAPI staining and appear in blue; white dots (PLA signals)
indicate interaction between NCL and G4 of EBNA1 mRNA. As previously observed, this interaction mostly
takes place in, or at the close vicinity of the nucleus.?4*%2 d) Number of nuclear PLA signals (dots) per cell
in H1299 cells expressing EBNA1 and treated with DMSO (control), PyDH2 (5 uM) or with PhenDH2 (5 uM).
Data from two biological replicates, 100 cells per sample were analyzed. ***, p < 0.001.

5.4 Pharmacological properties of selected drug candidates

The study of pharmacological properties of compounds PyDH2, PhenDH2 were carried out at the

Platform of Integrative Chemical Biology of Strasbourg (PCBIS). The results are presented in (

Table 23). As it was known from our preliminary data, all compounds are stable and moderately
soluble in aqueous buffers. PyDH2 was found to be slightly hydrophilic while PhenDH2 that has

larger aromatic surface was hydrophobic. In parallel artificial membrane permeability assay
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(PAMPA) where the capacity of the compound to pass the lipid membrane is studied, both PyDH2
and PhenDH2 had very low permeability that suggests their poor oral bioavailability. However,
as it was observed for other drugs with hydrazone scaffold (cf. AIMS OF THE WORK) the
compounds were stable in plasma (almost no degradation after 2 hours). Compound PhenDH2
was to be stable in the presence of liver mice microsomes and NADPH that suggests that this
compound is not the substrate of cytochromes P450. The amount of PyDH2 was decreased to
40% suggesting its t¥ = 41 + 4 min. However, the same result was observed in the absence of
NADPH, so other processes may be involved in the consumption of the compound. The level of
plasma protein binding was 90% for PhenDH2 and only 44% of PyDH2. Pharmacokinetics studies
suggest t. less than one hour for PyDH2 and PhenDH2 (54 and 20 minutes, respectively) that in

the combination with low distribution volume suggests low exposure to the compound.

Table 23. Experimentally determined pharmacological properties of compounds PyDH2, PhenDH2 and
PhenDC3.

Criterion PyDH2 PhenDH2 PhenDC3
Chemical stability® Stable9 stable stable
Solubility? 52 + 9 uM 17 + 8 uM 13+ 2 M
log D -0.5+04 0.8+0.3 -0.74
PAMPA 7.58+0.23 759 +0.27 6.4%0.1
(log Pe)c
PAMPA .
(% passage)? 0 0 4%
PK (mice) 54 min 20 min 37 min
54 ml/min/kg 6 ml/min/kg 58 mL / min / kg
Plasma stability* | Stable (t > 120 min) Stab'em(it;f; 1201 stable (ts > 120 min)
0,
Metabolic stability" t=41+4min | Stable (tx>60min) | StPle (>m?§)/° at 120
Plasma protein 44 + 2% 90 + 0% 74+ 2%
binding

Conditions: ° PBS pH 7.4; * PBS pH 7.4 / octanol; €16 h, PBS pH 7.4 / dodecane; ¢ PBS pH 7.4, 5% DMSO,
membrane : dodecane 2% phosphatidylcholine; € mice plasma: PBS 1:1, 37 °C, 2 h;/ Liver mice microsomes,
NADPH, 37 °C; 9 No degradation after 24 hours.

While comparing with in silico predictions (Table 20), one can say that moderate solubility and
low permeability of PyDH2 and PhenDH2 were confirmed in pharmacological studies. However,
while hydrophilic properties of PyDH2 were confirmed, compound PhenDH2, on the contrary,
was found to be hydrophobic. Altogether, poor oral bioavailability (as evidenced by the low

membrane permeability) is the key issue that needs to be solved for pharmacological utilization
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of these compounds. in this context, intravenous administration or the use of drug delivery

systems such as liposomes may be considered in the future.

5.5 Conclusions

Among the 20 tested bis(acylhydrazones, PyDH2 and PhenDH2 were found to increase EBNA1
expression in a GAr-dependent manner in H1299 cells (Table 22). Remarkably, both compounds
demonstrated high affinity to g4-EBNA1 according to two biophysical methods (FRET-melting and
FID assay, Figure 83). These results speak in favor of the expected mechanism for their biological
activity, namely, interference with the NCL-based inhibition of mRNA translation by preventing
the interaction between NCL and G4 structures in EBNA1 mRNA, as further confirmed by PLA and
RNA pull-down assays. Considering the absence of selective targeting of G4-RNA with respect to
G4-DNA in vitro, the cellular activity of the two compounds can be attributed to the fact that GAr
repeat of EBNA1 mRNA contains a cluster of multiple (=13) G4-forming sequences, which may be
particularly susceptible to ligand-induced effects such as NCL displacement. Moreover, G4-DNA
structures form only transiently during DNA transactions such as replication, transcription and
recombination, and are otherwise disfavored in the double-stranded DNA context; this is not the
case with RNA whose single-stranded nature favors the formation of long-lived secondary motifs
such as G4. PLA experiments provided further support this mechanism, demonstrating the ability
of compounds to disrupt the interaction between NCL and the GAr-encoding sequence of EBNA1
mMRNA in cells. Consistently, both compounds were found to increase expression of 235GAr-OVA
and the level of antigen presentation in the GAr-OVA model, while having no effect on cells

expressing OVA.

Interestingly, four naphthyridine derivatives (NaphDH2-5) demonstrated significant stabilization
of g4-EBNAI1, according to fluorescence melting experiments (Figure 83a), but had not influence
on EBNA1 expression (Table 22). This behavior is not without precedent, as it was also observed
with pyridostatin (PDS), another well-studied G4 binder 38, and indicates that ligand-induced
stabilization of a G4 structure is not a prerequisite to prevent its interaction with NCL by a
competitive mechanism. In fact, one can imagine that stabilization of G4 structure could even

favor their interaction with NCL. Hence, G4 stabilization and ability to interfere with NCL-G4
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interaction may be two independent events. In line, all NaphDH derivatives were significantly less
active in displacing the fluorescence probe TO from g4-EBNA1 (DCso > 0.5 uM), in contrast to the
two biologically active derivatives, PyDH2 and PhenDH2 (Figure 83b). This also indicates that FID
assay is potentially better suited for identification of G4-targeting drugs acting through
interference with protein binding to G4 structures. Therefore, the different compounds
described here, in addition to constitute promising scaffolds for drugs able to unveil EBV-related
tumors to the immune system and more generally to interfere with G4-RNA binders, may also

represent useful tools to decipher the mode of interaction between cellular factors and G4.

In this work, we demonstrated that harnessing the bis(acylhydrazone) motif allows facile
generation of series of derivatives differing in terms of their physico-chemical properties, drug-
like character, G4-binding properties, and biological activity. Specifically, our results demonstrate
that the acylhydrazone group does not significantly impart the G4-binding properties of
compounds, as compared with carboxamide analogues: instead, the binding to G4 structures
seems mostly governed by the nature of central and lateral heterocyclic residues, revealing
interesting SARs that can be interpreted in terms of molecular structure and preorganization of
ligands. Even though the modifications of the scaffold explored in this work were not sufficient
to achieve preferential targeting of viral G4-RNA with respect to G4-DNA in vitro, the results of
biological assays demonstrate that two compounds, namely PyDH2 and PhenDH2, displayed
promising biological activity in EBV-related cellular models, being able to interfere with the GAr-
dependent limitation of protein expression and antigen presentation. Moreover, both
compounds were significantly less toxic than the prototype drug PhenDC3 when used at
concentrations required for boosting the production of EBNA1-derived antigenic peptides (i.e.,
5—-10 uM). Therefore, these compounds represent promising drug candidates for interfering with
the immune evasion of EBV. Last but not least, the modular bis(acylhydrazone) scaffold
presented here represents a promising platform for the development of novel ligands targeting

other therapeutically important G4-RNA and/or G4-DNA structures.
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The principal purpose of this work was to adapt the methodology of dynamic combinatorial
chemistry of acylhydrazones to the search of potential G-quadruplex binders. We stated with
synthesis of 20 model bis(acylhydrazone) compounds and evaluating their properties to stabilize
G-quadruplexes in FRET-melting experiments. We also performed docking with 17 compounds of
this library in attempts to find a correlation between ATn and gScore. The low correlation was
found, however, because of numerous drawbacks of the method we did not proceed with

docking.

We started DCC experiments by generation of simple dynamic combinatorial libraries followed
by their direct HPLC analysis, however, while the HPLC conditions for good separation of all
library components (up to 20) were optimized, the analysis of target-templated combinatorial
libraries was not successful because of high stability of G4—ligand complexes that did not
dissociate in the conditions of HPLC analysis. It could be possible to analyze static libraries of
compounds in the presence and in the absence of DNA target and to identify the best binders
just by depletion of their peaks in target—templated libraries (because they would be bound and,
therefore, depleted on the HPLC chromatogram). However, this very simple and attractive option
required the step of the separation of the complex G4-ligand from the library, because while
direct injection of the solution that contains DNA-ligand complexes, the peaks of library
components became broad and their assignment was no longer possible. Possibly, this issue
could be resolved by using another type of HPLC column, but we decided to explore different
methods of the separation of the complex of G4—ligand from the mixture of unbound compounds

by different pull-down techniques.

First, we successfully applied the method of pull-down based on the interaction of biotin-
modified G4-DNA target with streptavidin coated magnetic beads, so that the complex could be
separated from the mixture of unbound ligands using a magnet. We successfully introduced the
dynamic combinatorial chemistry of acylhydrazone exchange to the G4 field and through the
analysis of two dynamic combinatorial libraries, DCL2 and DCL3 (of 14 and 18 components) found
a non-symmetric hit A2-L1-A8, selectively pulled-down by the G-quadruplex Pu24T. However,
we encountered some difficulties while trying to synthesize this compound in preparative
manner. We could not separate in our conditions A2-L1-A8 due to the impurities of the
symmetric bis(acylhydrazones) A2-L1-A2 and A8-L1-A8 that formed during the synthesis and

could not be removed, so we designed and synthesized two close analogues (24a and 24b) of this
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compound, in which one of acylhydrazone group was substituted with amide group. Even though
the enhanced binding capacity of A2-L1-A8 was not confirmed in the biophysical experiments
with its close analogues, the compound 24b was found to have a moderate affinity (Kq around
100-200 nM) to Pu24T and 25TAG G-quadruplexes and represents one of rare examples of drug-

like ligands of G-quadruplexes.

Regardless the fact that pull-down experiments with streptavidin-coated magnetic beads are
widely used by the scientific community, this method is not optimal for DCC because of a high
ratio of unspecific interactions and high price of the beads prohibitive for high-throughput
analysis. Therefore, we attempted to find a substitute for this method. Firstly, we tried to
reproduce the synthesis of gold-coated magnetic nanoparticles, however, in our hands, this
approach did not prove reliable. After a thorough search for methods of selective pull-down we
assumed that the method of solid phase extraction could serve this purpose perfectly. Therefore,
we designed ten combinatorial libraries of seven compounds each and templated them in the
presence of two G-quadruplex (Pu24T and 22CTA) and control double-stranded (ds26 and hp2)
targets. The experiments of validation of hits, obtained in a few rounds of selection, are still
ongoing but we can already presume that the method of pull-down by SPE is a highly promising
alternative to pull-down with streptavidin-coated magnetic beads. Firstly, it does not require the
modification of G4-oligonucleotides so the selection process is not affected by biotin or any other
modification. Secondly, the usage of SAX cartridges with cationic surface leads to a minimization
of non-specific interactions of the cartridges’ resin with positively charged G4-ligands. Thirdly,
the pull-down by SPE can be performed with non-modified oligonucleotides and the price of
material for one experiment with SPE is five time cheaper than with streptavidin-coated magnetic

beads (2.5 and 28.3 euros, respectively).

In parallel to DCC experiments, we exploited the method of parallel synthesis to generate “ready-
to-screen” solutions of compounds; combined with HT screening techniques, such as FRET-
melting, this method allows the simple synthesis and fast screening of combinatorial libraries of
acylhydrazone compounds. By implementation of this protocol, we synthesized a combinatorial
library of 90 bis(acylhydrazones) and screened all of them in a FRET-melting experiment against
four G-quadruplexes of different topologies and one hairpin control. The interaction of three hits
(identified by FRET-melting experiment) with G-quadruplexes of different topologies was

carefully studied and one compound (3Ei) was found to be selective to telomeric antiparallel
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22CTA G-quadruplex and to 25TAG G4 that adopts antiparallel topology in the complex with 3Ei
[OR180]. In addition, we potentially found an important drawback of isothermal fluorimetric
titration method while performing experiments with these hits. We also performed the first
competition experiment for study of G4 ligands binding to G-quadruplexes of different topologies

by native mass spectrometry.

In a search for biological application of the synthesized compounds, we also studied the
interaction of model library of ligands with G4-forming sequence of EBNA1 mRNA of Epstein-Barr
virus. In collaboration with colleagues from Université de Bretagne Occidentale and Institut de
Génétique Moléculaire, we studied the biological system in vitro and in cellulo and found that
two of our molecules effectively enhance the translation of the highly antigenic protein EBNA1
by binding to G-quadruplexes and disrupting their complexes with nucleolin, that acts as

translational regressor in this case.

In summary, two protocols of DCC and one protocol of parallel combinatorial synthesis of
acylhydrazons for the search of G4 binders were developed. The method described in Part 2 of
RESULTS AND DISCUSSION was the first example of DCC of acylhydrazones in the G4 field.
However, a high ratio of non-specific interactions was observed with streptavidin-coated
magnetic beads used in this protocol. In this regard, the DCC of acylhydrazones followed by SPE
represents a significant improvement of the protocol due to the low amount of non-specific
binding observed in the pull-down step. However, this method requires the generation of
combinatorial libraries for every target separately, therefore, it may be rather laborious. The
method of parallel combinatorial synthesis, on the contrary, is universal and once the compounds
are synthesized, they may be tested for their binding to different targets in parallel. In addition,
it may be more advantageous when the screening is performed against more complex systems

that cannot be studied by DCC (such as disruption of DNA—protein complexes).

This work opens a lot of possibilities for further studies. First of all, the structure of drug-like
compound 24b may be further optimized to enhance G4-binding properties. For example, N-
methyl substituents of the piperazine and quinolinium rings may be extended or a brunch in the

pyridine core may be added (Figure 87).
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Figure 87. The proposed modifications of the structure of 24b ligand to enhance its G4 binding properties.

Another interesting study may be started based on the premises, that compound 3Ei (found to
bind tightly to G4s of different topologies, in particular, antiparallel) provided no fluorescence
guenching of Cy5 in the fluorescent titration assay. The extensive study of fluorescent response
of G4-forming sequences labelled with different fluorophores by the set of structurally different

but affine G4 ligands may result in the optimization of the setup of the experiment.

The methods developed in this work can be employed to produce and screen more compounds
composed of diverse building blocks to enrich the scope of selective compounds specific for

distinct G-quadruplex structures.

More generally, the method of DCC of acylhydrazones is a very powerful technique that can find
numerous applications in the search of DNA binders. To start with, it would be interesting to
perform DCC for long repeats of G4-forming sequences, as 20-25 base G4-forming
oligonucleotides used in this work may not be the best models for intracellular G4s. Indeed, the
comparison of set of compounds, captured by a “simple” G4 and by long telomeric sequence may
give some insights about mutual organization of G4 units in long G4 clusters. DCC followed by

SPE can also be suitable for the search of ligands for i-motifs as not many of ligands are reported
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for this structure so far. Finally, upon a reasonable design, it may also be suitable for the search

of compounds that fit in abasic site of double-stranded DNA.
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Synthesis

Synthesis and characterization: All commercially available chemicals were reagent grade and
used without further purification. NMR spectra were measured with a Bruker Avance 300
spectrometer (*H: 300 MHz, 3C: 75 MHz) at 25 °C; chemical shifts are given in ppm (6) values.
Multiplicities of 3C NMR signals were determined from DEPT-135 experiments. The melting
points were determined in open-end capillaries with a digital melting point instrument (SMP30,
Stuart). Elemental microanalysis of all novel compounds was performed by the Service de
Microanalyse, CNRS—ICSN, Gif-sur-Yvette, France and Service Chromato-Masse-Microanalyse,
BioCIS — UMR 8076, Chatenay-Malabry. The purity of final compounds was assessed by LC/MS
analysis (Waters Alliance 2695 equipped with a Waters XBridge Cis-3.5 um column and a
photodiode array detector; eluent A: water with 0.05% TFA, eluent B: MeCN with 0.05% TFA,
gradient elution with 2 to 100% of eluent B). Mass spectra (MS, ESI in the positive-ion mode)
were recorded with a Waters ZQ instrument (cone voltage: 30 V). In the assignment of MS of

salts, M always refers to the organic dication.

RESULTS AND DISCUSSION. Part 1.

General procedure for the synthesis of bis(acylhydrazides) (1-4): A solution of the
corresponding dimethyl ester (1.95 g, 10 mmol) and hydrazine hydrate (10.9 mL, 11.2 g, 220
mmol) in ethanol (150 mL) was heated under reflux for 18 h and then cooled to room
temperature. The precipitate was filtered, washed twice with ethanol, once with ether, and
dried, to give the bis(acylhydrazide) which was sufficiently pure and employed without further

purification.

Pyridine-2,6-dicarbohydrazide (L1):%°3

_NH HN.
H,N NH,
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Yield 1.73 g (89%). White solid, m.p. 285-286 °C (lit. 285 °C); *H NMR (300 MHz, DMSO-de): &
10.63 (s, 2H), 8.13 (s, 3H), 4.63 (br s, 4H); 13C NMR (75 MHz, DMSO-ds): 6 161.9 (Cy), 148.4 (Cq),
139.3 (CH), 123.7 (CH); MS (ESI*): m/z = 196.2 [M + H]*.

Pyrimidine-4,6-dicarbohydrazide (L2):

Yield 1.81 g (92%). Pale-yellow solid, m.p. (decomp.) 280 °C; *H NMR (300 MHz, DMSO-ds): 6
10.41 (s, 2H), 9.35 (d, J = 1.1 Hz, 1H), 8.35 (d, J = 1.1 Hz, 1H), 4.77 (br s, 4H); 3C NMR (75 MHz,
DMSO-ds): 6 160.1 (Cq), 158.4 (Cq), 157.2 (CH), 114.7 (CH); MS (ESI*): m/z = 197.1 [M + H]".

2-methyl-1,8-naphthyridine (4):

NN

— =

The mixture of 2-amino-3-pyridinecarboxaldehyde 3 (10.99g, 90 nmol), propan-2-one (7.95 ml,
108 mmol) and pyrrolidine (8.13 ml, 99 mmol) in ethanol (90 ml) was stirred under Ar at 55°C for
3 h and then cooled to r.t. The volatiles were removed in vacuo. Yield 12.90 g (99%). Yellow solid.
1H NMR (300 MHz, CDCls): & 9.08 (dd, J = 4.3, 1.9 Hz, 1H), 8.15 (dd, J = 8.1, 1.9 Hz, 1H), 7.44 (dd,
J=8.1,4.3 Hz, 1H), 7.39 (d, J = 8.3 Hz, 1H), 2.82 (s, 3H).

