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ABSTRACT

Besides the canonical nucleic acid conformations, noncanonical secondary
structures, such as G-quadruplexes (G4s) and i-motifs (iMs), are found in crit-
ical areas of the human genome such as telomeres and gene promoters. G4
structures play a significant role in several biological processes, including te-
lomere maintenance, malignant transformation, and cancer development. De-
spite recent discussions and reviews on the structural aspects and potential bi-
ological functions of iM structures, there is still much to learn about this
unique nucleic acid conformation.

In this PhD thesis, several studies have been carried out with the aim of char-
acterizing these noncanonical secondary structures, as well as investigating
their interaction with various molecules (proteins, small molecules, peptides).
CHAPTER 1 provides a general description of nucleic acids and noncanonical
oligonucleotide conformations, focusing on their structural properties and bi-
ological roles.

CHAPTER 2 discusses the main biophysical methodologies employed in the
studies presented in the following chapters.

CHAPTER 3 reports the study of four different DNA G4 structures as protein
targets by employing a chemoproteomic approach.

CHAPTER 4 describes the identification of new G4-targeting small molecules
and peptides and the characterization of their interactions by means of a com-
bination of physicochemical, mostly spectroscopic, techniques. Particularly,
Paragraph 4.2 deals with an in-depth NMR characterization of the interaction
between G4s and a new hit compound, conducted as a visiting PhD student in
the laboratory of prof. Janez Plavec at Slovenian NMR Center in Ljubljana
(SLO).



CHAPTER 5 focuses on the investigation of the thermodynamics of folding of
an iM-forming sequence, carried out with the aim of elucidating the unique
features of these structures.

The last section of this PhD thesis collects the GENERAL CONCLUSIONS.
Finally, the APPENDIX reports the scientific articles published and cited
throughout the thesis. PAPERS VI and VII are not included in the APPENDIX as

they are still in preparation.
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CHAPTER 1
INTRODUCTION

1.1 GENERAL DESCRIPTION OF NUCLEIC ACIDS

Nucleic acids are essential biological macromolecules involved in vital bio-
logical functions such as storing and transmitting genetic information and di-
recting protein synthesis. Nucleic acids can be described as nucleotide poly-
mers, where each nucleotide comprises three components: a nitrogenous

base, a pentose sugar, and a phosphate group (Figure 1.1).

Base

Phosphate

OH R=H deoxyribose (DNA)
= OH oxyribose (RNA)
Pentose sugar

Figure 1.1 Schematic representation of nucleotide (i.e., guanine) composition.

The nitrogenous bases of nucleotides are classified as purines [adenine (A)
and guanine (G)], which contain two fused carbon-nitrogen rings, or pyrim-
idines [cytosine (C), thymine (T), and uracil (U)] which are composed of a
single six-membered nitrogen-containing ring. Each base is characterized by
a unique chemical structure with its own set of functional groups (Figure

1.2).
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Figure 1.2 Structure of purine and pyrimidine bases.

The pentose sugar is deoxyribose or ribose in deoxyribonucleic acid (DNA)
or ribonucleic acid (RNA) polymers, respectively. DNA contains A, T, C, and
G, while in the RNA, T is replaced by U. The carbon atoms of a nucleotide’s
sugar moiety are numbered 1’,2',3', 4, and 5'. The 1’ carbon is bound through
an N-glycosidic bond to the N9 or N1 atom of a purine or a pyrimidine, re-
spectively, whereas the 5’ carbon is linked to the phosphate group. When a
nucleotide lacks the phosphate group, it is referred to as a nucleoside. The
relative orientation of the base and sugar moieties in a nucleotide's three-di-
mensional structure can be in either an “anti” or “syn” conformation. In the
“anti” conformation, the base and sugar are rotated away from each other,
with the C1'-O4' bond of the sugar being trans to the N9-C4 bond of purines
or the N1-C2 bond of pyrimidines. On the other hand, the “syn” conformation
occurs when the C1'-O4' bond of deoxyribose or ribose is cis to the N9-C4
purine bond or the N1-C2 bond of pyrimidines (Figure 1.3).



CHAPTER 1

anti syn anti syn

Figure 1.3 Anti and syn conformations of a nucleotide containing
(A) a purine or (B) a pyrimidine base.

DNA/RNA strands have chemical polarity due to the 5'-phosphate group of
one nucleotide linking with the 3'-hydroxyl group of the next nucleotide,
forming a phosphodiester bond. This creates two chemically different ends:
the 5'-end with a free phosphate group and the 3'-end with an unlinked hy-
droxyl group. In 1953, James Watson and Francis Crick discovered the dou-
ble helix structure of DNA, laying the foundation of modern genetics. Ac-
cording to their model, the DNA molecule comprises two antiparallel strands
running in opposite directions, held together in a right-handed helix (so-called
B-DNA) by hydrogen bonding between the bases (Watson & Crick, 1953).
When DNA strands pair up, A always pairs with T (A:T) and G with C (G:C).
These so-called Watson-Crick base pairs are formed with two or three hydro-
gen bonds, respectively, meaning that the composition of one strand can be

defined by the sequence of the other (Figure 1.4).
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Minor groove (6 A)

Figure 1.4 Schematic representation of DNA's three-dimensional double helix
structure (B-DNA) and Watson-Crick base pairing.

Such complementary base-pairing allows the bases to be packed in the ener-
getically most favorable arrangement within the double helix. At the same
time, the hydrophilic sugar-phosphate backbone lays on the outside of the
helix itself. Conversely, RNA could not form the same structure due to the
close van der Waals contact caused by the ribose’s additional oxygen. The B-
DNA conformation, first described by Watson and Crick, is the most common
form found in living cells. The reversible inter-strand bonds found in DNA
allow for easy replication and gene expression, making the information stored
within highly accessible. Further, this structure features a wide major groove
and a narrow minor groove that span the entire molecule, acting as binding

sites for various other macromolecules, such as proteins.
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1.2 NONCANONICAL SECONDARY STRUCTURES OF NUCLEIC ACIDS

Under specific physiological conditions, DNA and RNA molecules can adopt
a wide range of noncanonical inter- or intramolecular structures distinct from
the common double helix structure (i.e., hairpins, cruciforms, triplexes, G-
quadruplexes, i-motifs) (Bansal et al., 2022). Among them, G-quadruplexes
(G4s) and i-motifs (iMs) are formed due to the specific nucleotide sequences

present in the nucleic acid molecule (Figure 1.5).

G-quadruplex

i-Motif

Figure 1.5 Schematic illustration of DNA fragment with G4 and iM structures.

1.2.1 G-QUADRUPLEXES

G-quadruplex structures can form in G-rich nucleic acid DNA or RNA se-
quences. Four guanines can be placed in a planar arrangement and held to-
gether by eight noncanonical Hoogsteen hydrogen bonds, forming a G-tetrad,
which is essential for G4 formation (Huppert, 2010; Rhodes & Lipps, 2015).
In each G-tetrad, N7 and O6 form H-bond with N2 and N1 of adjacent gua-

nines, respectively (Figure 1.6).
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Figure 1.6 Schematic illustration of a G-tetrad with monovalent cation.

The formation of a G4 is the result of the n-n stacking interactions between
two or more G-tetrads, thus creating a central channel within the structure.
These G-tetrads are linked by loops that can adopt different conformations.
Cations in the central channel balance guanine O6 atoms' negative electro-
static potential. Na* and K cations effectively stabilize G4 structures, with
Na* (ionic radius 0.95 A) ions usually placed in the plane with the G-tetrads
and K" (ionic radius 1.33 A) ions equidistant between two G-tetrads. Switch-
ing between Na® and K* often induces structural changes in G4s, showing
high conformational flexibility (Williamson et al., 1989; You et al., 2017).
From a biological perspective, K* is more relevant than Na* due to its higher
intracellular concentration (ca.140 mM) than Na* (5-15 mM).

The G-tetrad arrangement and the presence of cations stabilize the G4 struc-
ture. Stable G4 structures have at least three stacked G-tetrads and loops with
1-7 bases, reflecting the following motif G>3Ni.7G>3N1.7G>3N1.7G>3N1.7,
where N is any nucleotide and each Gx; represent a G-tract (Bugaut & Bal-
asubramanian, 2008; Guédin et al., 2010; Hazel et al., 2004; Todd et al.,
2005).
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The stability and topology of G4s depend on various factors, such as the
length and composition of the G4-forming sequence, strand stoichiometry,
number of G-tetrads, size of the loops, and the type of binding cations. Con-
cerning the strand stoichiometry, G4s can exist in different inter- or intra-
molecular forms. Thus, they can either be unimolecular structures, where a
single strand folds upon itself, or bi- or tetramolecular species, where two or

four strands combine respectively (Figure 1.7).

A B C
|
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Figure 1.7 Schematic illustration of A) tetramolecular, B) bimolecular,
and C) unimolecular G4 structures.

Depending on the relative orientation of the strands, G4s can assume different

topologies (Figure 1.8) (Bochman et al., 2012; Huppert, 2010; Phan, 2010):

e Parallel, in which the four strands are oriented in the same direction,;

e Hybrid, or (3+1), in which three strands are oriented in one direction and
the fourth in the opposite direction;

e Antiparallel, in which two strands are oriented in opposite directions;

with an up-down-up-down or up-up-down-down core.
A B C D

=t = =

Figure 1.8 Schematic illustration of A) parallel, B) hybrid,
and C,D) antiparallel G4 structures.
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Strictly correlated to the orientation of the strand, guanines in a G-tetrad can
be either anti or syn. Parallel G4s have all glycosidic angles in anti-confor-
mation, while antiparallel and hybrid G4s have both syn- and anti-confor-
mations. Finally, loops connecting G-tetrads can be classified into four

groups (Figure 1.9) (Bugaut & Balasubramanian, 2008):

e Lateral, between two adjacent antiparallel strands;

e Diagonal, between two opposing antiparallel strands across the G-tetrad
plane;

e Double-chain-reversal or propeller, between two adjacent parallel
strands;

e V-shaped, linking two adjacent antiparallel strands, one of which a bro-

ken G-tract, through residues located on opposite outer faces of the G4.

A B C D

IS A NS

Figure 1.9 Schematic illustration of A) lateral, B) diagonal, C) double-chain-re-
versal, and D) V-shaped loops in G4 structures.

The topology of loops affects the dimension of G4 grooves. In the case of
laterall/diagonal 1oops between antiparallel strands, wide, narrow or medium
grooves are possible according to the anti or syn orientation of the glycosidic
bonds. On the other hand, propeller loops involving parallel strands lead to
four medium grooves, with all the glycosidic bonds in the anti conformation
(Burge et al., 2006).

Finally, external G-tetrads from two different inter- or intramolecular G4s in-
terfaced can stack on top of one another, assuming in three different orienta-

tions: 5° to 3’ (head-to-tail), 5’ to 5’ (head-to-head), and 3’ to 3’ (tail-to-tail).
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This stacking mode is favorable for parallel G4s (Figure 1.10A) (Haider et
al., 2008; Smargiasso et al., 2008). Finally, G-wires are long, linear structures
of many slipped G4 tetrameric subunits (Marsh & Henderson, 1994). They
are the longest higher-order G4s and can vary in length depending on the
preparation method and sequence. They can be formed by interlocked G4s
connected by flanking G-rich strands or sticky ends (Figure 1.10B) (Ilc et al.,
2013; Pavc et al., 2022).
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Figure 1.10 Schematic illustrations of A) two 5°-5” stacked parallel G4s,
and B) a G-wire structure.

The differences in the chemical composition of DNA and RNA also affect
the properties of the corresponding G4 structures. Usually, RNA G4 struc-
tures (rG4s) are more stable compared to DNA G4s. Indeed, RNA has an
extra 2'-OH group, allowing for additional hydrogen bonding and intramolec-

ular interactions. The 2'-OH group in RNA also creates steric constraints,
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which primarily lead to the formation of rG4s in a parallel topology (Banco

& Ferré-D’Amaré, 2021; Joachimi et al., 2009; Malgowska et al., 2016).

1.2.2 1-MOTIFS

Under slightly acidic conditions, a four-stranded structure can form in the C-
rich strand complementary to a G-rich one, the i-Motif (iM). iM structures
consist of two intercalated duplexes held together by hemi-protonated C:C*
base pairs, where cytosines pair via Hoogsteen-type hydrogen bonds (Figure

1.11) (Gehring et al., 1993).

i
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Figure 1.11 Schematic illustration of a hemi-protonated C:C" base pair.