2,7-dimethyl-1,8-naphthyridine (5):

NN

= =

A suspension of 2-methyl-1,8-naphtiridine in anhydrous Et,0 (200 ml) was cooled to -60 °C under

Ar and Meli (75 ml, 0.12 mol) was added drop-wise within apprximately 1 h such that inner
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temperature didn't exceed -50 °C. The reaction mixture was vigirously stirred for 2 h at -50 °C in
dry ice-acetone bath and then left to come to ambient temperature overnight. The reaction
mixture was carefully quenched by dropwise addition of MeOH (10 ml) followed by water (50
ml). The aqueus phase was separated and extracted with Et;0 (3 * 50 ml). The combined organic
phases were washed with water, brine, dried over anhydrous Na,SO, filtered and the solvent
was removed under vacuo, leaving the crude 2,7-dimethyl-1,2-dihydro-1,8-naphtiridine. It was
dissolved in acetone (30 ml), cooled in an ice bath and oxidized by addition of saturated acetonic
solution of KMnO4 until the color of the solution remained violet (approx. 300 ml). The
suspension was filtered through a pad of Celite, the filter was washed with acetone and the
filtrate wasevaporated in vacuo. The residue was dissolved in DCM (150 ml) and washed with 1%
aqueous NayCOs3 (2 * 200 ml), brine, dried over Na;SOas and finally evaporated to give 2,7-
dimethyl-1,8-naphtiridine as a yellow solid. Yield: 77%. *H NMR (300 MHz, CDCls): § 8.02 (d, J =
8.2 Hz, 2H), 7.32 (d, J = 8.3 Hz, 2H), 2.79 (s, 6H).

2,7-dimethyl 1,8-naphthyridine-2,7-dicarboxylate (6):

XN

O A 2, 2~__0
N~ °N

o O

-~ ~

A suspension of 2,7-dimethyl-1,8-naphthyridine 5 (2.23 mg, 14.1 mmol), N-chlorosuccinimide
(NCS) (15.62 g, 117 mmol) and benzoyl peroxide (450 mg) in PhCl (400 mL) was refluxed for 2 h
and then cooled, filtered, and concentrated in vacuo to give 2,7-Bis(trichloromethyl)-1,8-
naphthyridi as colorless crystals. Solution of these crystals in 85% H2P04 (25 mL) was heated to
160-170 °C. After 3 h the solution was cooled to 25 °C and MeOH (150 mL) was carefully added.
After 12 h of refluxing, most of the MeOH was removed in vacuo, and then CHCl3, (150 mL) and
saturated aqueous Na;C0s3 were carefully added. The solution was stirred vigorously for 15 min,
the organic layer was separated, dried over anhydrous Na,SO4 and filtered. The solvent was
removed in vacuo to give diester 6. Yield: 1.77 g (54%). *H NMR (300 MHz, CDCl5): § 8.50 — 8.26
(m, 4H), 4.07 (d, J = 5.7 Hz, 6H).
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2,9-dimethyl 1,10-phenanthroline-2,9-dicarboxylate (10):

The solution of 1,10-phenanthroline-2,9-dicarboxylic acid (6.37 g, 23.75 mmol) in MeOH with a
drop of concentrated H,SO4 was refluxed overnight and then cooled to r.t. Half of the solvent
was removed in vacuo and the rest was added to the concentrate solution of NaHCOs. The
product was extracted with DCM, organic fraction was washed by water and dried over Na;SOa.
The solvent was removed in vacuo. Yield: 5.84 g (83%). 'H NMR (300 MHz, DMSO-d¢): 6 8.78 (d,
J=8.3 Hz, 2H), 8.44 (d, J = 8.3 Hz, 2H), 8.24 (s, 2H), 4.04 (s, 6H).

1,8-Naphthyridine-2,7-dicarbohydrazide (L3):

NN

@) N P O
N N

_NH HN.
H,N NH,

Yield 2.45 g (97%). Pale-yellow solid, m.p. > 290 °C; *H NMR (300 MHz, DMSO-ds): § 10.00 (s, 2H),
8.74 (d, J = 8.4 Hz, 2H), 8.25 (d, J = 8.4 Hz, 2H), 4.74 (br s, 4H); 3C NMR (75 MHz, CD3CO,D): &
164.7 (Cq), 153.1 (Cq), 141.1 (CH), 126.7 (Cq), 122.0 (CH); MS (ESI*): m/z = 247.1 [M + H]".

1,10-Phenanthroline-2,9-dicarbohydrazide (L4): ***

Yield 2.38 g (80%). Pale yellow solid, m.p. > 290 °C (lit. 318-325 °C); *H NMR (300 MHz, DMSO-
de): 6 10.77 (s, 2H), 8.69 (d, J = 8.3 Hz, 2H), 8.40 (d, J = 8.3 Hz, 2H), 8.14 (s, 2H), 4.78 (br s, 4H); 13C
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NMR (75 MHz, DMSO-ds): & 162.9 (Cq), 149.5 (Cq), 144.0 (Cg), 137.9 (CH), 130.1 (Cq), 127.8 (CH),
121.0 (CH); MS (ESI*): m/z = 297.2 [M + H]*.

Typical procedure for the synthesis of bis(acylhydrazone) precursors (12a—c, 13a—c, 14a—c, and
15a—c): A solution of a bis(acylhydrazide) (L1-L4, 2.0 mmol) and a heteroaromatic aldehyde (11a—
11c, 4.4 mmol) in ethanol (10 mL) was heated under reflux for 18 h. After cooling, the precipitate
was collected by filtration, thoroughly washed with ethanol, and dried, to give the corresponding

bis(acylhydrazone) which was sufficiently pure and employed without further purification.

N’2,N'6-Bis(pyridin-4-ylmethylene)pyridine-2,6-dicarbohydrazide (12a):

Yield 90%; white powder, m.p. > 290 °C; *H NMR (300 MHz, DMSO-ds): 6 12.54 (s, 2H), 8.79 (s,
2H), 8.72 (d, J = 5.9 Hz, 4H), 8.44-8.25 (m, 3H), 7.77 (d, J = 6.0 Hz, 4H); 13C NMR (75 MHz, DMSO-
de): 6 159.8 (Cy), 150.4 (CH), 148.0 (Cq), 147.6 (CH), 141.3 (Cq), 140.2 (CH), 125.9 (CH), 121.1 (CH);
MS (ESI*): m/z = 374.2 [M + H]*, 187.7 [M + 2H]%*.

N’2,N'6-Bis(quinolin-4-ylmethylene)pyridine-2,6-dicarbohydrazide (12b):
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Yield 93%; pale-yellow solid, m.p. > 290 °C; *H NMR (300 MHz, DMSO-de): § 12.65 (s, 2H), 9.48 (s,
2H), 9.07 (d, /= 4.5 Hz, 2H), 8.91 (dd, J = 8.4, 0.7 Hz, 2H), 8.53-8.33 (m, 3H), 8.16 (dd, /= 8.3, 0.7
Hz, 2H), 7.99 (d, J = 4.5 Hz, 2H), 7.92-7.79 (m, 4H); 13C NMR (75 MHz, DMSO-ds): & 159.7 (Cq),
150.5 (CH), 148.5 (Cq), 148.0 (Cq), 147.3 (CH), 140.3 (CH), 137.1 (Cq), 129.9 (CH), 129.8 (CH), 127.7
(CH), 125.9 (CH), 124.8 (Cq), 124.4 (CH), 120.0 (CH); MS (ESI*): m/z = 474.3 [M + H]*.

N’2,N’6-Bis(quinolin-6-ylmethylene)pyridine-2,6-dicarbohydrazide (12c):

Yield 80%; pale-yellow solid, m.p. > 290 °C; 'H NMR (300 MHz, DMSO-d): § 12.50 (s, 2H), 9.01-
8.94 (m, 4H), 8.52 (d, J = 7.8 Hz, 2H), 8.46-8.39 (m, 2H), 8.39-8.28 (m, 5H), 8.13 (d, J = 8.8 Hz,
2H), 7.63 (dd, J = 8.3, 4.3 Hz, 2H); 13C NMR (75 MHz, DMSO-de): & 159.6 (Cq), 151.5 (CH), 149.2
(CH), 148.6 (Cq), 148.2 (Cq), 140.1 (CH), 136.5 (CH), 132.3 (Cq), 129.8 (CH), 129.0 (CH), 128.0 (Cy),
126.4 (CH), 125.6 (CH), 122.2 (CH); MS (ESI*): m/z = 474.3 [M + H]*, 237.7 [M + 2H]*".

N’4,N’'6-Bis(pyridin-4-ylmethylene)pyrimidine-4,6-dicarbohydrazide (13a):

NN
_NH HN
)i L
| X | X
N~ N

Yield 99%; white solid, m.p. > 290 °C; *H NMR (300 MHz, DMF-d7): 6 12.77 (s, 2H), 9.60 (s, 1H),
8.89 (s, 2H), 8.80-8.70 (m, 5H), 7.79 (d, J = 6.0 Hz, 4H); 13C NMR (75 MHz, DMF-d): 6 159.7 (Cq),
159.1 (Cg), 158.0 (CH), 150.9 (CH), 148.8 (CH), 141.9 (Cq), 121.6 (CH), 116.8 (CH); MS (ESI*): m/z =
375.2 [M + H]*, 188.1 [M + 2H]**.
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N’4,N’'6-Bis(quinolin-4-ylmethylene)pyrimidine-4,6-dicarbohydrazide (13b):

NN
o M _J_ o

-NH HN.
N N

Yield 99%; pale-yellow solid, m.p. (decomp.) 282 °C; *H NMR (300 MHz, DMF-d7): 6 12.89 (s, 2H),
9.68 (d, J = 10.9 Hz, 3H), 9.10 (d, J = 4.4 Hz, 2H), 8.93-8.79 (m, 3H), 8.18 (d, J = 8.2 Hz, 2H), 8.02
(s, 2H), 7.96-7.86 (m, 2H), 7.86—7.76 (m, 2H); 3C NMR (75 MHz, DMF-d;): 6 160.0 (C,), 157.7
(CH), 150.4 (CH), 149.5 (Cq), 148.4 (CH), 137.9 (Cq), 130.3 (CH), 129.5 (CH), 127.6 (CH), 125.6 (Cy),
124.6 (CH), 123.4 (Cq) 120.3 (CH), 116.8 (CH); MS (ESI*): m/z = 475.3 [M + H]*, 238.2 [M + 2H]?*.

N’4,N’6-Bis(quinolin-6-ylmethylene)pyrimidine-4,6-dicarbohydrazide (13c):

N N
o A0
_NH HN.
N

Yield 99%; pale-yellow solid, m.p. > 290 °C; *H NMR (300 MHz, DMSO-ds): 6§ 12.68 (s, 2H), 9.60 (s,
1H), 9.03-8.87 (m, 4H), 8.65 (s, 1H), 8.51 (d, J = 8.0 Hz, 2H), 8.32-8.20 (m, 4H), 8.10 (d, J = 8.4 Hz,
2H), 7.66—7.55 (m, 2H).; 13C NMR (75 MHz, CD3CO2D): § 160.2 (Cq), 158.6 (Cg), 158.0 (CH), 150.5
(CH), 147.1 (CH), 145.2 (CH), 141.5 (Cq), 134.7 (Cg), 131.0 (CH), 130.6 (CH), 129.0 (Cq), 123.7 (CH),
123.0 (CH), 116.9 (CH); MS (ESI*): m/z = 475.3 [M + H]*, 238.2 [M + 2H]?".

N’'2,N'7-Bis(pyridin-4-ylmethylene)-1,8-naphthyridine-2,7-dicarbohydrazide (14a):
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Yield 78%; white solid, m.p. > 290 °C; *H NMR (300 MHz, DMSO-ds): & 12.63 (s, 2H), 8.89 (d, J =
8.3 Hz, 2H), 8.81-8.58 (m, 6H), 8.42 (d, J = 8.3 Hz, 2H), 7.71 (d, J = 4.6 Hz, 4H); 13C NMR (75 MHz,
CD3CO2D): 6 162.7 (Cq), 153.5 (Cq), 149.3 (Cq), 147.1 (CH), 145.3 (CH), 141.5 (CH), 127.7 (Cq), 124.8
(CH), 123.1 (CH); MS (ESI*): m/z = 425.3 [M + H]*.

N’2,N’'7-Bis(quinolin-4-ylmethylene)-1,8-naphthyridine-2,7-dicarbohydrazide (14b):

Yield 80%; white solid, m.p. > 290 °C; 'H NMR (300 MHz, DMSO-ds): 6 12.72 (s, 2H), 9.51 (s, 2H),
9.05 (d, J=4.5Hz, 2H), 8.93 (d, J = 8.3 Hz, 2H), 8.78 (d, / = 8.3 Hz, 2H), 8.48 (d, /= 8.3 Hz, 2H), 8.14
(d, J = 8.2 Hz, 2H), 7.95 (d, J = 4.4 Hz, 2H), 7.91-7.84 (m, 2H), 7.84—7.77 (m, 2H); 'H NMR (300
MHz, CD3C0O,D/D,0 1:1 v/v): § 9.36 (s, 2H), 9.02 (d, J = 5.5 Hz, 2H), 8.67—-8.55 (m, 4H), 8.36 (dd, J
= 13.8, 7.0 Hz, 4H), 8.11 (d, J = 8.4 Hz, 2H), 7.99-7.90 (m, 2H), 7.90-7.80 (m, 2H); 3C NMR (75
MHz, CD3C0O,D/D20 1:1 v/v): & 162.0 (Cq), 152.7 (Cq), 145.6 (CH), 144.5 (CH), 141.2 (CH), 141.0
(Cq), 134.5 (CH), 130.8 (CH), 127.1 (Cq), 126.4 (Cq), 124.9 (CH), 123.6 (CH), 122.6 (CH), 119.7 (CH);
MS (ESI*): m/z =525.2 [M + H]*, 263.2 [M + 2H]**.

N’2,N'7-Bis(quinolin-6-ylmethylene)-1,8-naphthyridine-2,7-dicarbohydrazide (14c):

-213 -



zg/ \§
S/

Yield 80%; white solid, m.p. > 290 °C; *H NMR (300 MHz, DMSO-ds): 6 12.56 (s, 2H), 9.07-8.74
(m, 6H), 8.52 (d, J = 8.3 Hz, 2H), 8.44 (d, J = 8.2 Hz, 2H), 8.33-8.25 (m, 4H), 8.12 (d, J = 8.9 Hz, 2H),
7.62 (dd, J = 7.6, 4.0 Hz, 2H); 3C NMR spectrum could not be obtained due to insufficient
solubility; MS (ESI*): m/z = 263.1 [M + 2H]?*.

N’2,N'9-Bis(pyridin-4-ylmethylene)-1,10-phenanthroline-2,9-dicarbohydrazide (15a):

NH HN
o 7 N\
N7 =N

Yield 77%; pale yellow solid, m.p. > 290 °C; *H NMR (300 MHz, DMF-d7): 6 12.87 (s, 2H), 9.11 (s,
2H), 8.92 (d, /= 8.3 Hz, 2H), 8.81 (d, J = 5.8 Hz, 4H), 8.67 (d, J = 8.3 Hz, 2H), 8.34 (s, 2H), 7.85 (d, J
= 5.8 Hz, 4H); NMR (75 MHz, DMF-d): 6 161.1 (Cg), 150.9 (CH), 149.8 (Cq), 147.9 (CH), 144.6 (Cy),
142.4 (Cq), 139.0 (CH), 131.5 (Cq), 128.8 (CH), 122.1 (CH), 121.6 (CH); MS (ESI*): m/z = 475.3 [M +
H]*.

N’2,N'9-Bis(quinolin-4-ylmethylene)-1,10-phenanthroline-2,9-dicarbohydrazide (15b):
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Yield 55%; pale yellow solid, m.p.>290 °C; *H NMR (300 MHz, DMSO-ds): 6 12.97 (s, 2H), 9.62 (s,
2H), 8.86-8.83 (m, 4H), 8.65 (d, J = 8.3 Hz, 2H), 8.61 (d, J = 8.2 Hz, 2H), 8.26 (s, 2H), 7.99 (d, J =
8.3 Hz, 2H), 7.81 (d, J = 4.5 Hz, 2H), 7.61-7.53 (m, 2H), 7.10-7.02 (m, 2H); 3C NMR (75 MHz,
DMSO-ds): 6 160.4 (Cq), 150.1 (CH), 149.0 (Cq), 148.1 (Cq), 147.3 (CH), 138.8 (CH), 138.1 (CH),
137.8 (Cy), 130.9 (Cy), 129.4 (CH), 129.4 (CH), 128.6 (CH), 126.9 (CH), 124.9 (CH), 124.2 (C,), 122.0
(CH), 119.6 (CH); MS (ESI*): m/z = 575.3 [M + H]*, 288.2 [M + 2H]?*".

N’2,N'9-Bis(quinolin-6-ylmethylene)-1,10-phenanthroline-2,9-dicarbohydrazide (15c):

Yield 59%; pale yellow solid, m.p. > 290 °C; 'H NMR (300 MHz, DMF-d7): 6 12.88 (s, 2H), 9.37 (s,
2H), 9.01 (dd, J=4.2, 1.5 Hz, 2H), 8.93 (d, J = 8.3 Hz, 2H), 8.69 (d, / = 8.3 Hz, 2H), 8.48 (dd, J = 8.8,
1.6 Hz, 2H), 8.34 (d, /= 7.4 Hz, 4H), 8.19 (d, J = 8.8 Hz, 2H), 8.11 (d, J = 7.9 Hz, 2H), 7.53 (dd, J =
8.3, 4.2 Hz, 2H); 3C NMR (75 MHz, DMF-d5): 6 160.8 (Cq), 151.8 (CH), 150.0 (Cq), 149.5 (Cq), 149.5
(CH), 144.5 (Cq), 138.9 (CH), 136.6 (CH), 133.6 (Cq), 131.4 (Cq), 130.4 (CH), 129.3 (CH), 128.7 (CH),
128.6 (Cq), 127.0 (CH), 122.5 (CH), 122.0 (CH); MS (ESI*): m/z = 575.3 [M + HI*, 288.2 [M + 2H]?".
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4-Formyl-1-methylpyridinium iodide (A1):1%°

The mixture of pyridine-4-carboxaldehyde (5.4 mL, 6.10 g, 56.9 mmol) and methyl iodide (7.0 mL,
15.95 g, 112.4 mmol) in DCM (20 mL) was stirred for 72 h at room temperature under argon
atmosphere. The precipitated solid was filtered and washed twice with DCM, to give A1 (13.3 g,
94%) as an orange solid. *H NMR (300 MHz, D,0): 6 8.80 (d, J = 6.5 Hz, 2H), 8.12 (d, / = 6.2 Hz,
2H), 6.21 (s, 1H), 4.39 (s, 3H); 13C NMR (75 MHz, D20): & 160.1 (C,), 146.0 (CH), 125.7 (CH), 88.2
(CH), 48.5 (CHs); MS (ESI*): m/z (%) = 140.1 (100) [M + H20]*.

General procedure for the synthesis of quaternized heterocyclic aldehydes (A2-A5): The
solution of aldehyde (10 mmol) and alkylating agent (100 mmol) in acetone (18 mL) was stirred
at 60 °C for 18 h and then cooled to room temperature. The precipitated solid was filtered,

washed twice with acetone, once with ether, and dried.

4-Formyl-1-methylquinolinium iodide (A2):

Obtained from quinoline-4-aldehyde and methyl iodide in a 77% vyield. Red solid, *H NMR (300
MHz, D20): 6 9.25 (d, J = 6.1 Hz, 1H), 8.63 (d, J = 8.4 Hz, 1H), 8.42 (d, J = 9.0 Hz, 1H), 8.24 (m, 2H),
8.04 (m, 1H), 6.87 (s, 1H), 4.66 (s, 3H); 23C NMR (75 MHz, D,0): 6 157.8 (Cq), 150.1 (CH), 139.5
(Cq), 135.9 (CH), 130.8 (CH), 127.4 (Cq), 127.1 (CH), 119.5 (CH), 118.5 (CH), 86.8 (CH), 46.3 (CH3);
MS (ESI*): m/z (%) = 190.3 (100) [M + H,0]*, 172.1 (25) [M]*.

4-Formyl-1-benzylquinolinium bromide (A3):
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Obtained from quinoline-4-aldehyde and benzyl bromide in an 81% yield. *H NMR (300 MHz,
D,0):69.39 (d, J=6.1 Hz, 1H), 8.63 (d, J = 7.9 Hz, 1H), 8.45-8.25 (m, 2H), 8.15-8.04 (m, 1H), 7.97
(m, 1H), 7.42 (s, 3H), 7.32 (s, 2H), 6.89 (s, 1H), 6.28 (s, 2H); 13C NMR (75 MHz, D,0): 6 158.7 (Cy),
149.9 (CH), 139.0 (Cq), 136.1 (CH), 133.4 (Cq), 130.8 (CH), 130.1 (CH), 129.9 (CH), 128.1 (Cq), 128.0
(CH), 127.4 (CH), 120.0 (CH), 118.7 (CH), 86.9 (CH), 61.8 (CH2); MS (ESI*): m/z (%) = 266.2 (100)
[M + H,0]*, 248.2 (6) [M]*.

6-Formyl-1-ethylquinolinium iodide (A4):

X
=

NG

Obtained from quinoline-6-aldehyde and ethyl iodide in a 73% yield. *H NMR (300 MHz, DMSO-
ds): 6 10.31 (s, 1H), 9.68 (d, J = 4.7 Hz, 1H), 9.48 (d, J = 8.3 Hz, 1H), 9.08 (d, J = 1.7 Hz, 1H), 8.79
(d, J = 9.2 Hz, 1H), 8.60 (dd, J = 9.2, 1.7 Hz, 1H), 8.31 (dd, J = 8.4, 5.8 Hz, 1H), 5.13 (q, J = 7.2 Hz,
2H), 1.62 (t, J = 7.2 Hz, 3H); 13C NMR (75 MHz, DMSO-de): 6 191.9 (Cq), 151.5 (CH), 148.7 (CH),
139.7 (Cq), 135.6 (Cq), 134.4 (CH), 132.5 (CH), 129.6 (Cq), 123.5 (CH), 120.3 (CH), 53.5 (CH,), 15.2
(CH3); MS (ESI): m/z (%) = 204.2 (8) [M + H20]*, 186.1 (100) [M]*.

6-Formyl-1-benzylquinolinium iodide (A5):
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Obtained from quinoline-6-aldehyde and benzyl bromide in an 85% yield. *H NMR (300 MHz,
DMSO-ds): 6 10.26 (s, 1H), 9.85 (d, /= 5.8 Hz, 1H), 9.58 (d, J = 8.3 Hz, 1H), 9.10 (d, J = 1.5 Hz, 1H),
8.67 (d, J =9.2 Hz, 1H), 8.54 (dd, J = 9.2, 1.7 Hz, 1H), 8.41 (dd, J = 8.4, 5.8 Hz, 1H), 7.40 (s, 5H),
6.42 (s, 2H); 3C NMR (75 MHz, DMSO-ds): 6 191.7 (Cq), 152.5 (CH), 149.6 (CH), 139.9 (Cy), 135.7
(Cq), 134.3 (CH), 133.6 (Cq), 132.8 (CH), 129.9 (CH), 129.1 (Cy), 128.8 (CH), 127.4 (CH), 123.7 (CH),
120.6 (Cq), 60.2 (CH2); MS (ESI*): m/z (%) = 266.3 (10) [M + H,0]*, 248.2 (100) [M]*.

Synthesis of cationic bis(acylhydrazones) (PyDH1, PyDH2). Method A: A mixture of
bis(acylhydrazone) precursor 12a or 12b (0.5 mmol), alkyl halogenide (75 mmol) and DMF (3 mL)
was sealed in a tube and heated at 40 °C during 18 h. After cooling to room temperature, the
precipitate was filtered and washed with DMF and diethyl ether, and dried in vacuum. The crude
product was purified by recrystallization from boiling MeCN—H,0. Note: this method gave
sufficiently pure products PyDH1 and PyDH2; however, in the case PymDH1, PymDH2, and
NaphDH2, the mono-alkylated by-product could not be removed by recrystallization. Method B

(below) was therefore preferred for the synthesis of all bis(acylhydrazones).

N’2,N’6-Bis[(1-methylpyridinium-4-yl)methylene]pyridine-2,6-dicarbohydrazide iodide

(PyDH1):
X
(0] | 7 (0} lI@l
N 2
_NH HN .
| 0
o B
/N@/ /N\

Yield 279 mg (85%). Orange powder; *H NMR (300 MHz, DMSO-ds): § 12.93 (s, 2H), 9.03 (d, J =
5.9 Hz, 4H), 8.94 (s, 2H), 8.54-8.31 (m, 7H), 4.37 (s, 6H); 3C NMR (75 MHz, DMSO-ds): & 160.3

-218 -



(Cq), 148.8 (Cq), 147.6 (Cq), 146.1 (CH), 143.8 (CH), 140.6 (CH), 126.6 (CH), 124.3 (CH), 47.7 (CH3);
MS (ESI*): m/z (%) = 402.3 (100) [M — H]*, 201.7 (41) [M]?*; purity (LC) 100%.

N’2,N’6-Bis[(1-methylquinolinium-4-yl)methylene]pyridine-2,6-dicarbohydrazide iodide
(PyDH2):
X
0) | ~Z (0] lI@‘
N 2
_NH HN.
I \
o o
@
NF =N

Yield 360 mg (95%). Orange powder; 'H NMR (300 MHz, DMSO-dg): § 13.03 (s, 2H), 9.74 (s, 2H),
9.54 (d, J = 6.3 Hz, 2H), 9.07 (d, J = 8.5 Hz, 2H), 8.66—-8.56 (m, 4H), 8.52 (d, J = 7.0 Hz, 2H), 8.48-
8.43 (m, 1H), 8.42-8.33 (m, 2H), 8.27-8.18 (m, 2H), 4.68 (s, 6H); 13C NMR (75 MHz, DMSO-ds): 6
160.1 (Cq), 149.4 (CH), 147.6 (Cq), 147.0 (Cq), 143.4 (CH), 140.7 (CH), 139.1 (Cg), 135.3 (CH), 130.5
(CH), 126.7 (CH), 126.3 (Cq), 126.0 (CH), 120.0 (CH), 119.0 (CH), 45.7 (CHs); MS (ESI*): m/z (%) =
502.3 (100) [M — H]*, 616.3 (9) [M + CF3COO]*; purity (LC) 90%.

Synthesis of cationic bis(acylhydrazones). Method B: The mixture of dicarbohydrazide L1-L4
(0.5 mmol) and quaternized aldehyde A1-A5 (1.1 mmol) in DMF (3 mL) was heated at 100 °C (80
°C for NaphDH5 and PhenDHS5) for 2 h and then cooled to room temperature. The precipitate
was collected by filtration, washed three times with MeCN, once with ether, dried and then
additionally recrystallized from MeCN/H,0. The vyields are indicated for H-NMR

spectroscopically pure material prior to the final recrystallization step.

N’2,N’6-Bis[(1-methylpyridinium-4-yl)methylene]pyridine-2,6-dicarbohydrazide iodide
(PyDH1): Yield 90%. The appearance and spectroscopic properties were identical with those
described above; purity (LC): 100%; anal. calcd. for C21H2112N702 x 2 H,0 (693.3): C 36.38, H 3.63,
N 14.14; found: C 36.03, H 3.31, N 14.05.
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N’'2,N’6-Bis[(1-methylquinolinium-4-yl)methylene]pyridine-2,6-dicarbohydrazide iodide
(PyDH2): Yield 76%. The appearance and spectroscopic properties were identical with those
described above; purity (LC): 100%; anal. calcd. for Cy9H2512N702 x 3.5 H,0 (820.4): C 42.46, H
3.93, N 11.95; found: C42.46, H 3.59, N 11.60.

N’2,N’6-Bis[(1-benzylquinolinium-4-yl)methylene]pyridine-2,6-dicarbohydrazide bromide
(PyDH3):

X

@) | N/ 0] [Br@l )

_NH HN.

) L
| AN | AN
NO_ N

Yield 93%. Yellow-orange powder; *H NMR (300 MHz, DMSO-ds): § 13.34 (s, 2H), 10.29 (s, 2H),
9.74 (d, J = 6.2 Hz, 2H), 9.06 (d, J = 8.5 Hz, 2H), 8.66 (d, J = 6.2 Hz, 2H), 8.62-8.50 (m, 4H), 8.49—
8.38 (m, 1H), 8.31-8.23 (m, 2H), 8.19-8.11 (m, 2H), 7.41 (s, 10H), 6.42 (s, 4H); 13C NMR (75 MHz,
DMSO-ds): 6 160.0 (Cq), 149.4 (CH), 148.3 (Cy), 147.8 (Cy), 143.1 (CH), 140.4 (CH), 138.2 (Cq), 135.5
(CH), 134.0 (Cq), 130.2 (Cq), 129.2 (CH), 128.9 (CH), 127.4 (CH), 127.2 (Cq), 127.0 (CH), 126.3 (CH),
120.0 (CH), 118.4 (CH), 59.9 (CH2); MS (ESI*): m/z (%) = 654.4 (34) [M — H]*, 327.8 (100) [M]?**;
purity (LC): 100%; anal. calcd. for C41H33BraNsO2 x 1.5 H,0 (842.6): C58.44,H 4.31, N 11.64; found:
C58.28, H4.28, N 11.62.

N‘2,N'6-Bis[(1-ethylquinolinium-6-yl)methylene]pyridine-2,6-dicarbohydrazide iodide (PyDH4):
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Yield 92%. Pale brown solid; *H NMR (300 MHz, DMSO-ds): 6 12.67 (s, 2H), 9.59 (d, J = 5.4 Hz, 2H),
9.38 (d, J = 8.3 Hz, 2H), 9.07 (s, 2H), 8.85 (s, 2H), 8.74 (q, J = 9.6 Hz, 4H), 8.45 (d, J = 7.1 Hz, 2H),
8.41-8.32 (m, 1H), 8.32-8.16 (m, 2H), 5.14 (q, J = 7.0 Hz, 4H), 1.66 (t, J = 7.0 Hz, 6H); 13C NMR (75
MHz, DMSO-ds): & 160.0 (Cq), 149.7 (CH), 148.0 (Cy), 147.4 (CH), 147.1 (CH), 140.3 (CH), 138.1
(Cq), 135.2 (CH), 132.3 (CH), 130.1 (Cq), 129.9 (CH), 126.0 (CH), 123.2 (CH), 120.0 (CH), 53.3 (CH),
15.3 (CHs); MS (ESI): m/z (%) = 644.3 (32) [M + CFsCOO]*, 265.8 (100) [M]?*; purity (LC): 100%;
anal. calcd. for C31H9l2N702 x 1.5 H,0 (821.5): C 45.33, H 4.05, N 11.94; found: C 45.44, H 4.11,
N 11.96.

N’2,N’6-Bis[(1-benzylquinolinium-6-yl)methylene]pyridine-2,6-dicarbohydrazide bromide
(PyDH5):

N
O N/ 0 [BIQI )

-NH HN.
N N
I I
©AN|@ /@|N/\©
= X

Yield 55%. Pale yellow solid; *H NMR (300 MHz, DMSO-d): 6 12.72 (s, 2H), 9.76 (d, J = 5.0 Hz, 2H),
9.48 (d, J = 8.3 Hz, 2H), 9.12 (s, 2H), 8.85 (s, 2H), 8.73-8.58 (m, 4H), 8.46-8.30 (m, 5H), 7.49-7.34
(m, 10H), 6.41 (s, 4H); 13C NMR (75 MHz, DMSO-ds): 6 159.9 (Cq), 150.6 (CH), 148.3 (CH), 148.1
(Cq), 146.9 (CH), 140.2 (CH), 138.3 (Cq), 135.4 (Cq), 133.8 (Cq), 132.6 (CH), 130.4 (Cq), 129.7 (CH),
129.1 (CH), 128.9 (CH), 127.5 (CH), 126.1 (CH), 123.3 (CH), 120.3 (CH), 60.0 (CH2); MS (ESI*): m/z
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(%) = 768.3 (59) [M + CF3CO0]* 327.8 (100) [M]?*; purity (LC): 99%; anal. calcd. for C41H33BraN7O;
x 1.5 H,0 (842.6): C58.44, H 4.31, N 11.64; found: C 58.74, H 4.42, N 11.56.

N’4,N'6-Bis[(1-methylpyridinium-4-yl)methylene]pyrimidine-4,6-dicarbohydrazide iodide

(PymDH1):
PN
NN
| C)
(@) Pz (0] I )
NI,NH HN\IN
o B
®
/N = /N\

Yield 97%. Yellow-orange solid; *H NMR (300 MHz, DMSO-de): 6 13.31 (s, 2H), 9.67 (s, 1H), 9.01
(d,J=6.5Hz, 4H), 8.86 (s, 2H), 8.64 (s, 1H), 8.38 (d, J = 6.4 Hz, 4H), 4.35 (s, 6H); 13C NMR (75 MHz,
DMSO-de): & 159.9 (Cq), 158.2 (Cq), 157.7 (CH), 148.6 (Cq), 146.0 (CH), 144.9 (CH), 124.5 (CH),
119.3 (CH), 47.7 (CHs); MS (ESI*): m/z (%) = 403.3 (35) [M — H]*, 202.2 (100) [M]?*; purity (LC):
100%; anal. calcd. for CaoH20l2Ng02 x H20 (676.3): C35.52, H 3.28, N 16.57; found: C 35.13, H 3.33,
N 16.29.

N’4,N’6-Bis[(1-methylquinolinium-4-yl)methylene]pyrimidine-4,6-dicarbohydrazide iodide

(PymDH2):
PN
N~ N
| ©
(0] P (0] I )
_NH HN
)i L
o B
®
/N = /N\

Yield 92%. Orange solid; *H NMR (300 MHz, DMSO-de): & 13.28 (s, 2H), 9.75 (s, 1H), 9.70 (s, 2H),
9.51 (d, J = 6.2 Hz, 2H), 8.86 (d, J = 8.4 Hz, 2H), 8.73 (s, 1H), 8.60 (d, J = 8.7 Hz, 2H), 8.52 (d, J = 6.1
Hz, 2H), 8.40-8.32 (m, 2H), 8.25-8.16 (m, 2H), 4.67 (s, 6H); 3C NMR (75 MHz, DMSO-dg): & 159.6
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(Cq), 158.0 (Cq), 157.8 (CH), 149.4 (CH), 146.7 (Cy), 144.3 (CH), 139.0 (Cy), 135.3 (CH), 130.6 (CH),
126.3 (Cq), 125.6 (CH), 120.0 (CH), 118.8 (CH), 117.0 (CH), 45.7 (CHs); MS (ESI*): m/z (%) = 503.3
(12) [M — H]*, 252.3 (100) [M]%; purity (LC): 100%; anal. calcd. for CasH24l2NgO; x 2.2 H,0 (798.0):
C 42.18, H 3.58, N 14.05; found: C 42.55, H 3.39, N 13.66.

N’2,N'6-Bis[(1-benzylquinolinium-4-yl)methylene]pyridine-2,6-dicarbohydrazide bromide

(PymDH3):
P
N AN
oA _A_o lBr@l
2

_NH HN.

N| L
| AN | AN
NE_ N

Yield 93%. Brown crystals. *H NMR (300 MHz, DMSO-ds): & 13.31 (s, 2H), 9.74 (d, J = 5.3 Hz, 5H),
8.85 (d, J = 8.7 Hz, 2H), 8.74 (s, 1H), 8.60 (dd, J = 17.3, 7.6 Hz, 4H), 8.33-8.22 (m, 2H), 8.20-8.12
(m, 2H), 7.40 (s, 10H), 6.42 (s, 4H); 13C NMR (75 MHz, DMSO-ds): & 159.7 (Cq), 158.1 (Cq), 157.8
(CH), 149.6 (CH), 147.9 (Cq), 144.3 (CH), 138.2 (Cq), 135.5 (CH), 134.0 (C4), 130.5 (CH), 129.1 (CH),
128.8 (CH), 127.2 (CH), 127.2 (Cq), 126.1 (CH), 120.1 (CH), 119.2 (CH), 117.1 (CH), 60.0 (CHz); MS
(ESI*): m/z (%) = 655.5 (12) [M — H]*, 328.4 (100) [M]?*; purity (LC): 100%; anal. calcd. for
CaoH32BraNgO, x H20 (834.6): C57.57, H4.11, N 13.43; found: C 57.43, H 4.25, N 13.62.

N’2,N'6-Bis[(1-ethylquinolinium-6-yl)methylene]pyridine-2,6-dicarbohydrazide iodide
(PymDH4):
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Yield 96%. Orange solid. *H NMR (300 MHz, DMSO-de): 6 12.93 (s, 2H), 9.65 (s, 1H), 9.57 (d, J =
5.7 Hz, 2H), 9.37 (d, J = 8.3 Hz, 2H), 9.00 (s, 2H), 8.80-8.61 (m, 7H), 8.25 (dd, J = 8.3, 5.9 Hz, 2H),
5.12 (g, J = 7.2 Hz, 4H), 1.64 (t, J = 7.2 Hz, 6H); 13C NMR (75 MHz, DMSO-ds): 6 159.4 (C,), 158.6
(CH), 149.7 (CH), 148.0 (CH), 147.5 (CH), 138.2 (Cq), 138.1 (Cq), 135.1 (Cq), 132.3 (CH), 130.1 (CH),
130.1 (Cq), 123.2 (CH), 119.9 (CH), 116.8 (CH), 53.2 (CHa), 15.3 (CH3); MS (ESI*): m/z (%) = 266.3
(100) [M]?*; purity (LC): 100%; anal. calcd. for C3oH2s12NgO2 x 3.2 H,0 (844.1): C 42.69, H 4.11, N
13.28; found: C42.34, H 3.84, N 13.25.

N’2,N'6-Bis[(1-benzylquinolinium-6-yl)methylene]pyridine-2,6-dicarbohydrazide bromide
(PymDH5):

Yield 97%. Pale-yellow solid. *H NMR (300 MHz, DMSO-ds): 6 12.91 (s, 2H), 9.74 (d, J = 5.4 Hz,
2H), 9.62 (d, J = 1.2 Hz, 1H), 9.46 (d, J = 8.3 Hz, 2H), 8.96 (s, 2H), 8.80 (s, 2H), 8.67 — 8.55 (m, 5H),
8.34 (dd, J = 8.3, 5.9 Hz, 2H), 7.47-7.37 (m, 10H), 6.39 (s, 4H); 3C NMR spectrum could not be
obtained due to insufficient solubility; MS (ESI*): m/z (%) = 769.5 (7) [M + CF3COO0]*, 328.3 (100)
[M]?*; purity (LC): 99%; anal. calcd. for CaoH32BraNgO> x 2 H,0 (852.6): C 56.35, H 4.26, N 13.14;
found: C56.09, H4.20, N 13.21.
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N’2,N'7-Bis[(1-methylpyridinium-4-yl)methylene]-1,8-naphthyridine-2,7-dicarbohydrazide
iodide (NaphDH1):

L
0 J o 2

N
| |
X | X
/N = /N\

Yield 76%. Yellow solid; *H NMR (300 MHz, DMSO-de): 6 13.14 (s, 2H), 9.01 (d, J = 6.0 Hz, 4H),
8.94 (d, J = 8.3 Hz, 2H), 8.83 (s, 2H), 8.45 (d, J = 8.3 Hz, 2H), 8.39 (d, J = 5.9 Hz, 4H), 4.36 (s, 6H);
13C NMR (75 MHz, DMSO-de): 6 161.6 (Cq), 153.5 (Cq), 152.5 (Cy), 148.9 (Cq), 146.0 (CH), 143.7
(CH), 140.4 (CH), 139.1 (Cq), 124.4 (CH), 122.1 (CH), 47.7 (CHs); MS (ESI*): m/z (%) = 453.3 (78) [M
— H]*, 227.3 (92) [M]?*; purity (LC): 100%; anal. calcd. for C2aH221:Ns0; x 0.5 H,0 (717.3): C 40.19,
H 3.23, N 15.62; found: C 40.29, H 3.47, N 15.56.