Similar to G4 structures, iMs can exist in either inter- or intra-molecular
forms. In a unimolecular structure, a single strand folds upon itself. When
two stretches of cytosines are hairpin-folded and intercalated, they form bi-
molecular iMs (Catasti et al., 1997). Finally, tetramolecular iMs can be

formed by four stretches of cytosines (Figure 1.12).

10
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Figure 1.12 Schematic illustration of A) tetramolecular, B) bimolecular,
and C) unimolecular iM structures.

Two distinct iM topologies are determined by the intercalation. The 3'E to-
pology features the outermost cytosine pair from the 3' end, whereas the 5'E
topology has the outer pair from the 5’ end (Figure 1.13) (Guéron & Leroy,
2000; Nonin-Lecomte & Leroy, 2001).

Figure 1.13 Schematic illustration of A) 5'E and B) 3'E iM topologies.

Further, there are two classes of intramolecular iMs based on the length of
the loops: class [ with short loops and class I with longer loops (Brooks et
al., 2010). Usually, class Il iMs are more stable due to stabilizing interactions
within longer loop regions, despite the stability of class I iMs at neutral or

nearly neutral pH (Lieblein et al., 2013; Mir et al., 2017).

Although iM structures require the protonation of cytosines, which is more
likely to occur at a lower pH value than what is typically found inside living

cells, scientists have been exploring their persistence in living cells. In the

11
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last decades, it has been demonstrated that the iM formation can be facilitated
by the negative super-helicity induced by transcriptional activity and cell-
mimicking molecular crowding conditions (Rajendran et al., 2010; Sun &
Hurley, 2009). These findings are significant as they contribute to under-
standing the mechanisms behind iM formation and its potential implications

in various biological processes.

1.3 BIOLOGICAL RELEVANCE OF G-QUADRUPLEXES

In 2013, G4 structures were visualized in the genomic DNA of human cells
using a structure-specific antibody (BG4) (Biffi et al., 2013). There is an es-
timate of ~700000 potential G4-forming sequences in the human genome,
playing essential roles in regulating DNA transcription and replication, RNA
translation, and maintaining genome integrity (Chambers et al., 2015). These
structures are highly conserved between different species and found in many
areas, such as proto-oncogene promoters, origins of replication, untranslated
regions (UTRs) of mRNA, and at telomeres, the ends of human chromosomes
(Balasubramanian et al., 2011; Bryan, 2020; Bugaut & Balasubramanian,
2012; Capra et al., 2010; Patel et al., 2007). Further, G4 structures have also
been identified in viruses such as HIV-1 and SARS-CoV-2, where they are
supposed to regulate viral gene expression and replication (Perrone et al.,

2013; Zhao et al., 2021).

1.3.1 G-QUADRUPLEXES AT TELOMERES

Telomeres are structures made of nucleoprotein that protect the DNA of chro-
mosomes from degradation and prevent its natural ends from being recog-

nized as DNA damage. In humans, telomeres comprise a repeated short G-

12
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rich sequence, d(TTAGGG),, which is synthesized by telomerase and ends
with a 3' single-stranded DNA overhang. As normal human cells divide, te-
lomeres progressively shorten, leading to growth arrest upon telomere uncap-
ping, also known as replicative aging (Zakian, 1995). In contrast, in numerous
cancer subtypes, telomerase is overactive, contributing to the ability of these
cells to proliferate indefinitely since their chromosomal shortening is absent
(Moye et al., 2015).

It has been demonstrated that truncations of d(TTAGGG), motif can form G4
structures in vitro by X-ray crystallography and nuclear magnetic resonance
(Parkinson et al., 2002; Wang & Patel, 1993). Interestingly, telomerase seems
to recognize the single-stranded telomeric DNA but not the G4 structure. This
has led scientists to explore the development of small molecules as selective
telomeric G4 ligands to induce apoptosis in cancer cells, which could be a
promising new approach to cancer therapy (Mergny et al., 2001). Moreover,
telomeric DNA binds several proteins, including the Shelterin complex,
which protects chromosome ends from being recognized as DNA breaks (De
Lange, 2005). This helps maintain genome integrity, ensuring accurate trans-
mission of genetic material between cells. Competing small molecules induce
a DNA damage response, promoting senescence in cancer cells (Rodriguez et
al., 2008).

The transcription of the telomeric C-rich strand, d(CCCTAA),, in chromo-
somes, produces telomeric repeat-containing RNA (TERRA), which has a ca-
nonical G-rich motif of sequence r(UUAGGG), (Azzalin et al., 2007;
Hirashima & Seimiya, 2015). TERRA regulates telomerase activity, protects
chromosome ends from degradation, and participates in heterochromatin for-
mation and homologous recombination (Montero et al., 2016; Redon et al.,
2010). TERRA can form G4 structures that could be used as potential thera-
peutic targets. TERRA RNA G4s were confirmed in living cells by Xu et al.

13
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using a pyrene probe (Xu et al., 2010). They were also detected via optical
imaging and sequencing-based methods (Kwok et al., 2018). Interestingly,
telomeric rG4 structures may be more valuable than DNA G4s, as they are
required for telomere heterochromatin formation in all cancer cells, including
those that don't use telomerase to elongate their telomeres (ALT-positive tu-
mors) (Bryan et al., 1995). These tumors display higher TERRA accumulation
levels that appear to play a direct role in telomere elongation (Silva et al.,
2021). For this reason, the design of small molecules targeting TERRA G4s is

attracting ever-increasing attention.

1.3.2 G-QUADRUPLEXES IN ONCOGENE PROMOTERS

Gene promoters are particularly enriched in G4 motifs, which regulate tran-
scription in multiple genes (Huppert & Balasubramanian, 2005). Several G4
structures from gene promoters have been investigated, combining several
spectroscopic and biophysical techniques, including the B-cell lymphoma 2
(Bcl-2) (J. Dai et al., 2006), the hypoxia-inducible factor 1-alpha (HIF-1a)
(De Armond et al., 2005), the receptor tyrosine kinase (c-Kit) (Fernando et
al., 2006; Kotar et al., 2019; Kuryavyi et al., 2010; Phan et al., 2007; Rankin
et al., 2005), the Kirsten rat sarcoma virus (KRAS) (Cogoi et al., 2004), the
cellular myelocytomatosis (c-Myc) (Ambrus et al., 2005; Siddiqui-Jain et al.,
2002; Simonsson et al., 1998), the platelet-derived growth factor-A (PDGF-
A) (Qin et al., 2007), the vascular endothelial growth factor (VEGF) (Sun et
al., 2005), and the rearranged during transfection (RET) (Tong et al., 2011)
genes. While human telomeres consist of tandem repeats, the G-rich se-
quences within gene promoters are made up of G-tracts with varying numbers
of guanines and intervening bases. Thus, in solution, they can potentially

form inter- or intra-molecular structures, multimeric, or even their mixtures.
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G4-forming sequences in promoter regions act as transcription modulators of
oncogenes by interacting or recruiting G4-related proteins (G4RP) (Sanchez-
Martin, 2023). Several transcription factors have been identified as G4RPs
with different selectivity. In addition to duplex DNA, Myc-associated zinc
finger (MAZ) and the transcription factor Spl bind to KRAS and c-Kit* G4s,
respectively, whereas poly(ADP-ribose) polymerase 1 (PARP-1) shows
specificity for KRAS G4 (Cogoi et al., 2010; Raiber et al., 2012). This G4
structure is also a valuable target of the ribonucleoprotein HNRNP Al, able
to bind and unfold G4s in KRAS promoter regions (Chu et al., 2016; Ferino
et al., 2021). Yin Yang 1 (YY1), another zinc finger protein, can bind two
close-spaced DNA G4s and dimerize, bringing the two pieces of DNA to-
gether (Li et al., 2020). Nucleolin (NCL), a nuclear phosphoprotein, prefer-
entially stimulates and induces the folding of G4s containing long loops
(Lago et al., 2017). NCL and nucleoside diphosphate kinase (NM23-H2) act
as a repressor and an activator of the c-Myc oncogene, respectively inducing
the c-Myc G4 formation and promoting its unfolding (Gonzalez et al., 2009;
Thakur et al., 2009). On the other hand, NM23-H1 and NM23-H2 proteins
have been shown to repress the transcriptional activity of the PDGF-A gene
via functional interactions with promoter elements (Ma et al., 2002). Further,
nucleophosmin (NPM) and tumor suppressor protein 53 (TP53) can bind c-
Myc G4 (Petr et al., 2016; Scognamiglio et al., 2014). Interestingly, recently,
Vimentin (VIM), an intermediate filament protein, was identified for the first
time as a binder of multimeric G4s from c-Kif oncogene (Ceschi et al., 2022).
With detailed structural information on the binding of G4s with correspond-
ing interactors, it should be possible to confidently design a new class of small
molecules that can effectively interfere with this interaction and precisely

modulate the transcription of oncogenes.
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1.3.3 TARGETING G-QUADRUPLEXES WITH SMALL MOLECULES

It has been found that small molecules can bind to and stabilize G4s. There-
fore they can potentially be useful in the regulation of physiological and
pathological processes, including carcinogenic processes, in which G4s are
involved. This knowledge has led to the development of numerous small mol-
ecules studied over the last decade to evaluate their ability to stabilize G4
structures. These findings suggest that targeting G4s with small molecules
could be a promising approach to treating cancer.

The natural product telomestatin, the triazine 12459, and pyridostatin (PDS)
have been identified as potent telomeric G4 stabilizers, competing with Shel-
terin protein POT1 for the binding and triggering DNA damage response and
cellular senescence (Figure 1.14) (Gomez et al., 2003, 2006; Rodriguez et
al., 2008; Sun et al., 1997; Temime-Smaali et al., 2009). Interestingly, PDS
cannot discriminate between RNA and DNA G4s, while the carboxy-pyri-
dostatin derivative prefers rG4 (Figure 1.14) (Di Antonio et al., 2012).

16



CHAPTER 1

A B
| 2l NH, |
| (SN N/‘\N | ON
. \ pOPevSH

74
J/NHZ NI V4
o o
NH, 7z | NH, NH, Z | NH;
H 0. X o H o . o
N N
o~ | NH HN | ~ P o~ NH HN ~ P
N N L N|

Figure 1.14 Chemical structure of A) telomestatin, B) triazine 12459, C) pyri-
dostatin, and D) carboxy-pyridostatin.

RHPS4 (Figure 1.15) also induces telomere uncapping, leading to a telo-
mere-induced DNA damage response (Leonetti et al., 2004; Phatak et al.,
2007; Salvati et al., 2007).

Figure 1.15 Chemical structure of RHPS4.

The tri-substituted acridine BRACO-19 (Figure 1.16), one of the very first
promising synthetic G4-targeting small molecules, acts as a telomerase inhib-

itor (Gunaratnam et al., 2007).
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Figure 1.16 Chemical structure of BRACO-19.

Finally, a cationic porphyrin derivate TMPyP4 downregulates the transcrip-
tion of c-Myc, KRAS, and PDGF-A oncogenes by stabilizing corresponding
G4 structures in the promoter regions (Cogoi & Xodo, 2006; Qin et al., 2007;
Siddiqui-Jain et al., 2002).

Figure 1.17 Chemical structure of TMPyP4.

14 BIOLOGICAL RELEVANCE OF I-MOTIFS

Despite previous assumptions that iMs are not physiologically relevant due
to their supposed stability only in slightly acidic conditions, a solid founda-
tion of data indicates that these structures are detectable in vitro at close to
neutral pH. Recently, in-cell NMR experiments provided evidence for the in
vivo formation of iMs (Dzatko et al., 2018), while a selective antibody frag-

ment (iMab) was developed to detect iMs in cells' nuclei (Zeraati et al., 2018).
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Although G4-forming and iM-forming sequences are complementary, their
stability and dynamics vary significantly depending on the sequence. Initial
research was primarily directed towards C-rich strands complementary to the
known G4-forming promoter sequences. However, iM structures, like G4s,
are conserved across species and cluster in telomeres and gene regulatory re-
gions, thus implying their involvement in various processes, such as telomere
homeostasis and transcription.