N’2,N'7-Bis[(1-methylquinolinium-4-yl)methylene]-1,8-naphthyridine-2,7-dicarbohydrazide
iodide (NaphDH2):

N X lI@IZ

— —

(@) (0]
N N
_NH HN.
) N|
X | X
/N = /N\

This compound was obtained in an analytically pure form through a reaction of 3 with 11a
performed in DMSO instead of DMF. Yield 81%. Red solid; *H NMR (300 MHz, DMSO-ds): 6 13.14
(s, 2H), 9.72 (s, 2H), 9.52 (d, /= 6.2 Hz, 2H), 8.99 (d, J = 8.3 Hz, 2H), 8.90 (d, J = 8.4 Hz, 2H), 8.68—
8.47 (m, 6H), 8.39-8.32 (m, 2H), 8.25-8.15 (m, 2H), 4.67 (s, 6H); 3C NMR spectrum could not be
obtained due to insufficient solubility; MS (ESI*): m/z (%) = 553.2 (63) [M — H]* 277.3 (100) [M]%*;
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purity (LC): 100%; anal. calcd. for C3;H26l2NgO2 x 0.6 DMSO (855.3): C 46.62, H 3.49, N 13.10;
found: C46.77, H 3.23, N 13.45.

N’2,N"7-Bis[(1-benzylquinolinium-4-yl)methylene]-1,8-naphthyridine-2,7-dicarbohydrazide
bromide (NaphDH3):

YNNI )
N

_NH HN.

) L
| AN | AN
NE_ N

Yield 90%. Yellow solid; *H NMR (300 MHz, DMSO-ds): & 13.19 (s, 2H), 9.77 (s, 4H), 9.00 (d, J =
8.3 Hz, 2H), 8.90 (d, J = 8.1 Hz, 2H), 8.66 (d, J = 6.0 Hz, 2H), 8.56 (dd, J = 16.8, 8.7 Hz, 4H), 8.32-
8.22 (m, 2H), 8.21-8.12 (m, 2H), 7.41 (s, 10H), 6.44 (s, 4H); 13C NMR (75 MHz, DMSO-de): & 161.3
(Cq), 153.2 (Cq), 152.4 (Cq), 149.6 (CH), 148.2 (Cq), 143.1 (CH), 140.6 (CH), 138.2 (Cg), 135.5 (CH),
134.1 (Cy), 130.5 (CH), 129.1 (CH), 128.8 (CH), 127.3 (CH), 127.1 (Cq), 126.1 (CH), 122.0 (CH), 120.2
(CH), 119.0 (CH), 60.0 (CH2); MS (ESI*): m/z (%) = 705.4 (50) [M — H]* 353.4 (100) [M]*; purity
(LC): 97%; anal. calcd. for C44H34BraNsO2 x 3 H,0 (920.7): C57.40, H4.38, N 12.17; found: C57.28,
H4.21,N12.11.

N’2,N"7-Bis[(1-ethylquinolinium-6-yl)methylene]-1,8-naphthyridine-2,7-dicarbohydrazide
iodide (NaphDH4):

0] = 7 @) l |@]
2
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Yield 68%. Pale brown solid; *H NMR (300 MHz, DMSO-ds): 6 12.79 (s, 2H), 9.58 (d, J = 5.9 Hz, 2H),
9.38 (d, J = 8.6 Hz, 2H), 8.99 (s, 2H), 8.93 (d, J = 8.4 Hz, 2H), 8.72 (dd, J = 20.4, 11.1 Hz, 6H), 8.45
(d,J = 8.3 Hz, 2H), 8.26 (dd, J = 8.3, 5.8 Hz, 2H), 5.13 (g, J = 7.2 Hz, 4H), 1.65 (t, J = 7.1 Hz, 6H); 13C
NMR (75 MHz, DMSO-ds): 6 161.1 (Cq), 153.8 (Cq), 152.5 (Cq), 149.6 (CH), 148.5 (Cq), 147.4 (CH),
146.8 (CH), 140.3 (CH), 138.0 (Cq), 135.3 (Cq), 132.4 (CH), 130.1 (C4), 129.9 (CH), 123.2 (CH), 121.8
(CH), 119.9 (CH), 53.3 (CH,), 15.3 (CH3); MS (ESI*): m/z (%) = 695.4 (15) [M + CFsCO0]*, 291.3 (100)
[M]?*; purity (LC): 100%; anal. calcd. for C3sH30l2NgO2 x 1.5 H,0 (863.5): C 47.29, H 3.85, N 12.98;
found: C47.44,H 4.11, N 12.95.

N’2,N'7-Bis[(1-benzylquinolinium-6-yl)methylene]-1,8-naphthyridine-2,7-dicarbohydrazide
bromide (NaphDH5):

° N/ N/ ° [B?l

-NH HN.
N N
I I
©AN|@ /@|N/\©
= 2

Yield 80%. Pale brown solid; *H NMR (300 MHz, DMSO-ds): & 12.76 (s, 2H), 9.75 (d, J = 5.6 Hz, 2H),
9.48 (d, J = 8.3 Hz, 2H), 8.98-8.85 (m, 4H), 8.80 (s, 2H), 8.63 (m, 4H), 8.43 (d, J = 8.3 Hz, 2H), 8.35
(dd, J = 8.2, 5.9 Hz, 2H), 7.41 (d, J = 6.6 Hz, 10H), 6.40 (s, 4H); 3C NMR (75 MHz, DMSO-de): &
161.1 (Cq), 153.8 (Cq), 152.6 (Cq), 150.6 (CH), 148.3 (CH), 146.7 (CH), 140.3 (CH), 138.3 (Cq), 135.5
(Cq), 133.8 (Cq), 132.7 (CH), 130.6 (Cq), 129.8 (CH), 129.2 (Cy), 128.9 (CH), 127.5 (CH), 123.3 (CH),
121.8 (CH), 120.3 (CH), 60.1 (CH2); MS (ESI*): m/z (%) = 705.4 (5) [M + CF3COO]*, 353.2 (100) [M]?*;
purity (LC): 100%; anal. calcd. for C44H34BraNsO; x H,0 (884.6): C59.74, H4.10, N 12.67; found: C
59.55,H4.44, N 12.56.

N’2,N"-Bis[(1-methylpyridinium-4-yl)methylene]-1,10-phenanthroline-2,9-dicarbohydrazide
iodide (PhenDH1):
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Yield 50%. Yellow solid; H NMR (300 MHz, DMSO-de): & 13.38 (s, 2H), 9.04 (s, 6H), 8.89 (d, J = 8.1
Hz, 2H), 8.64 (d, J = 8.0 Hz, 2H), 8.41 (d, J = 5.9 Hz, 4H), 8.32 (s, 2H), 4.41 (s, 6H), 13C NMR (75
MHz, DMSO-de): 6 161.1 (Cq), 149.3 (Cy), 148.6 (Cq), 146.0 (CH), 144.3 (CH), 143.7 (Cq), 138.9 (CH),
131.1 (Cy), 128.8 (CH), 124.4 (CH), 122.2 (CH), 47.7 (CHs); MS (ESI*): m/z (%) = 617.3 (20) [M +
CF3COO0]J* 503.3 (90) [M — H]* 252.2 (100%) [M]%*; purity (LC): 100%; anal. calcd. for CasH2al,NsO
x 4.6 H,0 (841.2): € 39.98, H 3.98, N 13.32; found: C 40.36, H 4.20, N 12.95.

N’2,N"°-Bis[(1-methylquinolinium-4-yl)methylene]-1,10-phenanthroline-2,9-dicarbohydrazide
iodide (PhenDH2):

NH HN
N
N\ ;
< 2_; z/ \; >
\® @
N % —N
/ \
Yield 78%. Dark-red solid; *H NMR (300 MHz, DMSO-de): 6 13.28 (s, 2H), 9.86 (s, 2H), 9.45 (d, J =
6.3 Hz, 2H), 8.95 (d, J = 8.3 Hz, 2H), 8.71 (d, J = 8.3 Hz, 2H), 8.56 (d, J = 6.1 Hz, 2H), 8.48-8.34 (m,
4H), 8.27 (d, /= 9.1 Hz, 2H), 7.88-7.80 (m, 2H), 7.15-7.08 (m, 2H), 4.62 (s, 6H); 3C NMR (75 MHz,
DMSO-ds): 6 160.6 (Cq), 149.3 (Cq), 148.3 (Cq), 147.3 (Cq), 143.6 (Cq), 143.5 (CH), 139.1 (CH), 138.2

(Cq), 134.6 (CH), 131.2 (Cg), 129.2 (CH), 128.8 (CH), 126.1 (C4), 125.1 (CH), 122.1 (CH), 119.2 (CH),
118.0 (CH), 45.5 (CHs); MS (ESI*): m/z (%) = 717.4 (14) [M + CF3COO]J*, 603.4 (83) [M — H]* 302.3
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(100) [M]?*; purity (LC): 100%,; anal. calcd. for C3gH2sl2NgO2 x 5.7 H20 (961.2): C 44.99, H 4.13, N
11.66; found: C 45.23, H4.52, N 11.63.

N’2,N"°-Bis[(1-benzylquinolinium-4-yl)methylene]-1,10-phenanthroline-2,9-dicarbohydrazide
bromide (PhenDH3):

N7 N\
\ N/ N= Br@l
0] 0]
NH HN,
N\ /N
o) / o\

Yield 87%. Pale brown solid; *H NMR (300 MHz, DMSO-de): & 13.34 (s, 2H), 9.94 (s, 2H), 9.76 (d, J
= 6.0 Hz, 2H), 8.96 (d, J = 8.2 Hz, 2H), 8.73 (d, J = 7.7 Hz, 4H), 8.37 (d, J = 7.9 Hz, 4H), 8.14 (d, J =
9.2 Hz, 2H), 7.65-7.30 (m, 10H), 7.09-7.00 (m, 2H), 6.84—6.79 (m, 2H), 6.35 (s, 4H); 13C NMR (75
MHz, DMSO-ds): 6 160.7 (Cq), 149.6 (CH), 148.4 (Cq), 148.2 (Cq), 143.7 (Cg), 143.2 (CH), 139.1 (CH),
137.5 (Cq), 134.3 (CH), 134.2 (Cy), 131.2 (Cq), 129.2 (CH), 128.9 (CH), 128.8 (CH), 127.3 (Cq), 126.9
(Cq), 125.7 (CH), 122.2 (CH), 119.4 (CH), 118.3 (CH), 118.3 (CH), 59.8 (CH,); MS (ESI*): m/z (%) =
755.4 (20) [M — H]* 378.4 (100) [M]?*; purity (LC): 100%; anal. calcd. for CagH3¢BraNgO2 x 3.5 H,0
(979.7): €58.85, H4.42, N 11.44; found: C58.84, H 4.30, N 11.47.

N’2,N"°-Bis[(1-ethylquinolinium-6-yl)methylene]-1,10-phenanthroline-2,9-dicarbohydrazide
iodide (PhenDH4):
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Yield 72%. Pale brown solid; 'H NMR (300 MHz, DMSO-dg): 6 13.10 (s, 2H), 9.60 (d, J = 5.6 Hz,
2H), 9.25 (s, 2H), 9.17 (d, J = 8.2 Hz, 2H), 8.89 (d, J = 8.3 Hz, 2H), 8.76 (d, J = 2.6 Hz, 6H), 8.64 (d, J
= 8.3 Hz, 2H), 8.32 (s, 2H), 8.22 (dd, J = 8.4, 5.9 Hz, 2H), 5.16 (q, J = 7.0 Hz, 4H), 1.67 (t, J = 7.1 Hz,
6H); 13C NMR (75 MHz, DMSO-ds): § 160.7 (Cq), 149.6 (CH), 149.0 (Cy), 147.3 (Cq), 147.2 (CH),
143.7 (Cq), 138.7(CH), 138.0 (Cq), 135.7 (Cq), 132.8 (CH), 130.9 (Cq), 130.1 (Cg), 129.3 (CH), 128.5
(CH), 123.2 (CH), 122.0 (CH), 120.0 (CH), 53.3 (CH2), 15.4 (CH3); MS (ESI*): m/z (%) = 745.4 (28) [M
+ CF3C0O0]* 316.2 (100) [M]?*; purity (LC): 98%; anal. calcd. for CsgH3212Ns02 x 1.5 H20 (904.5): C
50.46, H 3.79, N 12.39; found: C50.13, H3.90, N 12.41.

N’2,N"°-Bis[(1-benzylquinolinium-6-yl)methylene]-1,10-phenanthroline-2,9-dicarbohydrazide
bromide (PhenDH5):

o=
N= @I
0 0 Br
NH HN
N
\
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Yield 91%. Pale brown solid; *H NMR (300 MHz, DMSO-ds): 6 13.10 (s, 2H), 9.79 (d, J = 5.7 Hz, 2H),
9.30 (d, J = 8.3 Hz, 2H), 9.21 (s, 2H), 8.87 (d, / = 8.3 Hz, 2H), 8.81 (s, 2H), 8.76-8.65 (m, 4H), 8.63
(d, J = 8.3 Hz, 2H), 8.39-8.28 (m, 4H), 7.53-7.37 (m, 10H), 6.46 (s, 4H); 3C NMR (75 MHz, DMSO-
ds): 6 160.7 (Cg), 150.5 (CH), 149.0 (Cq), 148.1 (CH), 147.0 (CH), 143.8 (Cy), 138.7 (CH), 138.3 (Cq),
135.9 (Cq), 133.8 (Cy), 133.0 (CH), 130.9 (Cq), 130.4 (Cq), 129.5 (CH), 129.2 (CH), 128.9 (CH), 128.6
(CH), 127.6 (CH), 123.4 (CH), 122.0 (CH), 120.3 (CH), 60.1 (CH,); MS (ESI*): m/z (%) = 755.4 (5) [M
—H]* 378.4 (100) [M]?*; purity (LC): 100%; anal. calcd. for CagH36BraNsO; x 2 H,0 (952.7): C 60.51,
H 4.23, N 11.76; found: C 60.76, H 4.39, N 11.77.

RESULTS AND DISCUSSION. Part 2.

6-Formyl-1-methylquinolinium iodide (A6):

A solution of quinoline-6-aldehyde 11c (0.39 g, 2.50 mmol) and iodomethane (1.56 mL, 3.55 g,
25.0 mmol) in acetone (25 mL) was stirred at 60 °Cfor 18 h and then cooled to room temperature.
The precipitated solid was filtered, washed twice with acetone, once with ether, and dried, to
give A6 (89%) as a red solid. *H NMR (300 MHz, DMSO-ds): 6 10.31 (s, 1H), 9.64 (d, J = 5.4 Hz, 1H),
9.48 (d, J = 8.4 Hz, 1H), 9.08 (d, J = 1.4 Hz, 1H), 8.69 (d, J = 9.1 Hz, 1H), 8.61 (dd, J = 9.1, 1.7 Hz,
1H), 8.30 (dd, J = 8.4, 5.8 Hz, 1H), 4.68 (s, 3H); 13C NMR (75 MHz, DMSO-ds): & 191.9 (C), 152.3
(CH), 148.5 (CH), 140.7 (Cy), 135.7 (Cq), 134.0 (CH), 132.4 (CH), 129.1 (C4), 123.2 (CH), 120.6 (CH),
45.8 (CHs); MS (ESI*): m/z (%) = 190.2 (11) [M + H,0]*, 172.2 (100) [M]*.

Diethyl 4-(2-morpholinoethoxy)pyridine-2,6-dicarboxylate (17):
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Diethyl chelidamate 6 (2.00 g, 8.36 mmol) was dissolved in dry acetonitrile (130 mL), and 4-(2-
chloroethyl)morpholine hydrochloride (2.02 g, 10.9 mmol) and K>COs (3.47 g, 25.1 mmol) were
added. The resulting mixture was maintained under reflux for 18 h and then cooled, filtered, and
evaporated to dryness. The residue was partitioned between DCM (50 mL) and H;0 (50 mL), and
the aqueous layer was extracted with DCM (3 x 50 mL). The combined organic phases were dried
over Na;SQy, filtered through SiO; and the solvent was removed under vacuum, to give 7 (3.50 g,
79%) as a yellow viscous liquid that was used in next step without purification. *H NMR (300 MHz,
DMSO-de): 6 7.80 (s, 2H), 4.48 (q, / = 7.2 Hz, 4H), 4.28 (t, J/ = 5.5 Hz, 2H), 3.76-3.71 (m, 4H), 2.86
(t,J=5.5Hz, 2H), 2.63-2.54 (m, 4H), 1.46 (t, J = 7.1 Hz, 6H); 3C NMR (75 MHz, DMSO-ds): 6 166.3
(Cq), 164.1 (Cq), 149.7 (Cq), 114.1 (CH), 66.4 (CH2), 66.1 (CH2), 61.6 (CH2), 56.6 (CHz), 53.5 (CH>),
14.1 (CHs); MS (ESI*): m/z (%) = 114.0 (100) [4-vinylmorpholin-4-ium]*; 353.3 (32) [M + H]*.

4-(2-Morpholinoethoxy)pyridine-2,6-dicarbohydrazide (L5):

(@]
O/\/N\)
| X
(0] = O
N
_NH HN.
H,N NH,

A solution of compound 17 (1.25 g, 3.50 mmol) and hydrazine hydrate (1.40 mL, 1.40 g, 28.4
mmol) in methanol (100 mL) was heated under reflux for 18 h and then cooled to room
temperature. The precipitate was filtered, washed twice with methanol, once with ether, and
dried, to give the bis(acylhydrazide) L5 as a white solid (0.840 g, 73%) which was sufficiently pure
and employed without further purification; *H NMR (300 MHz, DMSO-ds): 6 10.58 (s, 2H), 7.59 (s,
2H), 4.61 (s, 4H), 4.31 (t, J = 5.5 Hz, 2H), 3.64-3.50 (m, 4H), 2.72 (t, J = 5.4 Hz, 2H), 2.48 (s, 4H);
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13C NMR (75 MHz, DMSO-ds): 6 166.9 (Cq), 161.7 (Cq), 150.5 (Cq), 109.7 (CH), 66.3 (CH2), 66.2
(CHy), 56.6 (CH2), 53.6 (CH2); MS (ESI*): m/z (%) = 114.2 (100) [4-vinylmorpholin-4-ium]*; 325.3
(12) [M + H]".

N'2,N'¢-Bis[(1-methylquinolinium-4-yl)methylene]-4-(2-morpholinoethoxy)pyridine-2,6-di-
carbohydrazide iodide (A2-L4-A2):

O/\/N\)

| N
O N/ O
N,NH HN\N
| X | | | X
/g = /g\

4-[2-(Morpholin-4-yl)ethoxy]pyridine-2,6-dicarbohydrazide L5 (162 mg, 0.5 mmol) and 4-formyl-
1-methylquinolinium iodide A2 (329 mg, 1.1 mmol) were mixed in DMF (2 ml) and the reaction
mixture was stirred for 2 hours at 100 °C, then cooled and filtered. The collected product was
recrystallized from MeCN/H20 (1:1 v/v) and dried in vacuo over P,0s, to give A2-L4-A2 (154 mg,
41%) as a red solid; m.p. (decomp.) 212 °C; *H NMR (300 MHz, DMSO-dg): 6 12.95 (s, 2H), 9.80 (s,
2H), 9.53 (d, J = 6.2 Hz, 2H), 9.06 (d, J = 8.4 Hz, 2H), 8.61 (d, J = 8.9 Hz, 2H), 8.56 (d, J = 6.1 Hz, 2H),
8.43-8.31 (m, 2H), 8.26-8.14 (m, 2H), 7.95 (s, 2H), 4.68 (s, 6H), 4.48 (s, 2H), 3.61 (s, 4H), 2.81 (s,
2H), 2.53 (s, 4H); 13C NMR (75 MHz, DMSO-ds): & 167.6 (Cg), 159.9 (Cq), 149.6 (Cy), 149.4 (CH),
147.0 (Cq), 143.4 (CH), 139.0 (Cq), 135.3 (CH), 130.4 (CH), 126.3 (Cq), 125.9 (CH), 120.0 (CH), 118.9
(CH), 112.6 (CH), 66.9 (CH,), 66.2 (CHa), 56.6 (CHa), 53.5 (CH2), 45.7 (CHs); MS (ESI*): m/z (%) =
631.4 (15) [M - H]*, 316.3 [M]**, 169.2 (100) [4-cyano-1-methylquinolinium]*; anal. calcd. for
CasH36l2Ng04 x 0.7 H,0 (899.13): C46.75, H 4.19, N 12.46; found: C 46.74, H 3.98, N 12.46.

N’2,N'¢-Bis[4-(4-methylpiperazin-1-yl)benzylidene]pyridine-2,6-dicarbohydrazide (A8-L1-A8):
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A mixture of pyridine-2,6-dicarbohydrazide L1 (108 mg, 0.550 mmol) and 4-(4-
methylpiperazino)benzaldehyde A8 (283 mg, 1.38 mmol) in i-PrOH (4.0 mL) was heated for 18 h
at 100 °C and then cooled to room tempetature. The solvent was removed in vacuo, and the
product was recrystallized from THF/Et,0, to give A8-L1-A8 (218 mg, 69%) as a yellow solid; *H
NMR (300 MHz, DMSO-de): & 12.15 (s, 2H), 8.63 (s, 2H), 8.39-8.19 (m, 3H), 7.66 (d, J = 8.7 Hz, 4H),
7.03 (d, J = 8.8 Hz, 4H), 3.30-3.22 (m, 8H), 2.45 (s, 8H), 2.22 (s, 6H); 33C NMR (75 MHz, DMSO-db):
6 159.1 (Cq), 152.4 (Cq), 150.6 (CH), 148.5 (Cq), 139.9 (CH), 128.6 (CH), 125.2 (CH), 123.7 (Cy),
114.5 (CH), 54.4 (CH,), 47.1 (CH,), 45.8 (CHs); MS (ESI*): m/z (%) = 568.6 (14) [M + H]*; 284.9 (100)
[M + 2 H]?*; anal. calcd. for C31H37NgO, x 1.2 H,0 (589.3): € 63.18, H 6.74, N 21.39; found: C 63.18,
H6.51, N 21.25.

General procedure of synthesis of amides 21a—b:

In a 250 mL round-bottom flask, 4-chloropyridine-2,6-dicarboxylic acid (543 mg, 3.00 mmol) was
dissolved in a 9:1 (v/v) DCM / DMF mixture (30 mL). A corresponding amine (476 mg, 3.30 mmol),
HOBt (53 mg, 0.4 mmol), and EDCI x HCI (719 mg, 8.99 mmol) were added and the mixture was
stirred at RT overnight. The completion of the reaction was checked by TLC. When the spot of
starting material disappeared, the solution was washed with aqueous NaHCOs solution, water,
aqueous HCI (0.05 M), water, brine, and concentrated in vacuo. EtOAc was added to the resulting

viscous liquid and desired product was collected by filtration.

Methyl 6-[(quinolin-6-yl)carbamoyl]pyridine-2-carboxylate (21a):

-234-



NS
N° "COOMe

Yield: 645 mg (70%). Pale solid; *H NMR (300 MHz, DMSO-de): 6 10.70 (s, 1H), 8.83 (d, J = 2.8 Hz,
1H), 8.58 (d, J = 1.7 Hz, 1H), 8.44-8.31 (m, 2H), 8.31-8.21 (m, 2H), 8.14 (dd, J = 9.1, 2.1 Hz, 1H),
8.03 (d, J = 9.1 Hz, 1H), 7.52 (dd, J = 8.3, 4.2 Hz, 1H), 3.98 (s, 3H); 3C NMR (75 MHz, DMSO-ds): &
164.7 (Cq), 162.5 (Cq), 150.4 (Cq), 149.5 (CH), 146.7 (CH), 145.1 (Cq), 139.7 (CH), 135.9 (CH), 135.7
(CH), 129.5 (CH), 128.2 (CH), 127.6 (CH), 125.8 (CH), 124.2 (CH), 121.9 (CH), 116.6 (CH), 52.8 (CH3);
MS (ESI*): m/z (%) = 308.3 (100) [M + H]*.

Methyl 6-{[4-(4-methylpiperazin-1-yl)phenyl]carbamoyl}pyridine-2-carboxylate (21b):

]
0N SN >cooMe
o
y

Me/N\)

Yield 776 mg (73%). Yellow solid; *H NMR (300 MHz, CDCl3): 6 9.98 (s, 1H), 8.48 (dd, /= 7.8, 0.9
Hz, 1H), 8.25 (dd, J = 7.8, 0.9 Hz, 1H), 8.13-8.00 (m, 1H), 7.71 (d, J = 8.9 Hz, 2H), 6.96 (d, J = 9.0
Hz, 2H), 4.04 (s, 3H), 3.32-3.10 (m, 4H), 2.71-2.48 (m, 4H), 2.36 (s, 3H); 13C NMR (75 MHz, CDCl3):
8 165.1 (Cq), 161.0 (Cq), 150.6 (Cq), 148.5 (Cq), 146.5 (Cq), 138.9 (CH), 130.1 (Cq), 127.4 (CH), 125.6
(CH), 121.4 (CH), 116.6 (CH), 55.2 (CH>), 53.1 (CHs), 49.5 (CH), 46.3 (CH3); MS (ESI*): m/z (%) =
355.4 (100) [M + H]*.

6-[6-(methoxycarbonyl)pyridine-2-amido]-1-methylquinolin-1-ium iodide (22a):
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Compound 21a (386 mg, 1.26 mmol) was dissolved in CHCIs (25 mL). lodomethane (1.79 mL, 4.07
g, 28.7 mmol) was added and the mixture was stirred in sealed tube at 61 °C for 18 h. The
precipitate was filtered, washed twice with acetone and dried in vacuo, to give 22a (500 mg, 89%)
as a yellow solid; *H NMR (300 MHz, DMSO-ds): 6 11.17 (s, 1H), 9.39 (d, J = 5.6 Hz, 1H), 9.27 (d, J
= 8.4 Hz, 1H), 9.07 (d, J = 2.0 Hz, 1H), 8.67-8.53 (m, 2H), 8.44-8.36 (m, 1H), 8.36-8.29 (m, 2H),
8.13 (dd, J = 8.4, 5.8 Hz, 1H), 4.63 (s, 3H), 3.99 (s, 3H); 13C NMR (75 MHz, DMSO-de): 6 164.7 (Cy),
163.7 (Cq), 150.1 (Cq), 148.5 (CH), 146.9 (Cq), 146.4 (CH), 139.9 (CH), 139.0 (Cq), 135.3 (Cy), 130.1
(Cq), 129.6 (CH), 128.0 (CH), 126.2 (CH), 122.4 (CH), 120.1 (CH), 117.7 (CH), 52.9 (CH3), 45.3 (CH3);
MS (ESI*): m/z (%) = 322.3 (100) [M + H]*.

General procedure of synthesis of acylhydrazides 23a—b:

Hydrazine hydrate (0.45 mL, 463 mg, 50.1 mmol) was added to a solution of 22a or 21b (0.42
mmol) in MeOH (10 mL). After stirring for 3 h at room temperature the resulting precipitate was

filtered, washed with MeOH, acetone and dried in vacuo.

6-[6-(Hydrazinecarbonyl)pyridine-2-amido]-1-methylquinolin-1-ium iodide (23a):

Yield 170 mg (90%). Pale solid; *H NMR (300 MHz, DMSO-ds): 6 11.43 (s, 1H), 10.79 (s, 1H), 9.41

(d, J =5.9 Hz, 1H), 9.31 (d, J = 8.3 Hz, 1H), 9.04 (s, 1H), 8.63 (s, 2H), 8.40 (dd, J = 6.5, 2.2 Hz, 1H),

8.36-8.22 (m, 2H), 8.16 (dd, J = 8.2, 5.7 Hz, 1H), 4.76 (s, 2H), 4.65 (s, 3H); 3C NMR (75 MHz,
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DMSO-de): 6 162.6 (Cq), 162.1 (Cq), 148.7 (Cq), 148.6 (CH), 147.8 (C,), 146.4 (CH), 140.0 (CH), 138.8
(Cq), 135.4 (Cq), 130.1 (Cg), 129.8 (CH), 125.2 (CH), 125.0 (CH), 122.4 (CH), 120.1 (CH), 118.3 (CH),
45.3 (CHs); MS (ESI*): m/z (%) = 322.3 (100) [M + H]*.

6-(Hydrazinecarbonyl)-N-[4-(4-methylpiperazin-1-yl)phenyl]pyridine-2-carboxamide (23b):

=

|
SRR NP N

NH HN.
/©/ .
N

Me/N\/)

Yield 141 mg (95%). Yellow solid; *H NMR (300 MHz, DMSO-ds): & 10.78 (s, 1H), 10.75 (s, 1H),
8.33-8.13 (m, 3H), 7.65 (d, J = 9.0 Hz, 2H), 6.98 (d, J = 9.1 Hz, 2H), 4.69 (s, 2H), 3.15-3.06 (m, 4H),
2.48-2.41 (m, 4H), 2.22 (s, 3H); 13C NMR (75 MHz, DMSO-ds): 6 162.2 (Cg), 161.2 (Cg), 149.0 (Cy),
148.5 (Cy), 148.0 (Cg), 139.6 (CH), 129.6 (Cy), 124.4 (CH), 124.3 (CH), 122.4 (CH), 115.4 (CH), 54.6
(CH2), 48.3 (CH2), 45.8 (CHs); MS (ESI*): m/z (%) = 355.4 (100) [M + H]".

General procedure for the synthesis of compounds 24a and 24b:

A mixture of acylhydrazide 23a or 23b (0.25 mmol), aldehyde A8 or A2, respectively (0.75 mmol),
and a catalytic amount of AcOH (10 pL) in n-PrOH (4 ml) was heated at reflux for 18 h. The
precipitate was collected by filtration, washed with MeOH, acetone, and recrystallized from

MeCN / H20 (1:1 v/v).

1-Methyl-6-(6-{N'-[4-(4-methylpiperazin-1-yl)benzylidene]hydrazinecarbonyl}pyridine-2-

amido)quinolin-1-ium iodide (24a):
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Yield 40 mg (22%). Orange solid; m.p. (decomp.) 172 °C; *H NMR (300 MHz, DMSO-ds): 6 12.30
(s, 1H), 11.49 (s, 1H), 9.41 (d, J = 5.8 Hz, 1H), 9.33 (d, J = 8.3 Hz, 1H), 9.15 (s, 1H), 8.75-8.59 (m,
3H), 8.50-8.30 (m, 3H), 8.16 (dd, J = 8.4, 5.9 Hz, 1H), 7.68 (d, J = 8.5 Hz, 2H), 7.06 (d, J = 8.7 Hz,
2H), 4.65 (s, 3H), 2.30 (s, 3H); 13C NMR (75 MHz, DMSO-ds): & 162.6 (Cq), 159.0 (Cq), 152.2 (CH),
150.7 (CH), 148.7 (Cq), 148.6 (Cq), 148.0 (Cq), 146.5 (CH), 140.2 (CH), 138.9 (Cq), 135.9 (Cy), 130.1
(Cq), 129.8 (CH), 128.6 (CH), 125.9 (CH), 125.5 (CH), 123.8 (Cg), 122.4 (CH), 120.2 (CH), 117.8 (CH),
114.6 (CH), 54.2 (CH.), 46.8 (CHa), 45.4 (CH3), 45.3 (CH3); MS (ESI*): m/z (%) = 508.5 (15) [M + H]*,
254.9 (100) [M]?*; anal. calcd. for Ca9H30IN702 x 2 H20 x 0.5 CH3COOH (701.6): C 51.36, H 5.17, N
13.98; found: C51.26, H4.89, N 13.72.

N2-[(1-Methylquinolinium-4-yl)methylene]-6-{[4-(4-methylpiperazin-1-yl)phenyl]carbamoyl}-
pyridine-2-carbohydrazide iodide (24b):

7

) N )

/O/NH HN.
I
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Me/N\) /N\Me

Yield 78 mg (49%). Orange solid; m.p. (decomp.) 270 °C; *H NMR (300 MHz, DMSO-de): 6 13.16
(s, 1H), 10.75 (s, 1H), 9.58 (s, 1H), 9.53 (d, J = 5.7 Hz, 1H), 9.04 (d, J = 8.4 Hz, 1H), 8.60 (d, J = 8.8
Hz, 1H), 8.55 (d, J = 5.9 Hz, 1H), 8.45 (d, J = 7.1 Hz, 2H), 8.41 — 8.31 (m, 2H), 8.21 (dd, J = 7.5, 7.2
Hz, 1H), 7.85 (d, J = 8.3 Hz, 2H), 7.12 (d, J = 8.4 Hz, 2H), 4.67 (s, 3H), 3.90-3.00 (m, 4H), 2.85 (s,
3H), 2.67-2.32 (m, 4H); 13C NMR (75 MHz, DMSO-ds): 6 161.0 (Cg), 160.5 (Cq), 149.4 (CH), 149.2

(Cq), 147.4 (Cq), 147.1 (Cq), 146.6 (Cq), 143.3 (CH), 140.3 (CH), 139.0 (Cq), 135.2 (CH), 130.6 (Cq),
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130.5 (CH), 126.2 (Cg), 126.1 (CH), 125.9 (CH), 125.8 (CH), 122.2 (CH), 120.0 (CH), 119.4 (CH),
116.2 (CH), 52.6 (CHz), 46.1 (CH,), 45.7 (CHs), 42.5 (CHz); MS (ESI*): m/z (%) = 508.4 (100) [M +
H]*, 254.8 (20) [M]%*; anal. calcd. for CasH3olN7O; x HI x H20 x 0.3 CHsCOOH (799.4): C 44.47, H
4.31, N 12.26; found: C 44.66, H 4.43, N 12.18.

RESULTS AND DISCUSSION. Part 3.

General Procedure for the Synthesis of Aldehydes:

General Procedure for the Synthesis of Quaternized Heterocyclic Aldehydes (b—i). The solution
of aldehyde (10 mmol) and alkylating agent (100 mmol) in acetone (18 mL) was stirred at 60 °C
for 18 h and then cooled to room temperature. The precipitated solid was filtered, washed twice

with acetone, once with ether, and dried.

1-(cyclopropylmethyl)-4-formylquinolin-1-ium bromide (A9):

Obtained from quinoline-4-aldehyde (1.2 mmol) and cyclopropylmethyl bromide (24 mmol) in a
12% yield. White solid, 'H NMR (300 MHz, D,0) § 9.44 (d, J = 6.1 Hz, 1H), 8.65 (d, J = 8.7 Hz, 1H),
8.55 (d, J = 9.0 Hz, 1H), 8.36 — 8.18 (m, 2H), 8.04 (t, J = 7.8 Hz, 1H), 6.88 (s, 1H), 4.89 (d, J = 7.2 Hz,
3H), 1.72 - 1.49 (m, 1H), 0.83 (dd, J = 9.0, 6.0 Hz, 2H), 0.63 (dd, J = 9.0, 6.0 Hz, 2H);
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3-Formyl-1-methylquinolinium iodide (A10):

0]
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Obtained from quinoline-3-aldehyde (5 mmol) and methyl iodide (100 mmol) in a 86% vyield.
Orange solid, *H NMR (300 MHz, DMSO- ds): 6 10.28 (s, 1H), 10.00 (s, 1H), 9.82 (s, 1H), 8.69 (d, J
= 7.5 Hz, 1H), 8.60 (d, J = 8.8 Hz, 1H), 8.49 — 8.39 (m, 1H), 8.18 (m, 1H), 4.73 (s, 3H); 13C NMR (75
MHz, DMSO- dg): 6 189.9 (CO), 149.9 (CH), 148.7 (CH), 139.6 (Cq), 137.9 (CH), 132.2 (CH), 130.9
(CH), 128.91 (s), 128.46 (s), 119.7 (CH), 45.7 (CH3).

4-formyl-1-methylquinolin-1-ium iodide (A11):

To the solution of 2-quinolinecarbaldehyde 11e (785.8 mg, 5 mmol) in acetone (9 ml) Mel (3.1
ml, 50 mmol) was added and the mixture was stirred at 60 °C for 18 h. No precipitate was
identified, so the mixture was additionally stirred at 60 °C for 2 days and the solvent was removed
in vacuo. Yield: 160 mg (53%). *H NMR (300 MHz, DMSO- de): § 10.61 (s, 1H), 9.44 (d, J = 8.4 Hz,
1H), 8.76 (d, J = 9.2 Hz, 1H), 8.54 (t, J = 9.2 Hz, 2H), 8.40 (t, J = 7.8 Hz, 1H), 8.16 (t, J = 7.5 Hz, 1H),
4.85 (s, 3H).

1,3-dimethyl-1H-1,3-benzodiazol-3-ium iodide (28):

/

N®
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N

\

The solution of 1-methyl-1H-benzoimidazole-2-carbaldehyde 27 (80 mg, 0.5 mmol) and

iodomethane (6.1 mmol, 0.4 ml) in DCM (2 ml) was stirred 72 hours at r.t. The solvent was
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removed in vacuo. Yield: 80 mg (58%), yellow solid. *H NMR (300 MHz, DMSO- ds): 6 8.03 — 7.84
(m, 2H), 7.81 — 7.59 (m, 2H), 6.51 (s, 1H), 4.14 (s, 3H), 3.73 (s, 3H).

2-formyl-3-methyl-1,3-benzothiazol-3-ium tetrafluoroboranuide (A13):

[/ ©

N®  BF4
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N o

The mixture of of 1-methyl-1H-benzoimidazole-2-carbaldehyde 27 (160.2 mg, 1 mmol) and
trimethyloxonium tetrafluoroborate (177.5 mg, 1.2 mmol) was stirred 62 h at room temperature.
No precipitate occured so temperature was raised to 60 °C. After 18 h no precipitate. The color
of solution didn't chande (yellow). Temperature was raised to 80 °C. The TLC showes only small
amount of starting material. The solvent was evaporated, the precipetate was washed with
EtOAc (twice), DCM (twice). Yield: 73 mg (28%). *H NMR (300 MHz, D,0) 6 7.87 (dd, J = 6.3, 3.2
Hz, 2H), 7.71 (dd, J = 6.3, 3.2 Hz, 2H), 6.75 (s, 1H), 4.18 (s, 6H).

9-formyl-10-methylacridin-10-ium iodide (A14):

Method 1. Acridine-9-carbaldehyde 26 (0.42 g, 2 mmol) was stirred with Mel (1.25 ml, 20 mmol)

in acetone at 60 °C for 72 hours. No reaction occurred.