The development of carboxylated single-wall carbon nanotubes, able to in-
terfere with telomere homeostasis in cancer cells by stabilizing the iMs (Y.
Chen et al., 2012), paved the way for developing telomeric iMs DNA binders.
Further, the iM formation is uppermost at the late G1 phase, when transcrip-
tion levels are high (Zeraati et al., 2018). In breast cancer cell lines, it is pos-
sible to modulate the transcription of the Bc/-2 oncogene, modulating the
folding of the corresponding iM-forming sequence with two different molec-
ular tools. In the presence of a stable iM structure, Bcl-2 transcription levels
increased, while destabilizing the iM reduced them (Kendrick et al., 2014).
Further, the ribonucleoprotein HNRNP LL also binds to the Bcl-2 iM and
enhances corresponding gene expression (Kang et al., 2014). On the other
hand, when the c-Myc iM structure is formed, it leads to lower transcriptional
activity than when it is unfolded (Sutherland et al., 2016). Thus, also iM struc-
tures can regulate transcription and play different biological roles, making
them ideal targets for interactor such as small molecules, inhibiting oncogenic
signaling and tumor growth (Y. Zhang et al., 2018).

The iM structures also have potential applications in the field of sensors and
logic devices due to the strong dependence of the structure’s stability on pH
(Dong et al., 2014). Nanostructures using iM are more practical for various
applications as they offer superior conformational flexibility in response to

chemical stimuli like changes in pH levels, in contrast to those relying on the
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canonical Watson-Crick base pairing that have sensitivity limitations
(Debnath et al., 2019). Due to their distinctive structure and chemical proper-
ties, iMs have garnered attention as possible pH-responsive switches in nan-
otechnology. They also hold potential as probes for monitoring pH fluctua-
tions in living cells and tumor microenvironments with abnormal pH levels
(Alba et al., 2016; Webb et al., 2011). Given their significance, numerous
research teams are devoted to comprehending the factors that impact this non-

canonical fold.
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GENERAL METHODOLOGIES

2.1 CIRCULAR DICHROISM SPECTROSCOPY

Circular dichroism spectroscopy is a light absorption technique used to study
the secondary structure of biomacromolecules. It measures the difference in
absorbance between right- and left-circularly polarized light and is highly
sensitive to conformational changes due to temperature, pH, and solvent var-
iations. It requires low sample amounts and provides sensitive detection.
Electromagnetic radiation exhibits wave-like behavior and consists of two
components: the magnetic (E)) and electric (E) field vectors, perpendicular to
each other and traveling through space at the speed of light. To simplify the
description, it is optimal to consider only one component, namely the E-com-
ponent. This approach is justified because the two components are invariably

perpendicular. A typical light source comprises various emitters with ran-

domly oriented waves E (unpolarized light). However, it gets polarized when
the light passes through a polarizer, an optical filter that allows only the light

waves that vibrate in a single plane while blocking the others (Figure 2.1).
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Figure 2.1 Schematic illustration of unpolarized and polarized light.

Linearly polarized light has a fixed direction of E and oscillates in only one
plane perpendicular to the direction of propagation. On the other hand, circu-
larly polarized light rotates E around the propagation axis while maintaining
a constant magnitude, and it can either be left-polarized (L-CPL) or right-
polarized (R-CPL) (Figure 2.2).

ANANAN *
| VAYAVA

Figure 2.2 Schematic illustration of A) linearly polarized and
B) circularly polarized light.

The phenomenon of differential radiation absorption, polarized in two direc-
tions concerning frequency, is called dichroism. When plane-polarized light
is used, this phenomenon is called linear dichroism. Conversely, when circu-
larly polarized light is used, the phenomenon is called circular dichroism.

When light is circularly polarized, it rotates in opposite directions. If this type
of light comes through an optically active material, the speed at which it
passes through the material will differ for each polarization. This phenome-

non is called circular birefringence or optical rotation, and it can significantly
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affect how light behaves in the material. At some wavelengths, right- and left-
circularly polarized light will also be absorbed to different extents due to dif-
ferences in extinction coefficients for the two polarized rays. This effect is

known as circular dichroism (CD):
CD = AL - AR

in which AL and Ar are the absorbance of the left- and right-polarized light,

respectively. The absorbance is obtained by the Lambert-Beer law:
A=¢-l-c

in which ¢ is the wavelength-dependent molar absorptivity coefficient (M™!
cm!), [is the optical path length (¢cm), and ¢ is the sample concentration (M).
During a CD measurement, / and ¢ are constants thus, the CD signal can be

expressed as the difference between molar absorptivity coefficients:
CD:AL_AR:(SL_SR)'I'C

Asymmetric chromophores or symmetric chromophores in asymmetric envi-
ronments interact differently with right- and left-circularly polarized light,
resulting in two related phenomena. Thus, an optically active sample intro-
duces a difference between the magnitude of the two components, making the
light elliptically polarized. The CD signal is measured in units of ellipticity,
defined as the tangent of the ratio of the minor to the major elliptical axis.
The difference between the molar absorptivity coefficients of the two light

components is directly proportional to the ellipticity, 0:

_T['A'(SL_SR)
B l
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in which / is the optical path (cm), and A (nm) is the wavelength of the incident
radiation. A CD spectrum records the extent of the light's elliptical polariza-
tion about wavelength. The molar ellipticity ([0]) can be used to compare

spectra with different concentrations:
0
[0] = T o= 32.98 Ae degrees M~1cm™1

CD experiments are conducted on a spectrometer, also known as a spectro-
polarimeter. It is a specialized form of an absorbance spectrophotometer,
which selects linearly polarized light of a specific wavelength using a mono-
chromator. The light then passes through a photoelastic modulator (PEM),
which is a silica block attached to a piezoelectric element and is converted
into circularly polarized light. An alternating drive voltage is applied to the
PEM, causing the polarization state of the transmitted light to alternate be-
tween R-CPL and L-CPL (Figure 2.3). In the case of an optically active sam-
ple, the two components of light will be absorbed and detected at different
extents. The spectrometer will measure this difference at multiple wave-

lengths and produce a CD spectrum.

Light
Sourci Monochromator
/ PEM R-CPL Sample
\ / / / Detector

£lem

\

L-CPL

Figure 2.3 Schematic illustration of a CD spectrometer.

CD spectrum is similar to an absorption spectrum with positive and negative

bands caused by differences in molar absorptivity coefficients.
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Chromophores are molecules that respond to CD and have inherent dissym-
metry due to their structural properties or chiral centers. The CD is applicable
only to UV-Vis absorbing samples, and each sample's CD spectrum is ob-
tained by subtracting the buffer baseline.

Herein, CD spectroscopy has been widely employed, using standard proto-
cols, to verify the secondary structure adopted (or induced) by oligonucleo-
tide sequences or peptides (PAPERS I, II, III, IV, V, and VI), and to check the
ability of the investigated compounds to affect their folding topology or ther-
mal stability (PAPERS I, III, IV, and V).

2.2 FLUORESCENCE SPECTROSCOPY

Fluorescence spectroscopy is an analytical technique that uses UV-Vis radi-
ation to excite molecules in a sample, causing them to emit fluorescent light.
This light is analyzed to provide information about the sample's composition
and properties. Fluorescence spectroscopy has many advantages; it is a rapid,
relatively inexpensive, and non-destructive technique. Although its limits of
sensitivity depend on the intrinsic fluorescence of the sample, this technique
is usually able to detect minimal concentrations of analytes (10 M) and has
a sensitivity higher than absorption spectroscopy. Moreover, the emission of
fluorescence radiation is approximately linear in a wide range of concentra-
tions without the necessity of sample dilution.

Molecules are made up of atoms that contain electrons, which exist in differ-
ent energy levels called electronic states. When an external energy source,
such as electromagnetic radiation, is introduced, the electron can absorb en-
ergy and transition from its lowest energy state, known as the ground state, to
a higher energy state, known as the excited state. However, the molecule's

stay in the excited state is temporary, as the electron eventually relaxes back
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to the ground state, emitting energy in the form of electromagnetic radiation.
This spontaneous emission is a fundamental process known as fluorescence.
In addition to spontaneous emission, molecules can also undergo stimulated
emission. This occurs when the molecule interacts with electromagnetic radi-
ation, causing it to emit radiation in the same frequency and phase as the in-
cident radiation. The Jablonski diagram is a graphical representation that il-
lustrates the various electronic states of a molecule and the transitions be-
tween them, thus providing an explanation for the phenomenon of spontane-

ous emission. (Figure 2.4):
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Figure 2.4 Schematic illustration of a Jablonski diagram.

When a molecule absorbs UV-Vis radiation, it most likely undergoes a tran-
sition from the singlet ground state (So) to the first singlet excited state (S1)
while conserving spin multiplicity. The molecule can be in any vibrational
level when it reaches the excited electronic state, but it tends to return to the
ground state. The first step in this process is transitioning from the excited to

the ground vibrational level, known as vibrational relaxation. This process
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involves the dissipation of energy from the molecule to its surroundings. Flu-
orescence is the emission of electromagnetic radiation caused by the move-
ment of an electron from the first excited singlet state (S1) to the ground state
(So). On the other hand, intersystem crossing occurs when an electron moves
from the first excited singlet state (S1) to the first excited triplet state (71).
Phosphorescence is the emission of radiation due to the movement of an elec-
tron from the first excited triplet state (77) to the ground state (So). During this
process, the molecule may return to any vibrational level, leading to a vibra-
tional relaxation. The emission bands of a molecule have longer wavelengths
compared to those of its excitation bands. This is because of the energy loss
caused by non-radiative phenomena. As a result, the fluorescence spectrum
is similar to the absorption spectrum, but it is shifted to higher wavelengths,
and this shift is called the Stokes shift.

Fluorescence quantum yield (¢F) estimates the amount of energy recovered
via the fluorescence process. It's the ratio of the emitted and absorbed photon
and ranges between zero and one. A high-fluorescence molecule has a ratio
close to one, and a low-fluorescence molecule has a ratio close to zero. Fluor-
ophore is the term used for a fluorescent molecule.

A fluorescence resonance energy transfer (FRET) occurs when a donor fluor-
ophore is excited and transfers its energy to an acceptor fluorophore, resulting
in the emission of light by the acceptor. Dark quenchers are alternatives to
fluorescent FRET acceptors as they relax from the excited state to the ground
state non-radiatively. The efficiency of energy transfer is dependent on the
distance between the donor and acceptor, making FRET a valuable tool for
studying molecular interactions and conformational changes.

The fluorescence spectrometer comprises three main components: an excita-
tion source, a detection system, and a data acquisition and analysis module.

The excitation source provides the light that excites the fluorescent sample.
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It can be a lamp, a laser, or a light-emitting diode (LED), depending on the
sample and the required wavelength of light. The detection system collects
the emitted light from the sample and measures its intensity and wavelength.
The most common types of detectors are photomultiplier tubes (PMTs) and
charge-coupled devices (CCDs). The data acquisition and analysis module
collect and analyzes the data generated by the excitation source and the de-

tection system (Figure 2.5).
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Figure 2.5 Schematic illustration of a fluorescence spectrometer.

Herein, fluorescence spectroscopy has been employed to obtain information
about: i) the interaction between DNA/RNA G4 and ligands directly (PAPER
IV), or by means of fluorescent probes (PAPERS II, III, and V); ii) the oligo-
nucleotide folding using a fluorescent selective dye (PAPER VI); iii) G4 vs.
duplex structures selectivity through FRET competition melting assays (PA-

PERS II, and III).
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2.3 NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY

NMR spectroscopy is a spectroscopic method that requires a strong static
magnetic field. It's based on the interaction between energy and matter. Isidor
Rabi described NMR in 1938 and was awarded the Nobel Prize in Physics for
his work. Felix Bloch at Stanford and Edward Mills Purcell at the Massachu-
setts Institute of Technology demonstrated NMR in condensed matter (water
and paraffin, respectively) in 1945 (Bloch et al., 1946; Purcell et al., 1946).
Both Bloch and Purcell were jointly awarded the Nobel Prize for physics
seven years later. The significance of NMR in chemistry was not recognized
until 1950, when the chemical shift was discovered (Proctor & Yu, 1950).
Chemistry has been the field with the most interest in NMR in recent years.

Nuclear magnetic resonance is a fascinating property that occurs within the
nucleus of an atom. The nucleus is comprised of protons and neutrons, and it
has a unique property called nuclear spin (/), which causes it to behave like a
miniature bar magnet. Interestingly, not all nuclei have this property. Specif-
ically, nuclei with even mass and even charge numbers do not have the nu-
clear spin property (/=0) and are therefore labeled as "NMR inactive" or
“NMR silent”. However, specific nuclei, such as hydrogen ('H), carbon (13C),
fluorine ('°F), and phosphorus (*'P), possess the nuclear spin property (=),
which is essential for NMR analysis. When the nuclei are not affected by an
external magnetic field (Bo), the spins are randomly oriented in all directions.
However, when nuclei with /7 different from zero are placed in a magnetic
field, they assume various orientations corresponding to specific energy lev-
els (Figure 2.6). The number of orientations depends on the value of 7, which

equals 2/+1.
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Figure 2.6 Schematic illustration of A) randomly oriented and B) aligned spins in
the absence and presence of an applied magnetic field (Bo), respectively.

The most critical nuclei in biomolecular NMR studies are 'H, '3C, °N, and
3P, Among these nuclei, 'H is the most sensitive, followed by *'P; the natural
abundance is near 100% for both. The proton ('H) is the most abundant NMR
nucleus, and it has /="%; therefore, when By is applied, these nuclei can as-
sume two possible orientations, o parallel (/=+%, T) or B antiparallel (/=-'%,
1), each corresponding to an energy level. The difference in the energy levels

is equal to:
AE = y ) BO

where y is the constant gyromagnetic ratio for a given nucleus (2.6752-10% s~
IT-! for protons). This means that a stronger magnetic field corresponds to a
higher gap in energy levels, resulting in greater sensitivity in the NMR exper-
iment. Protons are distributed between the two energy states according to the

Boltzmann distribution:

Ny <AE)
NPT

in which N, and Nj represent the protons populations in the lower and upper
energy levels, respectively, k the Boltzmann constant, and T the temperature.
The number of nuclei in the two states is not equal. A slight excess of protons

will occupy the lower energy state (o) as it is more favorable energetically.
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This results in the net magnetization My, aligned with the applied magnetic
field Bo. When a radiofrequency (RF) pulse is used, the nuclei absorb energy

and transition to higher energy levels:
AE=h-v

where / is the Planck constant and v is the excitation pulse frequency that
induces the transitions between the levels. This frequency is referred to as

Larmor frequency and depends both on the nucleus and the magnetic field:

The NMR signal becomes detectable only when the sample is in an equilib-
rium state in the static magnetic field. The net magnetization vector has no
component on the xy plane, where the detector coil detects the signal. The
duration of the pulse is usually measured in microseconds (us). When the
pulse brings the magnetization on the xy-plane, it is called a 90° pulse. On
the other hand, a 180° pulse flips the net magnetization on the negative z-
axis. When the radiofrequency is switched off, the system will return to equi-
librium. This return to equilibrium is referred to as relaxation, and it causes
the NMR signal to decay with time, producing the observed free induction
decay (FID). The NMR signal is then Fourier transformed to be converted in
the frequency domain (Figure 2.7).
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Figure 2.7 Schematic illustration of an NMR experiment.

2.3.1 CHEMICAL SHIFT AND COUPLINGS

Atoms in a molecule don't experience the same magnetic field due to their
positioning, known as shielding. Electrons surrounding the nucleus rotate
when an external magnetic field (Bo) is applied, creating a local magnetic
field (Bioc) that can oppose the external field. This results in a slightly reduced
field called Besr. The shielding constant (o) indicates the density and distribu-
tion of the electronic cloud around the nucleus. It ranges from 107 to 103,
depending on the nucleus's weight. The presence of functional groups near a
nucleus can change the ¢ value. An electronegative atom can reduce elec-
tronic cloud density, causing a de-shielding effect and increasing nucleus fre-
quency resonance. Considering that Bioc is equal to the product of By and o,

according to the Lenz rule, Befr is given by:
Befr = Bg — Bioc = Bg — Bgo = Bo(1 — 0)

Therefore, the relationship between the degree of shielding and the resulting

resonance frequency is equal to:

:Y'Bo
2T

(1-o0)

\%
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NMR spectroscopy is a powerful tool that reveals how protons in distinct
chemical environments resonate at varying frequencies in response to mag-
netic fields, known as chemical shift (5). Valuable information can be ex-
tracted from NMR experiments by analyzing the frequencies of different nu-
clei independently from the magnetic field utilized. Thus, a conventional way
to calculate d is in terms of v as the frequency of the observed nucleus and vrer

as the frequency of a reference compound:

_ V7 Vref

o= 106

Vref

Chemical compounds with maximum shielding exhibit higher ¢ values than
nuclei typically analyzed by NMR. The last equation converts chemical shift
frequencies into parts per million (ppm), allowing NMR signals to be dis-
played on a new axis, ensuring that a given spin always shows the same value,
regardless of the magnetic field used. In this system, the reference compound
has 6 value 0, while sample resonances have positive & values. Most used
reference compounds in NMR spectroscopy are tetramethyl silane (TMS) for
organic solvents, the sodium salt of trimethylsilyl propionic acid (TSP), or
dimethyl silapentane sulfonate (DSS) for aqueous solutions.

NMR experiments provide chemical information beyond just chemical shifts.
Another valuable feature is the J coupling or scalar coupling. Coupling (scalar
coupling) is another essential feature caused by the interaction of magnetic
moments of nuclei through space (dipolar coupling) or chemical bonds (scalar
coupling). The dipolar coupling can be neglected due to rapid molecular tum-
bling, whereas scalar coupling is visible in the NMR spectrum. NMR signal
splitting occurs when one atom influences another, which can happen in both
directions. However, to observe signal splitting, the interacting nuclei must

be bonded in proximity or be oriented in specific optimal configurations.
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2.3.2 DETECTION AND FOURIER TRANSFORM

After the nuclei are excited by a radiofrequency pulse, the magnetization flips
on the xy plane (90° pulse). This causes the spins to rotate clockwise (-v) and
counter-clockwise (+v). A detection system with two simultaneous channels
on each axis often distinguishes between spins with different frequencies.
This is known as quadrature detection. The nuclei then return to their equilib-
rium distribution between the two energy levels through relaxation, which
has specific relaxation times for different nuclei. This generates the free in-
duction decay (FID), a time-domain representation of the frequencies of all
the nuclei in the sample. To interpret the FID, a mathematical operation called

Fourier transform is carried out to produce the frequency spectrum (Figure

Fourier
transform (FT)

Time domain, s(t)

Frequency domain, S(w)

Figure 2.8 Illustration of the Fourier transformation from the time domain s(t) to
the frequency domain.

2.3.3 PROCESSING TOOLS

Several processing steps need to be performed before and after the Fourier
transform of the FID to improve the sensitivity and resolution of acquired

data.
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Zero-filling is a technique to improve the digital resolution of NMR spec-
tra by adding zeros to the FID data points. It does not improve the proper
resolution, but only the apparent resolution. Zero-filling helps detect fine
couplings that may not be visible due to low digital resolution. It is essen-
tial to avoid using zero-filling to increase digital resolution with very short
acquisition time, as this may lead to baseline artifacts after the FT;
Apodization is a spectral analysis technique that uses window functions
like Lorentzian, Exponential, Gaussian, or Sine-bell to multiply the FID.
Different window functions have varying effects on sensitivity, resolu-
tion, line broadening, and noise levels, depending on the analysis objec-
tives;

Phase correction is a process used to fix errors in spectra. Two main things
cause these errors: i) a delay between the RF pulse and the receiver open-
ing for FID acquisition; ii) the pulse may not excite all the nuclei equally
due to off-resonance effects. An uncorrected spectrum shows a dispersive
line shape and inverted signals. Zero-order and first-order phase correc-
tions are used to fix this. Zero-order correction is independent of chemical
shift, while the first-order correction is frequency-dependent and in-
creases with distance from the reference signal;

Baseline correction is crucial for accurately integrating and quantifying
analytes in spectroscopic data. Distorted baselines caused by the first few
data points in FID can hide small peaks, usually due to high signal ampli-
fication or incomplete RF electronics recovery. The most common cor-
rection method is fitting the baseline with a polynomial function and sub-

tracting it from the spectrum.
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2.3.4 2D NMR EXPERIMENTS

Two-dimensional (2D) NMR spectroscopy is one of the most widely used
and powerful tools for studying biological macromolecules. A two-dimen-
sional homonuclear spectrum consists of diagonal peaks where the frequency
in both dimensions, vi and v», is the same. It also includes cross peaks outside
the diagonal where the frequency differs in the two dimensions. Depending
on the experiment, scalar couplings, dipolar couplings, or other information
can be obtained from these cross-peaks. Two-dimensional spectra are helpful
to solve problems of signal superposition that are present in 1D experiments.
Homonuclear 2D NMR experiment is a technique used to study a compound's
molecular structure and dynamics by measuring the interactions between nu-
clei of the same type. It involves the application of two radiofrequency pulses,
one for excitation and the other for detection, to the sample containing the
compound of interest. The experiment generates a two-dimensional spectrum
that displays the frequencies of the two nuclei and their interactions. There
are several 2D homonuclear experiments:

e (COrrelation SpectroscopY (COSY) 2D NMR experiments can identify
scalar-coupled proton pairs in a molecule. By correlating spin transitions
from one nucleus to another, a 2D spectrum shows cross-peaks between
scalar-coupled protons. This allows for the identification of spin systems
and provides insights into the connectivity of protons in a molecule.

e TOtal Correlation SpectroscopY (TOCSY) 2D NMR spectroscopy iden-
tifies spin systems and determines connectivities between different spins
in a molecule. It uses a radiofrequency pulse to transfer magnetization
from a specific spin to all connected spins, resulting in a spectrum show-

ing correlations between all spins in the molecule.
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Nuclear Overhauser Effect SpectroscopY (NOESY) 2D NMR experiment
involves applying radiofrequency pulses to a sample containing a mole-
cule of interest. The first pulse is typically a 90° pulse that excites all the
spins in the sample. During the period between the first and second pulses,
the nuclear Overhauser effect occurs, which results in the transfer of nu-
clear spin polarization between coupled nuclei. The second pulse is typi-
cally a 180° pulse that inverts the spins of the excited nuclei. The signal
is detected and recorded as a function of the time delay between the first
and second pulses, as well as the chemical shift of the resonances. The
NOESY spectrum provides information about the proximity of different
nuclei in a molecule and their spatial arrangement. Cross-peaks in the
NOESY spectrum indicate that the corresponding nuclei are close to each
other in space and may be involved in a particular interaction, such as a
hydrogen bond or a van der Waals interaction. The cross-peak intensity is
proportional to the degree of proximity between the nuclei. Overall, NO-
ESY 2D NMR experiments are a powerful tool for studying the three-
dimensional structure of molecules, particularly biomolecules such as

proteins and nucleic acids.

Heteronuclear 2D NMR experiments involve using two different types of nu-

clei in the NMR process. Traditional NMR experiments typically observe

only a kind of nuclei, usually protons. However, heteronuclear 2D NMR ex-

periments correlate the signal from one type of nucleus with the signal from

a different sort of nucleus. This allows for identifying the chemical connec-

tivity between various nuclei in a molecule. The most used heteronuclei are

13C, N, and 3'P. Examples of heteronuclear 2D NMR experiments are:

Heteronuclear Single Quantum Coherence (HSQC) 2D NMR experi-
ments study the correlation between protons and heteronuclei directly

connected with one bond. This technique provides information on the
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identity and location of individual atoms in a molecule, as well as the
spatial arrangement of neighboring atoms;

e Heteronuclear Multiple Bond Correlation (HMBC) 2D NMR experiments
determine the connectivity between protons and their attached heteronu-
clei (such as carbon, nitrogen, or phosphorus). This technique helps iden-
tify the long-range coupling between these nuclei, which can be challeng-
ing to detect using other NMR techniques. The resulting spectrum pro-
vides valuable information about a compound's molecular structure and

connectivity.

Here, 1D 'H NMR spectra were acquired for demonstrated G4-folding (PA-
PER VI). 1D 'H NMR titrations experiments were performed to elucidate lig-
and binding mechanisms to DNA and RNA G4 structures (PAPERS V, and
VII). Moreover, several 2D NMR homo- and heteronuclear experiments were
carried out to in-depth investigation of the interaction of a G4/ligand complex

(PAPER VII).