Method 2. A mixture of (62.2 mg, 0.3 mmol) of acridine-9-carboxaldehyde 26, (83.3 mg, 0.45
mmol) of methyl p-toluenesulfonate and 5 ml of acetone was heated at 60 °C under stirring for

12 hours. No reaction occurred.

Method 3. A mixture of (62.2 mg, 0.3 mmol) of acridine-9-carboxaldehyde 26, (83.3 mg, 0.45
mmol) of methyl p-toluenesulfonate and 5 ml of toluene was heated at 110 °C under stirring for

12 hours. After cooling to room temperature, the mixture is decanted from the resinous product;
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the residue is washed hot with tert-butyl methyl ether and dried in vacuum over sulfuric acid. 46
mg (39 %) of solid. In LC/MS methylated acid. NMR: no pick of aldehyde or hem-diole. The heating

of the mixture for 72 hours at 10 °C led to decarbonilation product.

Method 4. To the solution of acridine-9-carbaldehyde (30 mg, 0.14 mmol) in DCM methyl triflate
(0.02 ml, 0.18 mmol) was added. The mixture was stirred at room temperature 18 h. Red

precipitate was filtered. The product was not identified.

Method 5. 9-Formylacridine (20 mg, 0.10 mmol) was heated in a sealed tube at 100° with
dimethyl sulfate (0.4 ml, 4.8 mmol) for 15 min. The solution was cooled and the precipitate was
filtered. After recrystallization from Et20/MeCN the product contained still at least 15% of the
starting material. 'H NMR (300 MHz, D20) 6 11.38 (s, 1H), 9.05 (d, J = 8.9 Hz, 2H), 8.52 (d, /=9.4
Hz, 2H), 8.33 — 8.16 (m, 2H), 7.92 (dd, J = 17.5, 10.3 Hz, 3H), 7.58 (s, 1H).

1-(cyclohexylmethyl)-4-formylquinolin-1-ium bromide (A15):

4-Quinolinecarbaldehyde 11b (157.2 mg, 1 mmol) was dissolved in 1 mL of acetonitrile. One
molar equivalent of (boromomethyl)cyclohexane (177.1 mg) was dissolved in 1 mL of acetonitrile
and added to the dissolved 4-quinolinecarbaldehyde. The reaction was fitted with a reflux
condenser and left to stir at 70 °C for 72 hours, then rotary evaporated under reduced pressure
to remove the solvent. The resultant yellow liquid was dissolved in water and the unreacted alkyl
halide formed a separate phase at the bottom of the flask that was removed by pipette. The
solution was then rotary evaporated under reduced pressure to remove the residual water. H
NMR (300 MHz, CDCl3) 6 10.53 (s, 1H), 9.22 (d, J = 4.2 Hz, 1H), 9.13 - 8.95 (m, 1H), 8.23 (d, /=8.3
Hz, 1H), 7.91-7.69 (m, 3H), 3.28 (d, J = 6.3 Hz, 0.5H), 1.96 — 0.79 (m, 5H).
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4-(dimethoxymethyl)quinoline (30):

To a solution of aldehyde 11b (1.04 g, 6.6 mmol) in MeOH (65 mL) was added CH(OMe)3 (3.54 g,
33.4 mmol, 3.65 ml) and pTsOH*H20 (0.6 g, 3.3 mmol), followed by refluxing for 24 h. The
reaction mixture was evaporated in vacuo and to the resulting residue EtOAc (150 ml) and
aqueous NaHCOs (75 ml) were added. Organic layer was separated and washed with water (75
mL) then brine, dried over anhydrous Na;SO4, and evaporated in vacuo resultin giving yellow
liquid and a little amont of residue. The product was dissolved in cyclohexane and filtered
through SiO2. Cyclohexne was removed in vacuo. Yellow liquid. Yield 1.2 g (90%), 'H NMR (300
MHz, CDCls) 6 8.94 (d, J = 4.4 Hz, 1H), 8.25 (d, J = 8.4 Hz, 1H), 8.14 (d, / = 8.4 Hz, 1H), 7.80 - 7.67
(m, 1H), 7.67 = 7.51 (m, 2H), 5.95 (s, 1H), 3.37 (s, 6H).

1-(cyclohexylmethyl)-4-(dimethoxymethyl)quinolin-1-ium bromide (31):

0.0

To a solution of 4-(dimethoxymethyl)quinoline 30 (214 mg, 1.05 mmol) in DMSO (3 ml)
cyclohexylmethyl bromide (0.16 ml, 1.16 mmol) was added. The reaction was stirred 48 hours at

room temperature. No desired product was identified.

4-formyl-1-(3-methoxypropyl)pyridin-1-ium (A16):
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OMe

Pyridine-4-carbaldehyde 11a (94.1 ul, 1.00 mmol) and methyl 4-bromobutyrate (284 pul, 2.25
mmol) were stirred 18 hour at 60 °C in acetone. A17 was not identified in the obtained mixture

of products.

1-[(4-formylphenyl)methyl]-piridinium bromide (A17):

0]

N

Obtained from 4-bromomethylbenzaldehyde (2.5 mmol, 0.50 g) and pyridine (55 mmol, 4.35 g,
4.45 ml). Yield: 0.60 g (86%). White solid, *H NMR (300 MHz, DMSO- ds) 6 10.03 (s, 1H), 9.25 (d,
J=5.2 Hz, 2H), 8.72-8.60 (m, 1H), 8.27-8.15 (m, 2H), 7.98 (d, J = 7.6 Hz, 2H), 7.71 (d, J = 7.3 Hz,
2H), 6.01 (s, 2H); 13C NMR (75 MHz, DMSO-de): 6 192.7 (Cq), 146.3 (CH), 145.1 (CH), 140.4 (Cy),
136.5 (Cq), 130.1 (CH), 129.3 (CH), 128.6 (CH), 62.6 (CH>).

Oxalyl dihydrazide (G, L6):

e} H

HN\NHZ
HoN~
NN
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Oxalyl dihydrazide was prepared by reacting diethyloxalate (3.22 g, 22 mmol, 3 mL) and hydrazine
hydrate (1.99 g, 62.2 mmol, 2 mL) in ethanol (100 ml) at room temperature under stirring for 30
min. The precipitate was filtered and recrystallized from H;0 in order to obtain white crystallic

product. Yield: 2.25 g (87%). *H NMR (300 MHz, DMSO-ds): 6 9.93 (s, 2H), 4.47 (s, 4H);

Dimethyl pyrazine-2,6-dicarboxylate (35):

A solution of 2,6-dimethylpyrazine 34 (2.4 g, 22.3 mmol) in pyridine/H20 (10:1) (50 mL) was
treated with solid SeO; (11.1 g, 100.2 mmol) and the resulting suspension was refluxed for 18
hours. The resulting dark red-brown mixture was evaporated to dryness under reduced pressure.
H,0 (80 mL) was added and the solid elemental selenium was filtered off. After evaporation of
the red solution to dryness, the resulting dark red brown solid was taken up in MeOH (50 mL),
treated with SOCI; (1.2 mL) and refluxed for 8 hours. The resulting suspension was filtered whilst
hot and the solid was washed with DCM (5x20 mL). The combined organic layers were reduced
in volume in vacuo to give the product in the form of pale yellow-orange feathery crystals. 'H

NMR (300 MHz, DMSO) & 9.40 (s, 2H), 3.96 (s, 6H).

Pyrazine-2,6-dicarbohydrazide (C, L11):

N
| AN
=
_NH HN.
H5oN NH»>

Pyrazine-2,6-dicarbohydrazide (C) was prepared from 2.5 mmol 2,6-dimethyl pyrazine-2,6-
dicarboxylate (490.4 mg) and hydrazine hydrate by the same procedure as for L1-L4. Yield: 340
mg (69%). *H NMR (300 MHz, DMSO-de): 6 10.63 (s, 2H), 9.27 (s, 2H), 4.72 (s, 4H); 13C NMR (75
MHz, DMSO-ds): & 160.7 (Cy), 144.9 (CH), 142.2 (Cq); MS (ESI*): m/z (%) = 197.2 (100) [M + H]".
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Chelidamic acid dihydrazide (L12):

To the solution of 2,6-diethyl 4-hydroxypyridine-2,6-dicarboxylate (478.4 mg, 2 mmol) in 150 ml
of ethanol hydrazine hydrate (2.14 ml) was added. The mixture was stirred 18 h at 78 °C and then
cooled to r.t. White precipitate was filtered, washed with ethanol then diethyl ether and dried in
vacuum over P,0s. Yield: 349 mg (83%). *H NMR (300 MHz, DMSO) & 10.44 (s, 2H), 7.33 (s, 2H),
4.52 (s, 4H).

Synthesis of “ready-to-screen” solutions: 9 mM solutions of building blocks Lx and Ay were
added in mixture DMSO — acetic acid. The final concentrations of reagent are the following (Lx)
=2 mM; c (Ly) = 4.2 mM; c(AcOH) = 1 M. The resulting solutions were heated 48 hours in the
oven without mixing. When solutions were cooled to r.t., they were analyzed using LC/MS. The

peak integration gave the value of purity (and therefore, the yield) of the product.

Synthesis of ‘hits’: The mixture of dicarbohydrazide A, C or E (0.5 mmol) and quaternized
aldehyde b, f ori (1.1 mmol) in DMF (2.5 mL) was heated at 100 °C for 2 h and then cooled to
room temperature. The precipitate was collected by filtration, washed three times with MeCN,
once with ether, dried and then additionally recrystallized from MeCN/H;0. The vyields are

indicated for *H-NMR spectroscopically pure material prior to the final recrystallization step.

N’2,N’6-Bis[(1-methylquinolinium-4-yl)methylene]pyrazine-2,6-dicarbohydrazide iodide (3Cb,
OR189):
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N~ . N__

Yield 89%. Red solid, m.p. (decomp.) 277 °C; *H NMR (300 MHz, DMSO-ds): 6 13.00 (s, 2H), 9.84
(s, 2H), 9.60 (s, 2H), 9.55 (d, J = 6.2 Hz, 2H), 9.05 (d, J = 8.4 Hz, 2H), 8.60 (d, J = 8.9 Hz, 2H), 8.54
(d, J = 6.1 Hz, 2H), 8.40-8.30 (m, 2H), 8.22—8.12 (m, 2H), 4.69 (s, 6H).; 13C NMR (75 MHz, DMSO-
de): 6 159.3 (Cq), 149.4 (CH), 147.4 (CH), 146.8 (Cq), 143.7 (CH), 141.8 (Cq), 139.0 (Cq), 135.3 (CH),
130.5 (CH), 126.3 (Cq), 125.9 (CH), 120.0 (CH), 119.1 (CH), 45.7 (CHs); MS (ESI*): m/z (%) = 503.3
(10%) [M - H]*, 335.2 (15%) [M - 4-cyano-1-methylquinolinium]*, 252.3 [M]?*, 169.2 (100%) [4-
cyano-1-methylquinolinium]*; purity (LC): 99%; anal. calcd. for C2gH2412NgO; x 2.5 H,0 (803.39): C
41.86, H 3.64, N 13.95; found: C41.82, H 3.30, N 13.85.

N’2,N’9-Bis[(1-methylquinolinium-6-yl)methylene]-1,10-phenanthroline-2,9-dicarbohydrazide
iodide (3Ef, OR192):

NN
/
\ /N
0]
/NH
N
\
21"
e
—N H20
\

3.5 excess of aldehyde, 110 °C (because monoacylhydrazone precipitate) Yellow solid, m.p. >290
°C; 'H NMR (300 MHz, DMSO-dg): 6 13.10 (s, 2H), 9.55 (d, J = 5.7 Hz, 2H), 9.25 (s, 2H), 9.15 (d, J =
8.3 Hz, 2H), 8.89 (d, J = 8.3 Hz, 2H), 8.74 (d, J = 8.3 Hz, 4H), 8.64 (d, J = 8.4 Hz, 4H), 8.32 (s, 2H),
8.23-8.13 (m, 2H), 4.70 (s, 6H); 13C NMR (75 MHz, DMSO-ds): 6 160.7 (Cg), 150.4 (CH), 149.0 (Cy),
147.4 (CH), 147.1 (CH), 143.7 (Cq), 139.1 (Cq), 138.8 (CH), 135.7 (Cq), 132.7 (CH), 130.9 (Cq), 129.6
(Cq), 128.9 (CH), 128.5 (CH), 122.9 (CH), 122.0 (CH), 120.3 (CH), 45.7 (CHs); MS (ESI*): m/z (%) =
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302.3 (100) [M]?*; purity (LC): 99%; anal. calcd. for C3gH28BraNgO2 x 3 H,0 (912.51): C 47.38, H
3.76, N 12.28; found: C47.16, H 3.59, N 11.91.

N’2,N'9-Bis[(1-[(phenyl-4-yl)-methyl]-piridinium)methylene]-1,10-phenanthroline-2,9-
dicarbohydrazide bromide (3Ei, OR180):

_N
®
NBFa

Yield 47%. Pale solid, m.p. (decomp.) 257 °C; *H NMR (300 MHz, DMSO-dg): § 12.79 (s, 2H), 9.44
(d, J = 5.8 Hz, 4H), 8.95 (s, 2H), 8.81 (d, J = 8.3 Hz, 2H), 8.69 (t, J = 7.7 Hz, 2H), 8.56 (d, J = 8.3 Hz,
2H), 8.31-8.18 (m, 6H), 7.86 (d, J = 8.1 Hz, 4H), 7.79 (d, J = 8.1 Hz, 4H), 6.07 (s, 4H); 3C NMR (75
MHz, DMSO-ds): 6 160.3 (Cq), 149.1 (CH), 149.1 (Cq), 146.2 (CH), 145.0 (CH), 143.7 (Cq), 138.6
(CH), 136.1 (Cq), 135.3 (Cq), 130.8 (Cq), 129.6 (CH), 128.6 (CH), 128.4 (CH), 127.9 (CH), 121.8 (CH),
62.8 (CH2); MS (ESI*): m/z (%) = 657.3 (5%) [M + H]*, 116.1 (100%) [5-cyano-2-methylbenzene-1-
ylium]; purity (LC): 99%; anal. calcd. for CaoH32Br2NsO; * 4 H,0 (888.60): C 54.07, H 4.54, N 12.61;
found: C53.96, H 4.34, N 12.78.

RESULTS AND DISCUSSION. Part 4.

6-(6-{N'-[(1E)-(1-benzylquinolin-1-ium-6-yl)methylidene]hydrazinecarbonyl}pyridine-2-
amido)-1-methylquinolin-1-ium bromide iodide (H104, OR286):
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H NMR (300 MHz, DMSO) 6 12.88 (s, 1H), 11.54 (s, 1H), 9.77 (d, J = 5.9 Hz, 1H), 9.47 (dd, J = 14.4,
6.9 Hz, 2H), 9.34 (d, J = 8.1 Hz, 1H), 9.21 (s, 1H), 9.15 (s, 1H), 8.88 (s, 1H), 8.80 — 8.58 (m, 4H), 8.55
—8.45 (m, 2H), 8.44 — 8.32 (m, 2H), 8.24 — 8.09 (m, 1H), 7.44 (s, 5H), 6.42 (s, 2H), 4.68 (s, 3H).

6-(6-{N'-[(1E)-(2H-1,3-benzodioxol-4-yl)methylidene]hydrazinecarbonyl}pyridine-2-amido)-1-
methylquinolin-1-ium iodide (H1V7, OR278)

| X
o @)
N/
NH HN
e
0]
\CK]) I@
| =
H1V7

1H NMR (300 MHz, DMSO) 6 12.55 (s, 1H), 11.46 (s, 1H), 9.40 (s, 1H), 9.33 (d, J = 7.3 Hz, 1H), 9.17
(s, 1H), 8.94 (s, 1H), 8.67 (s, 2H), 8.55 — 8.40 (m, 2H), 8.38 (d, J = 7.3 Hz, 1H), 8.16 (s, 1H), 7.40 (d,
J=7.6Hz, 1H), 7.03 (s, 1H), 6.97 (s, 1H), 6.19 (s, 2H), 4.65 (s, 3H).

6-(6-{N'-[(1E)-(2-hydroxy-6-methoxyphenyl)methylidene]hydrazinecarbonyl}pyridine-2-
amido)-1-methylquinolin-1-ium iodide (H1R8, OR279)
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1H NMR (300 MHz, DMSO) & 12.63 (s, 1H), 11.49 (s, 1H), 10.48 (s, 1H), 9.41 (d, J = 5.3 Hz, 1H),
9.33 (d, J = 8.3 Hz, 1H), 9.17 (s, 1H), 9.00 (s, 1H), 8.66 (s, 2H), 8.54 — 8.41 (m, 2H), 8.41 — 8.28 (m,
1H), 8.22 — 8.11 (m, 1H), 7.26 (s, 1H), 6.93 (t, J = 7.7 Hz, 2H), 4.65 (s, 3H), 3.77 (s, 3H).
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Single-crystal X-ray diffraction analysis

X-ray diffraction data for PyDH1 (217) were collected using a VENTURE PHOTON100 CMOS Bruker
diffractometer with Micro-focus IuS source Mo kq radiation. X-ray diffraction data for PymDH1
(2I) were collected using a X8 APEXII CCD Bruker diffractometer with graphite-monochromated
Mo ko radiation. X-ray diffraction data for PhenDH1 (21") were collected using a VENTURE
PHOTON100 CMOS Bruker diffractometer with Micro-focus IuS source Cu kq radiation. All crystals
were mounted on a CryoLoop (Hampton Research) with Paratone-N (Hampton Research) as
cryoprotectant and then flash-frozen in a nitrogen gas stream at 100 K. For compounds, the
temperature of the crystal was maintained at the selected value by means of a 700 series
Cryostream (for X8) or N-Helix (for VENTURE) cooling device within an accuracy of +1 K. The data
were corrected for Lorentz polarization, and absorption effects. The structures were solved by
direct methods using SHELXS-97 1°6 and refined against F? by full-matrix least-squares techniques
using SHELXL-2018 °7 with anisotropic displacement parameters for all non-hydrogen atoms. All
calculations were performed using the Crystal Structure crystallographic software package
WINGX %8, The crystal data collection and refinement parameters are given in Table S3. CCDC
1881844-1881846 contain the supplementary crystallographic data for this paper. These data
can be obtained free of charge from the Cambridge Crystallographic Data Centre via

https://www.ccdc.cam.ac.uk/structures/.
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Biophysical assays

FRET-melting assay

The assay was performed with a double-labeled oligoribonucleotide (g4-EBNA1, 5'-FAM-
r(GGGGCAGGAGCAGGAGGA)-TAMRA-3’), which was annealed prior to experiments (95 °C, 5 min)
in K-10 buffer (10 mM LiAsO;Me3, 10 mM KCIl, 90 mM LiCl, pH 7.3) at a concentration of 10 uM.
Double-stranded DNA competitor (ds26, 5'-CAATCGGATCGAATTCGATCCGATTG-3') was annealed
in the same buffer at a strand concentration of 200 uM. Thermal denaturation runs were
performed in 96-well plates with a real-time PCR apparatus (7900HT Fast Real-Time PCR, Applied
Biosystems) using a heating ramp of 0.5 °C per minute from 25 to 95 °C; the fluorescence intensity
was monitored in the FAM channel. Each well contained 0.2 uM of double-labeled g4-EBNA1, 1
uM of tested compound, and/or 0, 3 or 10 uM of ds26 competitor, in a total volume of 25 uL of
K10 buffer. The denaturation temperatures (Tm) were determined from the maxima of first-
derivative plots of FAM emission intensity vs. temperature, and ligand-induced Tm shifts (ATm)
were calculated as a difference of mean denaturation temperatures in the presence and in the
absence of ligands (Tm° = 58.6 °C), from three independent experiments. Analogous experiments
were performed with G4-forming DNA  oligonucleotides  F-myc22-T: 5'-FAM-
d(TGAGGGTGGGTAGGGTGGGTAA)-TAMRA-3’ and F-25TAG-T: 5'-AM-
d(TAGGGTTAGGGTTAGGGTTAGGGAA)-TAMRA-3’, in K-1 (10 mM LiAsO2Mez, 1 mM KCl, 99 mM
LiCl, pH 7.3) and K-100 (10 mM LiAsO2Me;, 100 mM KCI, pH 7.3) buffers, respectively.