2.4 MICROSCALE THERMOPHORESIS

MicroScale Thermophoresis (MST) is a powerful approach for analyzing bi-
omolecule interactions. It relies on the movement of molecules within a tem-
perature gradient, a phenomenon called thermophoresis. The efficacy of this
technique stems from its ability to detect even subtle variations in molecular
properties such as size, charge, hydration shell, or conformation.

During an MST experiment, an infrared (IR) laser generates a microscopic
temperature gradient. This results in the movement of molecules via thermo-
phoresis, which can be detected and measured using either covalently at-
tached or intrinsic fluorophores. By merging the accuracy of fluorescence de-

tection with the flexibility and sensitivity of thermophoresis, MST serves as
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a versatile and dependable method for precisely analyzing binding events.
This technique enables the precise examination of binding events within a
small solution (i.e., puL) of nearly any molecule, regardless of size or physical
properties (El Deeb et al., 2022; Jerabek-Willemsen et al., 2011). Therefore,
MST can detect various events, such as the binding of small molecules to
proteins, substrates to enzymes, or ligands to liposomes.

The interface between a molecule and solvent causes thermophoretic deple-
tion. The Soret coefficient, St, measures the depletion of solvated biomole-
cules in a region of higher temperature created by a temperature difference,

AT:

Chot

= exp(—StAT)
Ceord
Thermophoresis is a precise method for evaluating molecules' size, charge,
and solvation entropy while maintaining a consistent buffer environment.
When assessing the thermophoresis of a protein versus a protein-ligand com-
plex, notable distinctions are often observed because of variations in size,
charge, and solvation energy that arise during the binding process. Even if
protein size or charge is only marginally modified by the binding event, MST
can still identify it by measuring alterations in the solvation entropy of the
molecules (Seidel et al., 2013).
The experimental setup involves coupling an IR laser to the fluorescence ex-
citation/emission path with an IR dichroic mirror. The IR laser focuses on the
sample using the same optics used for fluorescence detection. This setup en-
ables precise observation of thermophoresis since the IR and visible optics
are well-aligned (Figure 2.9). The IR laser enables localized, accurate, and
reproducible solution heating. This is especially useful for analyzing a serial

dilution containing 10 to 16 samples.
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Figure 2.9 Schematic illustration of the instrumental setup for MST.

The movement of molecules is mainly limited by diffusion. By confining the
temperature distribution to the millimeter scale, changes in thermophoretic
properties can be measured in less than 30 s. Turning on the IR laser for less
than a second results in heat dissipation reaching equilibrium, leading to a
steady-state temperature increase (typically between 2 and 6 K). This temper-
ature increase, known as the MST temperature jump (T-jump), triggers ther-
mophoresis, causing a concentration gradient in the solution.

At the start, when the IR laser is turned off, the molecules are uniformly
spread out, and a steady initial fluorescence reading is recorded. As soon as
the IR laser is switched on, a T-jump takes place, causing a rapid shift in the
characteristics of the fluorescent molecules. Then, the movement of the fluo-
rescently labeled molecules out of the heated sample region can be monitored
through thermophoresis. Upon deactivating the IR laser, an inverse T-jump
occurs, followed by the back-diffusion of molecules, which is solely driven
by mass diffusion (Figure 2.10).

In a typical MST experiment, the concentration of a fluorescently labeled
molecule is kept constant. In contrast, the concentration of an unlabeled bind-

ing partner is varied, starting with a concentration of at least about ten times
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above the expected dissociation constant down to sub-stoichiometric concen-
tration concerning the labeled molecule. The MST signal will detect the bind-
ing by quantifying the change in the normalized fluorescence (i.e., the ampli-
tude of the MST signal). Changing fluorescence signal depending on the con-
centration of the target, expressed as the fraction of labeled molecules bound,

x:
Foorm = (1 = x) - Fopm (unbound) + x * Fporm (bound)

where Fporm(unbound) and Fporm(bound) are the normalized fluorescence of
unbound and bound to their targets labeled molecules, respectively. Differ-
ences in normalized fluorescence of the bound and unbound state, defined as
the ratio Fnot/Feold (F-values correspond to average fluorescence values be-
tween defined “hot” and “cold” areas, respectively), will allow the determi-
nation of the fraction bound and thus, the equilibrium dissociation constant
(Kp). Typically, Frorm values are multiplied by a factor of 1000, yielding a

relative fluorescence change per thousand.
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Figure 2.10 Schematic illustration of A) MST movement profiles, B) multiple
MST traces recorded for different mixture ratios of target and ligand molecules,
and C) the corresponding dose-response curve.

MST was employed to analyze oligonucleotide interactions (Baaske et al.,
2010), protein—DNA interactions (Zillner et al., 2013), protein—protein inter-
actions (Keren-Kaplan et al., 2013), and protein—small molecule (Gaffaro-

gullari et al., 2013; Wienken et al., 2010).
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Here, MST experiments were performed to obtain Kp values for the interac-
tion of both small molecules and peptides for G4 structures (PAPERS II, III,
and V).

2.5 GEL ELECTROPHORESIS

Electrophoresis is a process in which charged particles are separated and
moved through a solution by an electric field. Many biological molecules
such as amino acids, peptides, proteins, nucleotides, and nucleic acids contain
ionizable groups, which means they can exist as charged species in solution,
depending on the pH.

Gel electrophoresis is a widely practiced method for sorting, refining, and
recognizing charged macromolecules in a solution. The electrophoretic setup
consists of two electrodes, an anode, and a cathode, which are united by an
electrolyte solution, encompassing the electrophoresis gel. The sample is de-
posited into suitable wells, and the molecules travel towards the appropriate

electrode, determined by their charge. The electric force (F.) is given by:
Fo=E-q

in which E is the electric field, and q is the charge. A friction force, Fr, op-

poses to the motion generated by the electric field:
Ff =YV

in which vy is friction coefficient and v migration velocity. At constant speed:
E .
Fe = Ff, VvV = —q
Y

The electrophoretic mobility (m) is defined as:
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M| <
< |Qa

It exclusively depends on the particle; in the case of a globular molecule, v is
equal to:

y=6-m'n-r

in which 7 is the medium viscosity and r being the molecule radius. Then, m
is:
m = q
6-m'Nr
Thus, electrophoretic mobility of a molecule is determined by its charge, di-
mensions, shape, medium viscosity, and gel pore size. Electrophoresis sepa-
rates molecules from a mixture based on their charge and size.

Here, native polyacrylamide gel electrophoresis (PAGE) was performed to

discriminate between inter- or intramolecular iM structures (PAPER I).
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IDENTIFICATION OF NOVEL
G-QUADRUPLEX-BINDING PROTEINS

With the aim of further investigating the biological functions of DNA G4s
and their interaction network and then exploiting these interactions for the
development of new potential therapeutic agents, in the study described in
this CHAPTER we performed a spectroscopic characterization of four different
G4-forming DNA sequences from oncogene promoters, which were then em-
ployed as baits in a proteomic “‘fishing-for-partners” approach to identify in-
teracting proteins. Our protocol succeeded in the identification of some new
DNA G4-binding proteins, with different selectivity among different G4s

and/or versus unstructured G-rich strand (PAPER VI).

3.1 DNA G-QUADRUPLEXES AS TARGETS FOR PROTEIN BINDING

3.1.1 INTRODUCTION

As discussed above, the G4 structures can exert their biological functions in
cells by interacting with several proteins, such as helicases or transcription
factors (see Paragraph 1.3). Some proteins promote the formation and/or
stabilization of G4 structures, while some other proteins exhibit unwinding
activity (Brdzda et al., 2014; Meier-Stephenson, 2022; Sanchez-Martin,
2023). From a drug discovery perspective, many of these G4RPs and/or their
complexes with G4s are potential drug targets (Shu et al., 2022). Thus, it is
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crucial to discover as many as possible G4RPs in order to better elucidate the
potential involvement of G4s in a range of biological processes.

Mostly of the already known RNA/DNA G4RPs have been discovered thanks
to the development of different affinity enrichment protocols from nuclear or
cytoplasmatic extracts, as well as native chromatin (Y. Dai et al., 2023). In a
typical proteomic approach, already employed by our research group (Pagano
et al., 2015), biotin-tagged G4 structures are employed as baits in solution
and incubated with nuclear or cellular extracts. Streptavidin-coated magnetic
beads isolate the labelled G4 structure together with its interactors, which can
be eluted in denaturing conditions, digested, and identified by LC-MS/MS
tandem analysis (Gonzalez et al., 2009).

The death-associated protein 1 (DAP1), hypoxia-inducible factor 1o subunit
(HIF-1a), juxtaposed with another zinc finger protein 1 (JAZF-1), and plate-
let-derived growth factor (PDGF-A) proteins are correlated with numerous
cancer processes, and characterized by the presence of G-/C-rich complemen-
tary strands in their promoter regions. While C-rich strands have been deeply
characterized in their ability to fold into iM secondary structures at neutral
pH (Brazier et al., 2012; Dzatko et al., 2018; Wright et al., 2017), the com-
plementary G-rich strands have received less attention except those of HIF-
lo and PDGF-A (De Armond et al., 2005; Qin et al., 2007).

HIF-1a is one of the two subunits of the HIF-1 transcription factor responsi-
ble for the regulation of over 60 genes involved in many processes, including
tumorigenic activity, mostly in hypoxia conditions (Erler et al., 2004). Its pol-
ypurine/polypyrimidine tract in the promoter region (-65 to -85) is adjacent
to several putative transcription factor binding sites. The G-rich tract in solu-
tion is able to fold into a mixture of G4 structures with three stacked guanine

tetrads and a parallel orientation of the strands in high-potassium conditions.
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Mutagenesis of this region results in lower basal HIF-1a expression (De Ar-
mond et al., 2005).

The PDGF-A signaling pathway leads to proliferation, migration, angiogen-
esis, and metastasis and is particularly critical for pancreatic cancer progres-
sion (Hoffmann et al., 2008; Liu et al., 2011). Its gene proximal 5’-flanking
region contains one nuclease hypersensitive element (NHE) that is critical for
PDGF-A gene transcription and has a G4-forming sequence composed of five
G-tracts in the -82 to -47 region. This can fold in two stable intramolecular
parallel G4 structures that are potentially involved in transcriptional regula-
tion. The ligand-mediated stabilization of the major G4 structure can silence
PDGF-A expression (Qin et al., 2007).

DAPI is a highly conserved phosphoprotein, associated with a pro-apoptotic
function (Jia et al., 2014). It is correlated with disease progression and long-
term survival of patients with colorectal cancer, while a low DAPI expression
is associated with clinicopathological parameters of human breast cancer (Jia
et al., 2014; Lehmann et al., 2002).

Finally, JAZF-1 is a zinc finger protein associated with tumor progression
and type 2 diabetes (Liao et al., 2019; Prokunina-Olsson et al., 2010; Sung et
al., 2017). Its overexpression is correlated with enhanced prostate cancer cell
proliferation, migration, and invasion via regulating JNK/Slug signaling,
even if its molecular mechanism has not yet been clarified (Sung et al., 2017).
In this study, DAP, HIF-1a, JAZF-1,and PDGF-A G-rich sequences from the
corresponding oncogene promoters were investigated in vitro for their ability
to form G4 structures. Then, their biotin-labeled forms were used as baits in
solution to identify putative G4RPs from the nuclear extracts of osteosarcoma
cancer cells (U20S) with a “fishing-for-partners” classical proteomic ap-

proach. This protocol allowed us to identify 60 putative G4RPs with different
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selectivity for G4s over an unfolded G-rich oligonucleotide (used as a control

in the fishing protocol), and/or for different G4s.

3.1.2 RESULTS AND DISCUSSION

BIOPHYSICAL INVESTIGATION OF THE SELECTED G4-FORMING SEQUENCES.
To demonstrate that HIF-1a, PDGF-A, JAZF-1, and DAP G-rich sequences
fold into G4 structures under the solution conditions employed in pull-down
assays (i.e., 20 mM HEPES buffer at pH 6.6 containing 150 mM KCl, and 1
mM EDTA), a combination of spectroscopic techniques (CD, fluorescence,
and NMR) has been employed. Furthermore, a scrambled G-rich sequence

(scrG) used as a negative control has also been characterized (Table 3.1).

Table 3.1 List of here investigated G-rich sequences.

Name Sequence (5’-3’) Length
DAP GGGGGCGGGGGCGGGGGCGGGGGLCGEGEGEE 29-mer
HIF-1o GCGCGGGGAGGGGAGAGGGGGCGGGAGCGCG 31-mer
JAZF-1 GGGGGGAGGGCGGGGGCGGGGGCGEGGGEGGEEE 31-mer
PDGF-A GGGGGGGGGGGGEGCGEGEGEGCEGEGEGECEGEGEGAGGGGLCGLGG 41-mer
scrG GTGTGTGTGTGTGTGTGTGTGTGTGTGTGT 30-mer

The Thioflavin T (ThT), a small molecule employed as fluorescence dye, is
currently used as a selective G4 probe for their recognition. Indeed, when
ThT binds G4 structures in solution, a severe fluorescence enhancement (FI)
at 487 nm is observed compared to its unbounded form (FIp) (De La Faverie
et al., 2014). To avoid ambiguities, we also employed two different well-
known G4-forming sequences, AS/411 and c-Kit2, and a hairpin duplex as
positive and negative controls, respectively. 4S/411 is characterized by a
highly structural polymorphism in solution, with at least eight different G4
conformations (Bates et al., 2017). On the contrary, c-Kit2 G4, here standing
for a mutant c-Kit2-G12T/G21T sequence, is characterized by a unique
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monomolecular parallel topology in low-potassium solution conditions
(Kuryavyi et al., 2010). The induced fluorescence of ThT in the presence of
G4s is very sensitive to the stoichiometry of the interaction as well as the
topology of the G4s. In a ThT/G4 ratio of 1:2, 451411 and c-Kit2 G4s induced
a 60- and 145-fold fluorescence enhancement of ThT, respectively. When in
the presence of DAP, HIF-1a, JAZF-1, and PDGF-A, ThT fluoresced with
72-,197-, 131-, and 94-fold higher intensities, respectively (Figure 3.1). This
indicated that all four investigated G-rich sequences are effectively able to
fold into G4 structures. As expected, the scrG sequence and hairpin duplex

structure showed less than a 15-fold increase in ThT fluorescence increase.
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Figure 3.1 Characterization of DAP, HIF-1a, JAZF-1, PDGF-A, and scrG G-rich
sequences. A) Fluorescence emission spectra of ThT in the absence and presence
of DAP, HIF-1a, JAZF-1, PDGF-A, scrG, AS1411, c-Kit2, or hairpin. B) Bar
graph of fluorescence enhancement of ThT in the presence of the investigated
DNAs.

To corroborate this result, the CD spectra of DAP, HIF-1a, JAZF-1, PDGF-
A G4s, and scrG sequence were acquired. The CD spectra of JAZF-1 and
PDGF-A G4s recorded at 20 °C are characterized by an intense absorbance
maximum at 264 nm and a minimum at around 240 nm, indicating parallel
G4 conformations (Figure 3.2). On the other hand, the CD spectra of HIF-1a
and DAP G4s showed a less intense maximum at 264 nm and a bump at 295
nm, slightly more pronounced in the case of DAP G4, suggesting a parallel

main conformation beyond the possible minor contribution of other
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topologies with antiparallel-oriented strands (Figure 3.2). Not surprisingly,
the CD spectrum of scrG showed typical features of an unstructured oligonu-
cleotide, with a weak positive peak at 280 nm (Clark et al., 1997). Different
dichroic signal intensities could be ascribed to a different number of stacked
G-tetrad involved in G4s formation. Indeed, HIF-1o. and DAP G-rich se-
quences are characterized by four G-tracts, while the one of JA4ZF-1 and
PDGF-A, exhibit five G-tracts.

The thermal stability of these G4-forming sequences was investigated
through CD melting experiments. All DNA structures showed very high ther-
mal stability in solution in the presence of 150 mM potassium ion, with melt-

ing temperature vales certainly higher than 80 °C (Figure 3.2).
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Figure 3.2 A) CD spectra at 20 °C of DAP, HIF-1a, JAZF-1, PDGF-A G4s, and
scrG and B) G4s normalized CD melting curves.

The CD spectra of biotinylated oligonucleotide sequences were acquired in
the same conditions as the unlabeled forms, showing no significant differ-
ences (data not shown). To further demonstrate the formation of DAP, HIF-
la, JAZF-1, and PDGF-A G4 structures, 1D "H NMR spectra were acquired
for each sequence. The presence of humped and unresolved groups of signals
in the imino proton region (10.0-12.5 ppm) confirms the presence of mixtures

of G4 structures in the employed solution conditions.
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PROFILING OF DNA G4-INTERACTING PROTEINS. Aiming to identify G4RPs
from U20S cancer cell lines, biotinylated DAP, HIF-1a., JAZF-1, and PDGF-
A G4-forming sequences were targeted in a classical proteomic approach. To
evaluate the selectivity of putative G4RPs for each secondary structure over
the unstructured G-rich strand, nuclear lysates were first incubated with the
biotinylated scrG. The recovery of the oligonucleotide probe was done by the
addition of streptavidin-modified beads, taking advantage of the strong and
specific affinity between streptavidin and the biotin moiety. Thus, the washed
unbound fractions, representing the most promising selective G4 interactors,
were incubated with the biotinylated G4 structure. The bound fractions, both

from the scrG and the G4s were eluted in denaturing conditions (Figure 3.3).
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Figure 3.3 Schematic overview of chemical proteomics workflow for the identifi-
cation of G4 DNA interactors.

All the collected fractions were digested by an enzymatic reaction in solution
with trypsin, and subsequent peptide mixtures were analyzed by LC-MS/MS.
Label-free quantification mass analysis resulted in 60 promising G4RPs. All
of them were classified according to their biological activities and molecular
functions using the DAVID database (D. W. Huang et al., 2009; Sherman et
al., 2022) (Figure 3.4). The analysis of the annotated biological processes

revealed that this set of G4RPs is implicated in various nuclear processes,
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most of them in mRNA processing or splicing, and more than 25% are in-
volved in transcriptional events. Moreover, 45 out of 60 are molecular recog-
nized as RNA- and/or DNA-binding, while 18 out of 60 were previously re-
ported as RNA and/or DNA G4 interactors.
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Figure 3.4 A) Overlap between enriched DAP, HIF-1a, JAZF-1, and PDGF-A
G4RPs obtained by pull-down experiments; B, C) Percentage distribution for bio-
logical process and molecular function, respectively, of all the putative G4RPs (60)
obtained by DAVID software.

Even if our protocol did not allow quantitative analysis of binding fractions,
a selectivity index (SI) can be defined considering the ratio between the num-
ber of times each protein bound to DAP, HIF-1a, JAZF-1, or PDGF-A G4s

and scrG. Thus, the following classification can be made: i) n. 17 proteins
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able to bind with a certain selectivity the DNA G4s, with SI > 1; ii) n. 43
proteins that showed no selectivity for DNA G4s, with SI < 1. Among the
proteins belonging to the latter group, we can identify 20 proteins with SI <
1, which slightly preferred the unstructured G-rich sequence, and 23 proteins

that equally interacted with scrG and the DNA G4 structures (Figure 3.5).
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Figure 3.5 Pie chart for the distribution of the 60 putative G4RPs (orange, beige,
and red for S> 1, S =1, S <1). In each slice, the total number of proteins is re-
ported and the number of those already known in the literature as G4 ligands is in-
dicated in brackets.

Among 40 proteins with SI > 1, 10 of them have been already discovered and
investigated as G4 binders. In agreement with our results, 5 out of 7 known
G4RPs with SI = 1 are already well characterized for their unwinding activity
or their unspecific binding to unstructured G-rich sequences. In particular, the
DHXO9 helicase has been investigated for its unwinding activity of RNA G4s
in 5’-UTR (Chakraborty & Grosse, 2011; Murat et al., 2018). On the other
hand, the ribonucleoprotein HNRNP A1 has shown helicase activity on both
DNA and RNA G4s, as well as HNRNP A2B1 with unfolded DNA G4 in the
long terminal repeat (LTR) promoter of HIV-1 (Kriiger et al., 2010; Parama-
sivam et al., 2009). Also, another ribonucleoprotein, HNRNP D, is involved
in the regulation of the telomere 3'-overhang through destabilization of the
corresponding G4 structure, while HNRNP H1 binds G-rich sequences irre-
spective of whether in a non-G4 or G4 state (Enokizono et al., 2005; Vo et
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al., 2022). Finally, HNRNP A3 is only known to bind G4-forming RNA hex-
anucleotide GGGGCC repeats in C90rf72 mutant gene (Mori et al., 2013). On
the other hand, it was recently discovered that VIM can bind to two adjacent
G4 DNA motifs from both telomere and oncogene promoters (Ceschi et al.,
2022). Interestingly, according to our results, VIM seems to interact with all
the G4s investigated here. As for the far upstream element-binding protein 2,
(also called KHSRP), the lamin B1 (LMB1), and NCL, they are the only three
known G4RPs that show a certain selectivity for G4s here. In our opinion,
this result supports the effectiveness of our protocol since NCL is widely con-
sidered an excellent and selective G4RP, acting on both RNA and DNA G4s
(Ghosh et al., 2023; Gonzalez et al., 2009; Lago et al., 2017; Santos, Miranda,
et al., 2021; Tosoni et al., 2015). Concerning KHSRP and LMNBI1, we have
here shown their ability to also bind G4 structures from oncogene promoters,
not only from telomere as already found by our research group (Pagano et al.,
2015).

Finally, considering the 8 proteins with SI < 1 already known to bind to G4s,
they are mostly known as mostly RNA G4 interactors. DDX17 acts on RNA
G4s in 5’-UTR (Herdy et al., 2018), while nucleophosmin (NPM), and the
non-POU domain-containing octamer-binding protein (NONO), interact with
IncRNA MALATI1 G4 (Ghosh et al., 2022, 2023). Regarding HNRNP K,
HNRNP L, HNRNP R, ILF3, and SFPQ, they were fished out as interactors
of G4 RNA in C90rf72 mutant gene (Mori et al., 2013). Therefore, further
investigation should be carried out to evaluate RNA over DNA G4s selectiv-
ity. The helicase activity of DDX17 (SI < 1) and DHX9 (SI=1) could explain
the lack of selectivity for the DNA G4s here investigated.

Considering the four investigated G4-forming sequences, JAZF-1 and HIF-
1o G4s are those for which a greater number of interactors have been identi-

fied. Altogether, they have 50 and 45 putative binders, respectively (Figure
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3.4), and share 36 G4RPs, 15 of which characterized by SI > 1. As for the
DAP and PDGF-A G4s, 24 G4RPs were fished out, of which 16 in common
(Figure 3.4). Interestingly, 18 proteins interact with only one G4 structure,
particularly: i) 12 proteins with JAZF-1 G4; ii) 5 proteins with HIF-1o G4;
iii) 1 protein with DAP G4. As for PDGF-A G4, no potentially specific in-
teractors were found.

Overall, the most interesting set of G4RPs is the one shared by all four G4
structures investigated, which contain 14 proteins. Among them, 6 proteins
are characterized by SI > 1 (AHNAK, HNRNP K, HNRNP M, LMNA,
LMNBI, and PPIA), while 8 with S = 1 (GADPH, HNRNP A1, HNRNP
A2B1, HNRNP A3, HNRNP AB, HNRNP D, HNRNP DL, VIM). Among
the 6 selective proteins, LMNB1, a major structural component of the nucleus
involved in the regulation of many nuclear functions, was already found by
our research group as an interactor of telomeric G4 (Pagano et al., 2015). On
the other hand, the prelamin A/C (LMNA), which also plays an important
role in nuclear assembly, chromatin organization, and telomere dynamics, has
been identified here for the first time as a promising G4RP. Remarkably, a
high molecular weight protein as the neuroblast differentiation-associated
protein AHNAK (M.W. 629,101 Da), required for neuronal cell differentia-
tion, and a small one as peptidyl-prolyl cis-trans isomerase A (PPIA, M.W.
18,012 Da), which catalyzes the cis-trans isomerization of proline imidic pep-
tide bonds in oligopeptides, were for the first time identified as putative G4
interactors. Further, another enzyme, the glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH), involved in several nuclear functions, including tran-
scription, was identified for the first time as a potential binder of G4s, even if
without selectivity for this type of structure. As for VIM, according to its
preferential G4 binding mode described in the literature (Ceschi et al., 2022),

the interaction of the protein with the G4s investigated here suggests the
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possibility that it might accommodate at the interface of stacked G-tetrads in
higher-order G4 structures. Notably, 8 out of the 17 total ribonucleoproteins
fished out act as G4RPs of all the four investigated G4 structures. In particu-
lar, HNRNP AB, HNRNP DL, and HNRNP M, were determined as G4RPs
for the first time.