TO displacement assay

This assay is performed in a 96-well microplate format as described 88. The non-labeled g4-
EBNA1 oligoribonucleotide was annealed (95 °C, 5 min) in K100 buffer (10 mM KAsO:Me;, 100
mM KCl, 1 mM EDTA, 1% v/v DMSO) at a concentration of 5 uM and, after cooling, supplemented
with TO (10 uM). Every row of a black-bottom, 96-well microplate was filled with K100 buffer
(g.s.p. 200 pL per well), pre-folded g4-EBNA1 + TO solution (final concentrations: 0.25 and 0.5
UM, respectively), and an extemporaneously prepared ligand solution (5 uM in the same buffer;
final ligand concentration: 0 to 2.5 uM). After 5 min of orbital shaking, fluorescence intensity was
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measured with a Fluostar Omega microplate reader (BMG Labtech) using the following
parameters: 20 flashes per well, emission / excitation filters: 485 / 520 nm, gain adjusted at 80%
of the fluorescence from the most fluorescent well. The experiments were performed in
duplicate. The percentage of TO displacement was calculated from the fluorescence intensity (F)
as %(TO displacement) = 100 x (1 — F/ Fo), where Fo is the fluorescence intensity of TO—RNA
complex in the absence of ligands. The percentage of displacement was plotted against the
concentration of added ligand, and ligand affinity was characterized by the concentration
required to decrease the fluorescence of the probe by 50% (DCso) after interpolation of the
displacement curve. A control experiment was performed at identical conditions with double-

stranded DNA substrate ds26.

Fluorimetric titrations

Fluorimetric titrations were performed as described elsewhere.®® 5'-Cy5-labelled
oligonucleotides were dissolved at a concentration of 1 uM in a 10 mM LiAsO,Me3, 100 mM KClI
buffer, pH 7.2, annealed at 95 °C for 5 min, slowly cooled to room temperature, and then further
diluted with the titration buffer (10 mM LiAsO.Me;, 100 mM KCI, 0.5 w/v % CHAPS, 0.05 v/v %
Triton X-100, pH 7.2) to a final concentration of 2.22 nM. Ten serial dilutions (1:1) of ligands in
H,0 containing 0.1 vol.% DMSO were prepared starting from two ligand solutions with initial
concentrations of 100 uM and 18 uM, respectively, resulting in a total of 22 solutions with
different ligand concentrations and two no-ligand controls. The oligonucleotide solution (90 uL)
and ligand solutions (10 uL) were transferred into 96-well black, flat-bottom polystyrene non-
binding (NBS) microplates (Corning) (final oligonucleotide concentration: 2 nM, final ligand
concentration: from 10 uM to 1.8 nM). After incubation for 2 h at room temperature,
fluorescence intensity was measured on a CLARIOstar Plus microplate reader (BMG) using
590BP50 (excitation), LP639 (dichroic) and 675BP50 (emission) filters and an integration time of
0.5 s per well. The fluorescence intensity was normalized by dividing the raw value by the mean

intensity of no-ligand wells.
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CD spectroscopy

CD spectra were recorded with a Jasco J-1500 spectropolarimeter. Spectra were recorded from
3 uM solutions of DNA in buffer K100 without or with 0.5, 1 or 2 equivalents of ligand. Spectra
with ligands were recorded without incubation in quartz cuvettes with rectangular cross-section
(path length 1 x 0.5 cm), with the beam passing through a path length of 0.5 cm. Parameters
used for spectra acquisition: wavelength range, 230-330 nm; scan speed, 50 nm min~; number
of averaged scans, 3; data pitch, 0.5 nm; bandwidth, 2 nm; integration time, 1 s; temperature,

22 °C. Spectra were subsequently corrected for the blank.

Electrospray mass spectrometry.

Native ESI-MS spectra of DNA and DNA-ligand complexes were obtained using an Exactive ESI—
Orbitrap mass spectrometer (Thermo Scientific, Bremen, Germany). ESI spray voltage and
capillary voltage were 3.50 kV and —3.5 kV, respectively. Capillary temperature was set to 275 °C.
The syringe injection rate was 200 pL/h. The presented spectra (Figs S4-S5) result from 3-min
accumulations (1 scan per 1.1 s). The concentrations of the initial stocks solutions of DNA (~1
mM) were measured by UV absorbance at 260 nm on a Uvikon XS. 50 uM solutions of DNA were
annealed in buffer that contained 100 mM trimethylammonium acetate (TMAA, Ultra for HPLC,
Fluka analytical) and 1 mM KCI (>99.999%, Sigma) by heating at 85 °C for 10 minutes and slowly
cooling to room temperature. Analyzed samples contained 5 uM of G4-DNA, 0 or 5 uM of ligand,
and 1 uM of the oligonucleotide 5'-d(TTTTTT)-3' (dTs, internal control) ina 100 MM TMMA, 1 mM

KCl buffer, and were incubated 2 h before the injection.

Charge state 6~ was examined because it contained fewer nonspecific potassium adducts. We

assume that the response factors of free DNA, DNA+L and DNA+2L complexes are equal.
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Protocols of generation of dynamic

combinatorial libraries.

RESULTS AND DISCUSSION. Part 2.

Capturing protocol for extraction of ligands from DCLs: Stock solutions of the building blocks
were prepared in DMSO/H,0 (1:1 v/v) at a concentration of 2 mM. Stock solutions of the catalysts
1la—d were prepared in the DCC buffer (100 mM NH4O0Ac, 1.5 mM KCl, pH 6.4) at a concentration
of 25 mM. DCLs were prepared by mixing the stock solutions of the building blocks (cf. Table S2)
with the DCC buffer. The solutions were supplemented with the catalyst (final concentration:
10 mM) and biotinylated DNA oligonucleotides pre-folded in K1 buffer (5 uL, final concentration:
5 uM) or an equal volume of the K1 buffer, to a final library volume of 100 pL. The libraries were
left to equilibrate for 24 h without stirring at ambient temperature. Then, NaOH solution (2 M, 1
pL) was added to stop the acylhydrazone exchange. In parallel, 4 x 100 uL of streptavidin-coated
magnetic beads (Dynabeads MyOne Streptavidin T1, 10 mg mL™ suspension, ThermoFisher) were
washed with the DCC buffer (2 x 200 uL), biotin solution (2 mM, 200 uL), DCC buffer (200 L),
decanted, and the reaction mixtures were added to the beads. The solutions were incubated for
20 min at ambient temperature without stirring. The supernatant was discarded, and the beads
were washed with 3 x 200 pL of the DCC buffer. Formamide (100 puL) was added and mixed with
the beads. Samples were heated at 50 °C for 30 minutes, decanted and the supernatant was
subjected to HPLC analysis (injection volume: 5 uL). Column: Atlantis T3, 3 um, 3 x 100 mm
(Waters), eluent A: HO + 0.01% TFA; eluent B: ACN + 0.01% TFA; flow rate: 0.8 mL min7;
detection wavelength: 310 nm. Elution methods were developed as to optimize the separation
of DCL components, with a typical gradient as following: 0 min, 5% B; 20 min, 13% B; 25 min, 30%
B; 26 min, 80% B; 30 min, 80% B (linear curves).

RESULTS AND DISCUSSION. Part 4.

Experiments with nanoparticles

Synthesis of nanoparticles:*
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Mix FeCls (4 ml, 1 M) and FeCl; (1 ml, 2M in 2M HCl) and add into diluted NH3 solution (50 ml, 0.7
M). The reaction mixture was stirred for 30 min at RT. Then, the precipitate was isolated by
magnetic decantation, stirred with diluted HCIOs (50 ml, 2 M) and then collected by
centrifugation. The residue was finally made up to 50 ml with deionized water. An aqueous
solution of HAuCls (5 mL, 2.0 mg/mL) was mixed into 20 mL of deionized water and boiled for 5
min. Then, 1 mL of Fe3O4 nanoparticle solution (synthesized by reported procedure) was added
into the reaction mixture followed by the addition of sodium citrate (1 mL, 80 mmol). The color
of the solution gradually changed from brown to burgundy. The reaction mixture was refluxed
under stirring for 5 min. After cooling, the solution was sonicated for 10-15 min and then gold-
coated magnetic nanoparticles (Au@Fes04) were collected using a magnet, washed three times,

and re-dispersed in pure water.

Thiolated DNA (hp and Pu24T) were diluted with MOPS buffer to the concentration 100 uM. They
were annealed (5 min; 95 °C). Before the usage of DNA they were mixed with NaBH44q.s01. (5 mMM)
1 eqv for 15 min. 100 pL of NP were added and the mixture was incubated 16 h. After standing
for 16 h with Au@Fes04, nanoparticles were separated using magnet and washed with 20 mM
MOPS buffer containing 100 mM KCI (pH 6.5). The volume of the nanoparticle solution was made
up to 100 uL with the buffer.

Preliminary experiments:

To the resulting 100 pL of DNA-NP were added 0.5 mL of MOPS buffer and 5 pL of 10 mM mixture
of 2 ligands (OR19 and OR27) in ratio 1:1. The mixture was stirred 2 h on the rotation machine in
biophysics lab and then put on magnetic support overnight. The supernatant was isolated, NP
were washed twice with 0.5 mL of MOPS (DNA-unbound). NP were redispersed in 50 uL of MOPS
and heated 5 min at 65 °C. The supernatant (DNA-released) was separated after a few min of

magnetic support.
Solid phase extraction

Preliminary experiments (selection of the cartrige). The experiments were performed with SPE

C18, 100 mg, Agilent and SPE SAX, 100 mg, Agilent cartridges.

Four solutions (V = 100 pL each) that contain 10 uM of OR31, OR19 and 25 uM of DNA were

incubated for a few minutes and supplemented with 0.4 pL of standard control (Caffeine, 5 mM
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in H20). Cartriges were equilibrated with 1 mL of ACN and 1 mL of buffer (KAsO:Me; 10 mM, KCl
10 mM, pH 7.2). Sample was added to the cartridge dropwise and the percolated fraction was
collected. The cartridge was washed with 500 pL of 5% MeOH +0.1% TFA (1st washing), dropwise
and then bound compounds were elutes with ACN/H20 + 0.1% TFA (3*100uL), dropwise. All
fractions were analyzed by HPLC. For all further experiments only cartridges SPE SAX, 100 mg,

Agilent were used.

Library generation/analysis

Solutions (300 pL) containing 15 uM of aldehydes and 95 uM of acylhydrazide (H1 or H2), 5 mM
of catalyst (3.17 uL Hx, 0.5uL Ay, 60 pL catalyst (aniline, 25 mM in buffer)+ 233.33 ul buffer) were
prepared. 75 pL of this solution to four vials and 25 uL DNA in K100 was added (Tube 1 = no SPE,
tube 2= no DNA, tube 3 = Pu24T, tube 4 = dT22). After 12 hours of incubation at room

temperature without shaking 1 uL of NaOH 2M was added to stop the reaction.

The cartridge was equilibrated with 1 mL of ACN and 1 mL of buffer. The sample was percolated
to the cartrige (dropwise) and washed two times with 500 uL of 5% ACN, dropwise. The bound
compounds were eluted with formamide/ACN 50/50 (2*100 uL) dropwise. The elute fractions

were analyzed by LC/MS (Analyse par LC-MS (colonne Luna, Phenomenex 50*3mm dp 3um).

The peak of each compound was assigned by LC/MS from control sample (mo DNA, no SPE).
Elutes were analyzed by HPLC. The areas of corresponding peaks eluted from systems with
different targets (G4 or ds/ss control) were compared and the compounds presented in higher

guantity in libraries templated with G4 were selected as hits.
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Table A. Shifts of melting temperature of doubled-labeled oligonucleotides in the presence of “as-
synthesized” ligands obtained upon the reaction of corresponding dihydrazides and aldehydes (building

blocks).[

Building 25TAG 25TAG 22CTA 22CTA MYC22 MYC22 Pu24T Pu24T hp2 hp2
blocks

competitor none ds26 bl none ds26 none ds26 none ds26 none ds26

1A | 2a 85+10 8302 42+13 45+10 51+03 52+03 06+04 28+04 08+05 00+04

1A | 2b | 306£0.7 | 30510 | 20901 | 17212 | 256903 | 25003 | 156304 | 13.7+05 26+1.1 0703

1A | 2c | 26.1+£04 | 249+15 | 178+06 | 164+04 | 19509 | 178+25 | 11.0+x04 | 11.1£01 2012 09+02

1A | 2d | 28.7+0.7 | 282+0.1 | 19906 | 179+05 | 26.1+£03 | 246+05 | 1561+04 | 140+03 40+14 14+03

1A | 2e | 21.0+£09 | 180+09 | 12105 97+03 | 191+0.1 | 17.5+08 70+07 6.1+06 12+04 06+03

1A | 2f | 23709 | 203+18 | 152+03 | 12806 | 19605 | 17906 9905 8803 2311 08+0.2

1A | 29 | 21512 | 205+13 | 16105 | 13.1+£05 | 189+£09 | 17.56+05 87+19 8.7+0.2 25+10 13£0.2

1A | 2h | 23205 | 21510 | 163+05 | 152+£02 | 17105 | 16102 | 11805 | 11.8+01 3619 2204

1A | 2i 119430 | 119+21 | 115+08 | 122+06 86+04 84+06 43+03 45+03 08+0.2 0.7+0.2

1B | 2a 12+04 13%0.2 21+15 0906 1.7+14 3403 2517 3002 02+0.1 0003

1B | 2b 46+04 47+04 37+09 3606 32+0.2 32+04 2711 3102 0.7+0.1 03+03

1B | 2¢c | 132+02 | 153+0.1 | 13207 | 13.7+05 8.3+0.1 9.1+0.2 6.2+06 6.7+0.1 14+£05 0702

1B | 2d 8910 9402 | 10517 | 100£0.7 6.1+£0.0 56+03 47+0.8 48+02 12+0.8 05+03

1B | 2e 42+06 2604 56+08 4517 3703 43+03 46+0.1 3302 15+£09 0702

1B | 2f 42+02 25+03 39+09 1.9+06 32+05 36+03 22+13 20+04 11£07 04+03

1B | 29 6.2+05 3904 55+1.1 43+09 39+0.2 3403 3207 3302 16+05 1.0£03

1B | 2h | 103+47 | 100+54 | 121+08 | 11.8+06 7410 7602 6.0+12 5507 1411 1.0£06

1B | 2i 3110 20+06 26+06 3607 23+22 35+05 23+03 3.0+0.1 02+02 0.3+0.1

1C | 2a 56+0.1 62+06 29+04 29%03 4406 34+05 08+0.2 03+£04 | -0300 00£0.1

1C | 2b | 239+02 | 237+08 | 1563+04 | 144+01 | 21.0£02 | 20102 | 112+02 | 11.4£05 0.8+0.1 0.7+00

1C | 2¢ | 227417 | 21.8+06 | 168+02 | 160+02 | 180+05 | 17403 | 10403 | 10502 1403 1.1£0.0

1C | 2d | 237+£02 | 235+03 | 164+£04 | 152+02 | 205+03 | 20703 | 112+£03 | 11.4+03 1.5+0.0 14+00