Overall, we have identified for the first time at least 7 new proteins capable
of binding the G4 structures from the promoter regions of four oncogenes
(DAP, HIF-1a, JAZF-1, and PDGF-A), namely AHNAK, GAPDH, HNRNP
AB, HNRNP DL, HNRNP M, LMNA, and PPIA. Several other promising
proteins showed different preferences for each G4, and/or preference for an
unstructured G-rich strand. In the near future, validation of direct interactions
and detailed biophysical characterization of the most promising G4/protein

systems will be carried out.

3.1.3 CONCLUSIONS

G4 structures represent key elements in the regulation of several biological
processes, including gene expression. In particular, identifying G4-binding
proteins is essential to clarify their actual role in such processes. Inspired by
the literature, in this study, we employed a classical “fishing-for-partners”
proteomic approach in solution to identify putative interactors of G4 struc-
tures in promoter regions of DAP, HIF-1a, JAZF-1, and PDGF-A oncogenes.
The G4 motifs of HIF-1a and PDGF-A were already investigated in literature
(De Armond et al., 2005; Qin et al., 2007). While here, by employing a com-
bination of spectroscopic techniques, we demonstrated that also DAP and
JAZF-1 G-rich sequences are able to fold into G4 structures in vitro, repre-
senting new target G4 structures. Then, biotin-labeled G4 structures were
used as baits in solution to identify putative G4RPs in U20S cancer cells with

the proteomic approach. Noteworthy, 60 G4RPs, most of them involved in
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mRNA splicing and processing or in transcriptional activities, have been
identified. 18 of the 60 proteins were previously reported as RNA and/or
DNA G4 interactors. The LMB1 and KHSRP proteins, already discovered as
telomeric G4 interactors from our research group (Pagano et al., 2015), were
found to interact also with G4 in oncogene promoter region. The JAZF-1 and
HIF-1a G4s led to the identification of more than 40 proteins, while DAP and
PDGF-A G4s were less targetable, counting 24 G4RPs. Interestingly, 14 pro-
teins (8 of them were ribonucleoproteins) potentially interact with all the four
investigated G4 structures. Among them, 7 were identified as G4RPs for the
first time, AHNAK, GAPDH, HNRNP AB, HNRNP DL, HNRNP M,
LMNA, and PPIA. In our perspective, targeting mixtures of G4s could be a
promising strategy to obtain a better depiction of intricated in-cell mecha-
nisms. Once validated the direct interactions of these proteins with the G4
structures, new potential G4 binders could be designed as competitors, to try

to modulate the subsequent biological effects.

3.1.4 EXPERIMENTAL SECTION

OLIGONUCLEOTIDE SYNTHESIS AND SAMPLE PREPARATION. DNA se-
quences were synthesized on an ABI 394 DNA/RNA synthesizer (Applied
Biosystem, Foster City, CA, USA) using standard B-cyanoethyl phospho-
ramidite solid phase chemistry at 1 pmol synthesis scale. Deprotection and
detachment were performed by using a concentrated NH4OH aqueous solu-
tion at 55 °C for 12 h. DNA filtrates and washings were combined and con-
centrated under reduced pressure, solubilized in water, and then purified by
high-performance liquid chromatography using an anionic exchange column
(Nucleogel SAX, Macherey-Nagel, 1000-8/46) and eluting with a linear gra-
dient as previously reported (Amato et al., 2014). The purified fractions of
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the oligomers were then desalted by using Sep-Pak cartridges (C-18). DNA
samples were prepared in 20 mM HEPES buffer (pH 6.6) containing 150 mM
KCl, and 1 mM EDTA. Their concentration was measured by UV adsorption
at 90 °C using the appropriate molar extinction coefficient values, € (A = 260
nm), calculated by the nearest-neighbor model (Cantor et al., 1970). Thus,
they were annealed at 90 °C per 5 min, and then slowly cooled to room tem-

perature and stored at 4 °C.

CD EXPERIMENTS. CD experiments were carried out on a Jasco J-815 spec-
tropolarimeter (JASCO Inc., Tokyo, Japan) equipped with a PTC-423S/15
Peltier temperature controller using a quartz cuvette with a path length of 1.0
cm. Biotin-labeled and unlabeled oligonucleotides were prepared at 50 uM
as described above. CD spectra were recorded between 230-360 nm at 100
nm/min scan speed, 1.0 bandwidth 0.5 response, and 3 accumulations. CD
melting experiments were carried out in the 20-100 °C temperature range at
a 1 °C min™! heating rate by following changes of the CD signal at the wave-
lengths of the maximal CD intensity, i.e., 264 nm. Since the exceptional G4
thermal stability, the melting process was not completed even at 100 °C, and

the corresponding curves were normalized by dividing only by the maximum.

THT FLUORESCENCE ASSAY. Experiments were carried out in a 1 cm path-
length cell at 20 °C on a Jasco FP-8300 spectrofluorometer (Jasco, Easton,
MD, USA) equipped with a PCT-818 Peltier cell holder. For the experiments,
a stock solution (ca. 300 uM) of Thioflavin T (ThT) was prepared in water
and the concentration was determined using the molar extinction coefficient
0f 36,000 M! cm™! at 412 nm (De La Faverie et al., 2014). Typically, a solu-
tion of DNA/ThT in a 2:1 ratio was prepared and allowed to equilibrate in the
dark for 30 min at room temperature. Fluorescence emission spectra were

recorded in the 440-700 nm range at 100 nm min’!' scan speed, using the

57



CHAPTER 3

excitation wavelength of 420 nm and setting both the excitation and emission
slits at 5 nm. The results were reported as fluorescence intensity enhancement
(FI/FIop) of ThT at 487 nm, where FI is the fluorescence of ThT in the presence
of DNA and FIo is the background fluorescence of ThT alone, after subtrac-
tion in both cases of the buffer fluorescence. All measurements were per-

formed in triplicate.

NMR EXPERIMENTS. 1D 'H NMR spectra were recorded on a Bruker Ad-
vance NEO NMR spectrometer (Bruker BioSpin, Rheinstetten, Germany),
operating at 600 MHz ('H Larmor frequency) and equipped with a 5-mm QCI
cryo-probe set and a cooled SampleJet autosampler. DNA samples (50 pM)
were transferred into 3-mm NMR tubes, and 10% D-O was added. All spectra
were acquired at 4 °C and 20 °C, using excitation sculpting with gradients for
water suppression (Hwang & Shaka, 1995). All the experiments were per-
formed using 2048 scans per spectrum, with a recovery delay of 1.5 s. Before
Fourier transformation, free induction decays were multiplied by an exponen-
tial function equivalent to a 0.3-Hz line-broadening factor. The transformed
spectra were phase-adjusted, baseline-corrected, and calibrated against the
DSS signal as an external reference (Markley et al., 1998). Spectra were pro-

cessed and analyzed with the Bruker TopSpin 4.3.0 software package.

G4RPS FISHING PROTOCOL. Nuclear lysates (200 pg) of U20S cancer cells
were stored at -80°C in 20 mM HEPES, 150 mM NaCl, 1 mM EDTA, and 1
mM EGTA (pH 7.9). Before use, the pH was adjusted to 6.6 value, then they
were incubated with biotin-scrG (0.2 mg ml!) for 20 min at 4 °C. Then, 1 mg
of Dynabeads™ M-280 Streptavidin (10 mg ml!, Thermo Fisher) was added
to the mixtures and incubated for 30 min at 4 °C. The supernatants, enriched
with putative G4 selective proteins, were washed away and further incubated

first with a biotin-G4 structure (0.2 mg ml™") up to 30 minutes at 4 °C, and
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then with 1 mg of beads at same conditions. The supernatant, containing the
unbound proteins, was washed away. Both G-rich strand and G4s bound pro-
tein fractions were eluted in denaturing conditions in 6 M urea, 300 mM Tris,

and 10 mM EDTA buffer for 5 minutes at 70 °C.

IN SOLUTION DIGESTION. For the proteomics analysis, eluates recovered from
G4s and scrG fishing experiments were subjected to a digestion protocol in
solution. The cysteines were reduced with 20 mM dithiothreitol (DTT) dis-
solved in 25 ammonium bicarbonate (AMBIC) to the protein suspension and
incubated at 60 °C for 1 hour. After cooling the samples, the reduced cyste-
ines were alkylated with 40 mM iodoacetamide (IAM, dissolved in 25 AM-
BIC) and incubated in the dark for 45 min at room temperature. A solution of
100 mM DTT was added to the reaction to quench the alkylation process for
1 hour at room temperature. The protein mixture was then diluted with 50
mM AMBIC to achieve a concentration of 1 M urea before enzymatic diges-
tion. An aliquot of 10 pL of trypsin 0.1 pug uL"! was added to each sample in
a ratio enzyme:substrate = 1:50. The enzymatic hydrolysis was performed
overnight at 37 °C in a thermostatic bath. Each sample was treated with the
same desalting procedure using stage tips containing 3 layers of 3M Empore
C18 membrane. Stage tips were washed with 100 pL 0.1% formic acid
(HCOOH) and peptides were eluted with 50 puL of 50% acetonitrile (ACN)
and, subsequently, with 80% ACN, both acidified with 0.2% HCOOH. The
peptide mixture was dried in a vacuum Speed-Vac, and re-suspended in 50

puL 5% ACN, 0.2% HCOOH.

LC-MS/MS analysis and proteomic data analysis were performed in collabo-
ration with Dr. Gabriella Pinto and Prof. Angela Amoresano from the Depart-

ment of Chemistry of the University of Naples Federico II.

59



CHAPTER 4
TARGETING OF G-QUADRUPLEXES
BY SMALL MOLECULES AND PEPTIDES

The key role of noncanonical nucleic acid structures as potential therapeutic
targets was extensively discussed in CHAPTER 1, as well as DNA G4 struc-
tures interaction with nuclear proteins in CHAPTER 3. In this CHAPTER, two
different studies are reported in which we identified (PAPER II) or rationally
designed and synthesized (PAPER III) new RNA/DNA G4-targeting small
molecules as potential anti-cancer agents. A drug repurposing approach was
also carried out to identify SARS-CoV-2 RNA G4 binders (PAPER V). Not
only small molecules but also peptides were investigated as potential G4 lig-
ands (PAPER IV). Of note, an in-depth NMR structural characterization of the
interaction between a hit compound from PAPER II and a target DNA G4 was
also reported (PAPER VII). This study was performed in close collaboration
with Prof. Janez Plavec’s research group at NMR Slovenian Center in

Ljubljana (SLO), where I spent several months as a visiting PhD student.
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4.1 TARGETING OF TELOMERIC REPEAT-CONTAINING RNA
G-QUADRUPLEXES: FROM SCREENING TO BIOPHYSICAL AND BIOLOGICAL
CHARACTERIZATION OF A NEW HIT COMPOUND (PAPER II)

4.1.1 INTRODUCTION

G4-forming sequences have been extensively studied as potential therapeutic
targets, especially when located at the telomere level (Bryan, 2020). The tran-
scription of the telomeric C-rich strand in chromosomes produces telomeric
repeat-containing RNA (TERRA), characterized by a G4-forming sequence
from repeated r(UUAGGG) motifs (Azzalin et al., 2007; Hirashima & Seimiya,
2015). TERRA G4 structures are potentially more valuable therapeutic targets
than their DNA counterparts since TERRA also takes part in heterochromatin
formation and homologous recombination (Montero et al., 2016; Redon et al.,
2010), even in those even in cells that do not rely on telomerase for telomere
elongation that do not require telomerase to elongate their telomeres (ALT-
positive cells) (Bryan et al., 1995). A relevant percentage of human tumors
(around 15%) possess ALT mechanisms for telomere elongation that corre-
late with high TERRA expression. These tumors are of mesenchymal origin
and are characterized by high genetic instability, usually leading to a worse
prognosis (Mackenzie et al., 2021). In this regard, targeting of TERRA G4
could represent an effective pharmacological strategy to hit this class of tu-
mors.