1C | 2e | 156307 | 14908 9.0+0.1 82+02 | 159+02 | 154+£02 49+£0.0 46+02 06+0.1 0700
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1C | 2f | 20710 | 202+06 | 138+03 | 12603 | 19502 | 18904 9.0+03 8405 1.1£0.0 09+00
1C | 29 | 203+0.7 | 203+08 | 14403 | 13503 | 196+04 | 19306 88+0.2 8404 1.8+0.1 1.6+£01
1C | 2h | 231£04 | 22707 | 17403 | 164+04 | 19404 | 18903 | 11202 | 11403 25+0.1 22%01
1C | 2i 13711 | 13609 | 126+03 | 118+06 | 10.1+0.2 95+0.3 44+03 43+02 13£0.0 1.0£0.2
1D | 2a | 10715 88+04 62+03 49+05 6.9+0.2 58+05 3204 44+02 02+05 0.1%0.2
1D | 2b | 263+08 | 267+14 | 206+03 | 174+01 | 231+£04 | 230+06 | 162+02 | 1563+0.3 09+04 0403
1D | 2¢ | 213£08 | 21210 | 173£05 | 168+06 | 16107 | 15711 | 14306 | 13.2+02 1.1+£04 08%0.2
1D | 2d | 2564+09 | 250+13 | 206+04 | 188+03 | 224+04 | 224+09 | 158+00 | 148+01 13+£05 0802
1D | 2e | 174+07 | 154406 | 125+03 | 10503 | 17.2+£03 | 1565+04 81+03 6.7+0.1 13+0.2 08+0.3
1D | 2f | 224+06 | 16319 | 15701 | 11.0£02 | 20002 | 16112 | 104+01 8.5+0.1 08+04 0.7+0.1
1D | 29 | 212+£10 | 169+15 | 1569+03 | 11.9+£05 | 195+06 | 1565+06 | 10.7+0.1 9.0+0.2 14+05 0.9+0.1
1D | 2h | 20508 | 192+09 | 173+03 | 158+02 | 157+£14 | 14307 | 13401 | 123+01 13+0.6 0.9+0.1
1D | 2i 165+04 | 167+£02 | 1562+04 | 139+£02 | 133+£12 | 11402 6.6+04 6.6+0.2 05+0.2 03+04
1E | 2a | 2565+09 | 292+09 | 17.7+08 | 10.0+03 | 198+05 | 126+08 | 105+05 6.9+0.3 1.6+1.0 02+03
1E | 2b | 293+09 | 298+08 | 19305 | 11.9+£03 | 238+05 | 247+04 | 13.0x05 7807 | -03+£23 0302
1E | 2¢ | 273+08 | 200+08 | 207+12 | 175+05 | 21.8+09 | 165+19 | 119+04 92+03 18+0.2 08+0.2
1E | 2d | 29107 | 29406 | 22307 | 162+£1.7 | 246+07 | 24112 | 14603 9603 22+04 08+0.1
1E | 2¢ | 241+£05 | 268+17 | 163+14 | 11.6+£06 | 18574 | 11.7+38 92+08 58+14 1707 06+03
1E | 2f | 35901 | 349+06 | 27901 | 226+0.7 | 29310 | 27827 | 208+04 | 15310 1.7+£0.6 0.3+0.1
1E | 29 | 360+11 | 346+10 | 269+10 | 225+£04 | 294+05 | 28407 | 21.0+02 | 193+03 2714 1.0£03
1E | 2h | 308+06 | 272+51 | 22705 | 20708 | 244+£02 | 19107 | 166+23 | 154%12 19+£15 05+04
1E | 2i 36.0+£00 | 360+00 | 348+08 | 359+06 | 305+03 | 30501 | 21.9+01 | 21.7+£0.3 11£0.2 1.1£02
1F | 2a 2515 23+03 1.9+03 1803 28+03 0012 1.1£05 22+02 | 0503 00£0.1
1F | 2b | 13.7+£08 | 12807 83+05 7003 | 12503 | 11.6+0.2 5.1+0.1 46+02 02+0.1 04+0.1
1F | 2¢ | 136+13 | 125+03 | 11.2+03 | 105+02 8.1+0.2 6.8+05 6.5+0.1 6.1+0.2 0.9+0.1 08+0.2
1F | 2d | 140+07 | 13504 | 119+08 | 11.1£03 | 12703 | 11.7x03 6.4+0.1 6202 0.7+00 0.7+0.1
1F | 2e | 144+08 | 13307 8.1+06 7304 | 12503 | 105+03 54+0.1 52+0.1 0.6+0.1 0.7+0.1
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1F | 2f 70+141 7206 54+03 5203 58+04 44+03 3.7+0.1 44+03 0200 05+0.1
1F | 29 8003 6.7+£09 6.5+0.3 5803 6.4+03 45+0.2 3802 3402 0.9+0.1 08+0.1
1F | 2h | 163£07 | 16.0+06 | 140+£02 | 13602 | 115£03 | 10602 85+0.3 83+0.2 1.6+0.1 1101
1F | 2i 35+13 3706 35+03 3302 2412 22+06 22+0.2 2303 | 0201 | 02%02
1G | 2a 1.1£09 1.6£07 26+25 21£25 36+03 4505 2411 4008 03+0.1 03%0.2
1G | 2b 2209 1.7+04 32+16 20+06 37+05 48+0.5 34+06 3503 12+04 06+03
1G | 2¢ 87+08 79+06 89+09 79%05 51%0.2 4901 4604 4103 1.5+03 08+0.3
1G | 2d 41+09 3607 6.3+20 47%12 3205 2117 3107 2706 0805 0403
1G | 2e 26+10 25+02 35+18 2206 34+05 48+0.6 33+07 36+03 13+£03 06+03
1G | 2f 3102 23+04 30+16 20+06 2902 42+11 30+09 3605 08+0.1 0603
1G | 29 3208 31+14 40+17 2905 36+06 46+04 36+04 36+0.2 18+04 1.0£03
1G | 2h 8109 8007 93+15 8405 50+05 48+0.1 43+0.7 3805 18+0.3 0903
1G | 2i 45+20 21+£16 70+37 53+24 3707 34+04 29+03 3106 04+0.1 0.7+0.2
1H | 2a 14+07 28+19 15+0.6 12£03 23+03 30+04 09+0.2 09+09 | 0302 | -0.2+01
1H | 2b 25+04 40+16 22+04 21£05 31+03 31+03 1.7+£05 2004 0002 | 0102
H | 2 5202 62+03 44+05 5603 24+03 25+03 21+05 26+04 0.0+0.1 02+0.1
1H | 2d 5105 4404 47+09 5008 42+03 2902 3402 2404 0.1+00 0201
1H | 2e 3503 27+08 27+04 1.8+08 40+03 44+01 23+0.1 3.7+03 02+0.1 03+03
1H | 2f 3006 19+£05 2309 22+05 3703 02+15 2201 1.5£11 | -03+00 0000
1H | 29 20+£12 3206 23+0.2 2605 38+05 39+03 3.0+0.2 3.7+03 02+0.1 05+00
1H | 2h 8308 8309 86+08 9702 6.3+0.3 58+0.2 46+04 44+03 0602 08+0.1
1H | 2i 3109 35+34 2107 41+0.1 35+08 35+0.2 3.0+0.2 2703 01+02 05+0.2
1 2a 1.1£05 1.0£03 08+03 06+04 2304 | 1202 08+03 01+£08 | -04+03 | -02%0.1
1l 2b 26+08 25+06 27+06 26+0.1 36+03 36+03 25+03 3302 02+02 04+0.1
1l 2c 68+12 8206 70+0.1 7103 40+0.2 3.2+0.1 22+0.2 2705 04+0.1 05+0.1
1l 2d 6407 5108 53+04 5706 3302 2702 16+£0.3 2902 0.1+0.1 0.3+0.1
1l 2e 3902 3104 26+03 2603 47403 | -0.1+0.1 24+0.2 3302 04+0.1 05+0.2
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1l 2f 3106 21+04 18+0.3 20£02 26+06 04+06 1.7+£0.2 2608 | 0101 0201
1l 29 3803 3102 3.7+0.2 3006 47+02 0102 35+0.2 41£02 0.9+0.1 0.9+0.1
1 2h 89+0.2 9.0£0.1 82+03 8.0+0.2 55+0.2 4501 36+03 39402 08+0.1 09+0.2
1l 2i 26%12 2407 1.7+£03 23+0.1 32+12 34+0.2 22+0.2 2102 | 0101 0102
1J | 2a 27+30 1.6£0.2 2517 0.7+06 24+06 31+06 2419 32%03 02+0.1 03%03
1 | 2b 8605 2405 6.0+0.9 43+23 6.1+04 43+04 2909 3702 14+0.6 05+0.1
1J | 2¢ | 142£05 | 10007 | 131£08 91%06 86+04 56+0.1 57+05 44+02 1.9+06 1.0+0.1
1J | 2d | 11808 44+08 | 113%10 5619 7705 3705 3709 3602 18+04 0502
1| 2e 7502 5904 6.3+13 5916 53+04 3.8+0.1 36+1.0 43+02 16+03 09+0.2
1 | 2f 8904 3402 5409 20£09 58+0.3 38+04 47+16 3902 2207 0603
1 | 29 8.7+0.2 46+03 6.5+08 2411 56+04 43+03 47+09 49+0.1 22+05 12+£04
1 | 2h | 134£02 | 12013 | 11.7x10 9302 79+03 5702 88+1.1 6805 2104 1.2+£03
1| 2i 3920 5422 41+£03 36+0.1 41+0.6 43+04 36+03 3.6+0.1 1.1+01 0.9+0.1

[el Data are means # s.d. from three independent measurements; conditions: see Table S2 footnote. ¥/
c=10 uM.
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Resumé en francais

Les G-quadruplexes (G4s) sont des structures non-canoniques d'acides nucléiques
(ADN et ARN) constituées d'au moins deux quartets de guanines. L'une des propriétés
importantes des G4s est leur capacité a former des complexes avec de petites
molécules exogenes (« ligands ») et d'influencer ainsi les processus biologiques dans
lesquels ils sont impliqués. Ainsi, l'interaction de petites molécules avec certaines
structures G4s permettrait de diminuer I'expression de certains oncogenes, d'inhiber la

télomérase ou encore d'induire des dommages a I'’ADN.
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Figure 88. D’une quanine au G-quadruplexe. De gauche a droite: guanine, G-quartet et G-
quadruplex (les guanines sont représentées en vert, les adenines en rouge, et les thymines en
bleu).

Ce travail vise a développer des méthodologies rapides et simples pour la synthése et
le criblage des molécules afin d'identifier des ligands sélectifs et affins de structures
non-canoniques d'acides nucléiques, en particulier des G4s. Plus précisément, ce travail
explore la synthese réversible d'acylhydrazones, jusqu'ici peu appliquée pour le
développement de ligands de I'’ADN et de I'’ARN. Dans un premier temps, une série de
20 bis(acylhydrazones), analogues des ligands PDC (360A) et PhenDC3, a été obtenue

par la synthese préparative (Tableau 1).
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Tableau 1. Structures et acronymes de ligands modéles synthétisés, conditions et rendements

de réactions

X
A N B Lo\ o \ o,
= N Z0 Br ® N~ _©
" Me e N O Br
L 1 © s L7
2 3 5
| = PyDH1, [OR28], | PyDH2, [OR19], | PyDH3, [OR20], | PyDH4, [OR21], | PyDH5, [OR40],
N7 Al-L1-A1 A2-1L1-A2 A3-L1-A3 Ad-L1-A4 A5-L1-A5
1 90% ° 87%° 89% ° 92% ° 52%°
NN PymDH1, PymDH?2, PymDH3, PymDH4, PymDHS5,
M [OR31], [OR27], [OR127], [OR129], [OR128],

9 Al-L2-A1 A2—-L2-A2 A3-12-A3 Ad—L2-A4 A5-L2-A5
97%° 92% ° 93%° 96% ° 97%°

N NaphDH1, NaphDH?2, NaphDH3, NaphDH4, NaphDH5,

L .| [oR29], [OR30], [OR22], [OR23], [OR42],

N 3 N Al-L3-Al1 A2—-L3-A2 A3-L3-A3 A4—-L3-A4 A5-L3-A5
78% ° 81%° 90% ° 75% ° 80%"°
PhenDH1, PhenDH?2, PhenDH3, PhenDH4, PhenDHS5,
[OR33], [OR34], [OR35], [OR36], [OR41],
Al-14-A1 A2—-L4-A2 A3-14-A3 Ad—-L4-A4 A5-L4-A5
76%° 78% ° 87%° 72% ° 91%"°

Conditions de synthése: ° DMF, 100 °C, 2 h; ® DMF, 80 °C, 4 h.

Les expériences de dénaturation thermique suivies par fluorescence ont démontré que

certains de ces composés avaient une bonne affinité pour I'ADN G4. Ces expériences

ont permis de valider le potentiel du motif acylhydrazone pour le développement de

ligands des G4s. Ensuite, une méthode de chimie dynamique combinatoire (CDC) a été

développée. Cette derniére consiste en la génération de bibliothéques combinatoires

comportant jusqu'a 20 composés, suivie par l'isolement des ligands les plus affins par

la précipitation avec la cible, préalablement immobilisée sur des billes magnétiques.

Ainsi, un bis(acylhydrazone) non-symétrique a été identifié comme un ligand

prometteur du G4 parallele Pu247. Cependant, les expériences avec ses proches

analogues n’ont pas confirmé son affinité aux G4 augmentée par rapport aux dérivés

symétriques. Il a été supposé que les résultats d'expériences de CDC pouvaient étre

biaisés par des interactions non-spécifiques entre les ligands et les billes magnétiques.
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Pour améliorer I'analyse des bibliotheques combinatoires, une nouvelle méthode
basée sur I'extraction en phase solide des ligands a été développée et appliquée a deux
bibliothéques d'acylhydrazones non-symétriques. Huit hits ont été obtenus a partir de
70 composés générés in situ. Trois d'entre eux (H104, H1R8 et H1V7) ont été

sélectionnés pour la synthese préparative et une étude de l'interaction avec I'’ADN G4.
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En parallele, une approche classique de chimie combinatoire a été éelaboree. Cette
derniere a conduit a la génération d'une bibliotheque combinatoire de 90 dérivés
bis(acylhydrazone) sous forme de solutions 2 mM dans le DMSO prétes a I'emploi. Ces
échantillons ont été utilisés directement dans le criblage biophysique contre quatre
ADN G4s de trois topologies différentes. Les composés les plus actifs (3Cb, 3Ei et 3Ef)
ont été synthétisés d'une maniere préparative et leur interaction avec les G4s a été
étudiée en détail par des méthodes biophysiques, y compris la spectrométrie de masse
native. Ainsi, au moins un dérivé avec une affinité pour les G4s supérieure a celle de
PhenDC3 et une sélectivité inédite pour la topologie antiparalléle des G4 a été

identifié.
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Enfin, dans le cadre d'un projet collaboratif (M. Blondel, Université de Bretagne
Occidentale), des ligands synthétisés au cours de ce travail ont été étudiés vis-a-vis de
leur capacité a moduler d'évasion immune du virus d'Epstein—Barr (EBV). Il a été
démontré que certains bis(acylhydrazones) (PyDH2 et PhenDH2) interagissent /n vitro
avec la séquence riche en guanines de 'ARNm codante pour le domaine riche en
glycine-alanine (GAr) de la protéine virale EBNA1. Deux de ces dérivés déplacent le
facteur de la cellule hote (nucléoline) de 'ARNm d'EBNA1, conduisant ainsi a la
surexpression de la protéine et a la présence exacerbé de peptides antigéniques sur les
cellules infectées. Cet effet représente une opportunité thérapeutique pour le

traitement des cancers associés a |'EBV.
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Résumé: Les G-quadruplexes (G4s) sont des
structures non-canoniques d'acides nucléiques (ADN
et ARN) constituées d'au moins deux quartets de
guanines. L'une des propriétés importantes des G4s
est leur capacité a former des complexes avec de
petites molécules exogeénes («ligands») et
d'influencer ainsi les processus biologiques dans
lesquels ils sont impliqués. Ainsi, l'interaction de
petites molécules avec certaines structures G4s
permettrait de diminuer |'expression de certains
oncogénes, d'inhiber la télomérase ou encore
d'induire des dommages a I'’ADN.

Ce travail vise a développer des méthodologies
rapides et simples pour la synthése et le criblage des
molécules afin d'identifier des ligands sélectifs et
affins de structures non-canoniques d'acides
nucléiques, en particulier des G4s. Plus précisément,
ce travail explore la synthése réversible
d'acylhydrazones, jusqu'ici peu appliquée pour le
développement de ligands de I'ADN et de I'’ARN.
Dans un premier temps, une série de 20
bis(acylhydrazones), analogues des ligands PDC
(360A) et PhenDC3, a été obtenue par la synthése
préparative. Les expériences de dénaturation
thermique suivie par fluorescence ont démontré que
certains de ces composés avaient une bonne affinité
pour I'ADN G4. Ces expériences ont permis de valider
le potentiel du motif acylhydrazone pour le
développement de ligands des G4s. Ensuite, une
méthode de chimie dynamique combinatoire (CDC)
a été développée. Cette derniére consiste en
génération de  bibliotheques  combinatoires
comportant jusqu'a 20 composés, suivie par
l'isolement des ligands les plus affins par la
précipitation avec la cible, immobilisée sur des billes
magnétiques.

Ainsi, un bis(acylhydrazone) non-symétrique a été
identifi¢ comme un ligand prometteur du G4
paralléle Pu24T. Cependant, les expériences avec ses
proches analogues n‘ont pas confirmé son affinité
aux G4 augmentée par rapport aux dérivés
symétriques. Il a été supposé que les résultats
d'expériences de CDC pouvaient étre biaisés par des
interactions non-spécifiques entre les ligands et les
billes magnétiques. Pour améliorer I'analyse des

bibliotheques  combinatoires, une  nouvelle
méthode basée sur I'extraction en phase solide des
ligands a été développée et appliquée a deux
bibliotheques d'acylhydrazones non-symétriques.
Huit hits ont été obtenus a partir de 70 composés
générés jn situ. Trois d'entre eux ont été
sélectionnés pour la synthese préparative et une
étude de l'interaction avec 'ADN G4.

En parallele, une approche classique de chimie
combinatoire a été élaborée, ce qui a conduit a la
génération d'une bibliothéque combinatoire de 90
dérivés bis(acylhydrazone) sous forme de solutions
2 mM dans DMSO prétes a I'emploi, avec une
pureté moyenne de 87%. Ces échantillons ont été
utilisés directement dans le criblage biophysique
contre quatre G4s de I'ADN de trois topologies
différentes. Les composés les plus actifs ont été
synthétisés d'une maniere préparative et leur
interaction avec les G4s a été étudiée en détail par
des méthodes biophysiques, y compris la
spectrométrie de masse native. Ainsi, au moins un
dérivé avec une affinité pour les G4s supérieure a
celle de PhenDC3 et une sélectivité inédite pour le
G4 antiparalléle a été identifié.

Enfin, dans le cadre d'un projet collaboratif (M.
Blondel, Université de Bretagne Occidentale), des
ligands synthétisés au cours de ce travail ont été
étudiés vis-a-vis de leur capacité a moduler
d'évasion immune du virus d'Epstein—Barr (EBV). II
a été démontré que certains bis(acylhydrazones)
interagissent /n vitro avec la séquence riche en
guanines de 'ARNm codante pour le domaine riche
en glycine-alanine (GAr) de la protéine virale
EBNA1. Deux de ces dérivés déplacent le facteur de
la cellule hote (nucléoline) de I'ARNm d'EBNAT,
conduisant ainsi a la surexpression de la protéine
et a la présence exacerbé de peptides antigéniques
sur les cellules infectées. Cet effet représente une
opportunité thérapeutique pour le traitement des
cancers associés a I'EBV.
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Abstract : G-quadruplexes (G4s) are four-stranded
structures of nucleic acids (DNA or RNA) that consist
of at least two coplanar guanine quartets. An
important feature of G4s is their ability to form stable
complexes with exogenous small molecules (ligands)
and thus influence biological processes in which they
are involved. G4 targeting is often associated with
oncology, where G4 ligands may suppress the
expression of oncogenes, inhibit telomerase, or
induce DNA damage in cancer cells.

This work aims to develop methodologies for rapid
and simple synthesis and screening of compounds, in
order to identify selective and highly affine ligands of
given non-canonical structures of nucleic acids, in
particular G4s. Specifically, this works exploits the
chemistry of reversible synthesis of acylhydrazones,
which has been barely applied for the development
of DNA or RNA ligands before. First, a small library of
20 cationic bis(acylhydrazones), analogues of the
previously reported G4-ligands PDC (360A) and
PhenDC3, was obtained by preparative synthesis.
Through fluorescence melting experiments it is
demonstrated that some of compounds indeed have
high affinity to G4-DNA, validating the suitability of
the acylhydrazone motif as a scaffold for the
development of G4 ligands. Next, a method of
dynamic combinatorial chemistry (DCC), which
consists in simultaneous one-pot generation of
libraries of up to 20 compounds with consecutive
pull-down of most affine ligands by bead-
immobilized targets (i.e, G4-DNA), was developed.
By wusing this method, a non-symmetrical
bis(acylhydrazone) was identified as a promising
ligand of a parallel G4-DNA Pu24T. However,
biophysical experiments with its close structural
analogues did not confirm their preferential binding
in comparison with the symmetrically substituted
compound. It is proposed that the outcome of DCC
experiments may be biased by non-specific
interactions of ligands with magnetic beads, leading
to false-positive results. In order to improve the
analysis of dynamic combinatorial libraries, a novel
method based on solid-phase extraction of the G4-

ligand complex was developed and applied to two
libraries of non-symmetric acylhydrazones. In a few
rounds of selection, 13 hits were obtained out of 70
in situ generated compounds. Three of them were
selected for preparative synthesis and detailed
study of interaction with G4-DNA.

In parallel, a classical combinatorial chemistry
approach was developed, resulting in generation of
a combinatorial library of 90 individual
bis(acylhydrazone) derivatives in the form of ready-
to-use 2 mM solutions in DMSO, with an average
purity of 87%. These samples were directly used for
biophysical screening experiments towards four
G4-DNA targets of three different
topologies. Three most active compounds were
obtained in preparative manner and their
interaction with the mentioned biological targets
was studied in detail by several biophysical
methods, including native mass spectrometry
experiments. This way, at least one derivative with
a G4-DNA affinity superior to that of PhenDC3 and
unprecedented selectivity towards anti-parallel G4-
DNA could be identified.

Finally, in the framework of a collaborative project
(M. Blondel, University of Western Brittany) the
ligands synthesized in this work were studied with
respect to their capacity to act as modulators of the
immune evasion of Epstein—Barr virus (EBV).
Specifically, it was shown that several
bis(acylhydrazones) bind /n vitro to G4-RNA
structures formed by the guanine-rich repeat
sequence of mRNA encoding for the glycine-
alanine rich (GAr) domain of viral genome
maintenance protein EBNAT1. Moreover, two
derivatives were found to displace the host cell
factor nucleolin from EBNAT mRNA, leading to
overexpression of EBNA1 protein and a
concomitant increase of antigen presentation in
EBV-infected cell cultures. This effect represents an
interesting therapeutic opportunity for treatment
of EBV-related cancers.
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