The presence of the 2’-hydroxyl (2°-OH) group in the ribose sugar makes
RNA G4s more compact and thermally stable than their DNA counterparts
(D. H. Zhang et al., 2010). This also induces guanine bases to adopt the anti
conformation in the G4 structure, which thereby can only be parallel (G. W.
Collie et al., 2010). In addition, the presence of the 2’-OH groups may inter-
fere with the interaction of ligands with the loops of RNA G4 by reducing
their depth and width (G. Collie et al., 2009), and/or affecting the n—r stacking
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surface of the external G-tetrads. Modifications to a generic G4 binder can
enable selective RNA vs. DNA G4 targeting. For instance, pyridostatin lacks
the ability to distinguish between RNA and DNA G4s, while the carboxypyr-
idostatin derivative prefers RNA G4s (Di Antonio et al., 2012).

By employing a high-throughput in silico screening strategy on a large num-
ber of compounds from a commercially available database, new molecular
scaffolds able to target TERRA G4 (Figure 4.1) were identified. Interestingly,
among 103 molecules, N-[3-1H-1,3-benzodiazol-2-yl)phenyl]-1H-1,3-ben-
zodiazol-2-amine (namely, BPBA, Figure 4.1) emerged as the most promis-
ing hit compound during experimental validation. Consequently, it underwent
further biophysical investigation to assess its affinity and selectivity for RNA
vs. DNA G4s, as well as its selectivity for G4 over duplex structures. Moreo-
ver, biological investigations were carried out in cancer cells with high
TERRA expression to assess the effects of BPBA binding to TERRA and its

potential displacement of TERRA from telomeres.
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Figure 4.1 A) Bimolecular G4 structure formed by 7TERRA RNA (guanine, green;
adenine, red; uracil, violet); B) Chemical structure of compound BPBA.

4.1.2 RESULTS AND DISCUSSION

Virtual-screening calculations were performed to identify drug-like mole-
cules capable of binding to the three-dimensional 7TERRA G4 structure
formed by the 12-mer r(UAGGGUUAGGGU) sequence (Table 4.1)
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(Martadinata & Phan, 2009). A receptor-based virtual-screening approach
based on the identification of druggable RNA hot spots and molecular dock-
ing was employed. First, aiming to identify accessible regions on the target
RNA G4 structure capable of forming strong polar and nonpolar interactions
with a putative ligand, some preliminary calculations were performed by
docking calculations using the AutoDock Vina tool integrated into Mcule
(https://mcule.com/, accessed in 2017). This involved employing a set of
small solvent molecules with different polarity (Brenke et al., 2009; Trott &
Olson, 2010). Once RNA hot spot targetable regions were identified, docking
calculations were carried out specifically within these identified binding sites
using Auto-Dock Vina. A diverse set of 58,870 commercially available com-
pounds served as the screening library, resulting in the selection of 103 drug-
like compounds for further experimental investigations. These selected com-

pounds were then purchased for subsequent analysis.

CD EXPERIMENTS. In order to identify true hits, the 103 computationally se-
lected small molecules were experimentally validated for their capacity to
thermally stabilize TERRA G4, employing a CD melting assay (Santos, Sal-
gado, et al., 2021).

In the absence of compounds, the CD spectrum of TERRA G4 in K* buffer
matched that of the dimeric propeller-type parallel conformation reported in
literature (Martadinata & Phan, 2009), showing a positive band at around 265
nm and a negative one at around 245 nm. Interestingly, no significant varia-
tions in the CD profile of TERRA G4 were detected in the presence of any
investigated compounds (at a 1:10 ratio), clearly suggesting they did not alter
the parallel topology TERRA G4 topology (see APPENDIX, and Figure 4.2).
Then, the stabilizing properties of each compound were assessed through CD
melting experiments, measuring the ligand-induced change in the apparent

melting temperature (A7Tm) of TERRA G4, by monitoring the CD signal at the
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wavelength of maximal intensity (265 nm). Noteworthy, among the 103
tested compounds, only BPBA significantly increased the 7w of TERRA G4
(ATm > 4.0 °C, Figure 4.2). Consequently, it was selected for further bio-
physical investigation. Additional CD melting experiments of TERRA G4 in
the presence of different BPBA concentrations were recorded (Figure 4.2).
The corresponding thermal-shift curve exhibited a dose-response pattern
(Figure 4.2), suggesting a specific interaction between BPBA and TERRA
G4.
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Figure 4.2 A) CD spectra of TERRA G4 in the absence (black line) and presence
(red line) of BPBA (at a 1:10 ratio) recorded at 20 and 100 °C (solid and dashed
lines, respectively); B) Normalized melting curves of TERRA G4 in the absence

and presence (black and red dots, respectively) of BPBA (at a 1:10 ratio); C) CD
stabilization curve for TERRA G4 with BPBA.
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The evaluation of BPBA's interaction capabilities included also analogous
parallel G4 structures formed by other RNA G4-forming sequences (i.e.,
GSEC and Bcl-2 RNA G4s) and DNA G4-forming sequences (i.e., c-Kit2 and
c-Myc DNA G4s), as well as DNA G-rich sequences able to fold in other
topologies, for example, the 23-mer telomeric truncation which form a hybrid
G4 conformation (7el>; G4, Table 4.1). The proper folding adopted by each
of these G4-forming sequences was first confirmed by CD spectra: i) parallel
RNA (GSEC and Bcl-2) and DNA (c-Kit2 and c-Myc) G4s displayed a posi-
tive band at around 265 nm and a negative one around 240 nm; i7) the (3+1)
hybrid G4 conformation adopted by 7el>; showed a positive band at 289 nm

with a shoulder at ca. 268 nm and a weak negative band at around 240 nm.
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As in the case of TERRA G4, no significant variations in the CD profiles were
observed for any of these G4 structures in the presence of BPBA (at a 1:10
ratio), suggesting an overall preservation of the original G4 architectures

(Figure 4.3).

Table 4.1 List of here investigated G4-forming DNA and RNA sequences.

Name Sequence (5°-3°) Region
Parallel DNA G4s
c-Kit2 CGGGCGGGCGCTAGGGAGGGT Oncogene promoter
c-Myc TGAGGGTGGGTAGGGTGGGTAA Oncogene promoter
Hybrid DNA G4
Tel;s TAGGGTTAGGGTTAGGGTTAGGG Human telomere
Parallel RNA G4s
Bcl-2 GGGCCGUGGGGUGGGAGCUGGG mRNA
GSEC GGGGUGGAGGAGGGGGAAGGGCGGGGG IncRNA
TERRA UAGGGUUAGGGU Human telomere

Since binding to B-DNA duplex may lead to undesired toxicity effects, it is
crucial to determine the selectivity of the ligand towards G4 over duplex
structures before proceeding with a more in-depth characterization of its bind-
ing properties. A 20-mer hairpin-forming sequence (Hrp2o) was selected as a
suitable duplex model. Its CD spectrum, featuring a positive band at around
280 nm and a negative one at 250 nm, confirmed duplex formation and re-

mained unaltered upon the addition of BPBA (at a 1:10 ratio) (Figure 4.3).
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Figure 4.3 CD spectra of A) c-Kit2, B) c-Myc, C) Tel,; DNA G4s, D) Bcl-2, E)

GSEC RNA G4s, and F) Hrpzo DNA duplex in the absence (black line) and pres-

ence (red line) of 10 molar equiv of BPBA recorded at 20 and 100 °C (solid and
dashed lines, respectively).

The results of CD melting experiments revealed that BPBA can also bind to
and stabilize the parallel DNA G4s formed by c-Kit2 and c-Myc. Conversely,
no relevant ligand-induced thermal shift was observed in the case of the DNA
Tel»; hybrid G4, as well as the parallel GSEC and Bcl-2 RNA G4s (Figure
4.4, and Table 4.2). Furthermore, no significant change in 71, was observed
in the case of Hrp2o DNA duplex structure, indicating that the ligand selec-
tively stabilizes the G4 conformation over duplex DNA (Figure 4.4, and Ta-
ble 4.2). Finally, even though the stabilization imparted by the ligand would

66



CHAPTER 4

naturally be more pronounced in intrinsically fewer stable oligonucleotides
(Rocca et al., 2017), the CD results suggest that BPBA could preferentially
stabilize TERRA G4 over other RNA G4s and discriminate between parallel
and non-parallel DNA G4 conformations, with a clear preference for the for-

mer.
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Figure 4.4 Normalized CD melting curves of A) c-Kit2, B) c-Myc, C) Tel»s DNA
G4s, D) Bcl-2, E) GSEC RNA G4s, and F) Hrp;) DNA duplex in the absence
(black line) and presence (red line) of 10 molar equiv of BPBA.
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Table 4.2 BPBA-induced thermal stabilization of DNA and RNA G4s, and duplex
DNA measured by CD melting experiments.

Oligo Sequence (5°-3’) AT (°C)?
Parallel DNA G4s
c-Kit2 CGGGCGGGCGCTAGGGAGGGT 18.7 (£0.3)
c-Myc TGAGGGTGGGTAGGGTGGGTAA 9.4 (+0.3)
Hybrid DNA G4
Tel»; TAGGGTTAGGGTTAGGGTTAGGG 0.7 (£0.2)
Parallel RNA G4s
Bcl-2 GGGCCGUGGGGUGGGAGCUGGG 2.9 (£0.3)
GSEC GGGGUGGAGGAGGGGGAAGGGCGGGGG 1.7 (£0.3)
TERRA UAGGGUUAGGGU 4.5 (£0.4)

& AT represents the difference in melting temperature [AT, = 71, (oligo + 10 BPBA equiv) - T
(oligo)]. The T, values of oligonucleotides alone are: TERRA G4 = 74.3 (£0.1) °C, c-Kit2 G4 =
59.7 (#0.1) °C, c-Myc G4 =75.5 (£0.1) °C, Tel»3 G4 = 53.7 (+0.1) °C, GSEC G4 =78.8 (£0.1) °C,
Bel-2 G4 =74.7 (£0.2) °C, Hrpzp = 65.5 (£0.2) °C.

FRET MELTING EXPERIMENTS. The stabilizing properties of BPBA on
TERRA G4 were further investigated using a FRET melting assay. For this
assay a G4-forming telomeric RNA sequence labeled at both the 5'- and 3'-
end with a 6-carboxyfluorescein (FAM, F) and a carboxytetramethylrhoda-
mine (TAMRA, T), respectively (referred to as F-TERRA-T) (Giancola & Pa-
gano, 2012) was employed. Additionally, to further confirm the ligand’s se-
lectivity for G4 over the duplex, a competition FRET melting experiment was
carried out in the presence of a large excess of a duplex model (i.e., a 27-mer
hairpin duplex-forming DNA, Hrp>7) (De Cian et al., 2007). The FRET melt-
ing curves confirmed that BPBA is capable of stabilizing the G4 structure
formed by telomeric RNA without being affected by the presence of the du-
plex competitor (Figure 4.5, and Table 4.3). This suggests that this com-
pound preferably binds to G4s.
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Figure 4.5 Normalized FRET melting curves for F-TERRA-T G4 in the absence
(black lines) and presence (red lines) of BPBA and large excesses of Hrp,7 (1:30
and 1:100 ratio, yellow and green lines, respectively).

Table 4.3 G4-selectivity of BPBA measured
by FRET melting competition experiments.

ATm (°C)*

F-TERRA-T G4 | F-TERRA-T G4

F-TERRA-T G4
Compound G + Hrps (1:30) + Hrp:; (1:100)

BPBA 25.4 (£0.5) 3.7 (£0.2) 3.1 (20.2)

& AT represents the difference in melting temperature [ATy, = Ty, (F-TERRA-T G4 + 10 BPBA
equiv, or Hrp7 (1:30, or 1:100)) — T (F-TERRA-T G4)]. The Ty, value of F-TERRA-T G4 alone is
73.5 (£0.1) °C. Differences in CD- and FRET-determined 7}, could be explained with modified se-
quence and/or experimental conditions.

FLUORESCENCE INTERCALATOR DISPLACEMENT (FID) ASSAYS. To gain in-
sight into the binding affinity of BPBA for various RNA/DNA G4s, fluores-
cent intercalator displacement (FID) experiments were carried out. This assay
is based on the competitive displacement of a light-up fluorescent probe, thi-
azole orange (TO), from the oligonucleotide upon the addition of increasing
amounts of a candidate ligand (Monchaud et al., 2006). The ligand-induced
TO displacement decreases TO fluorescence, thus allowing for the determi-
nation of the relative binding affinity of the ligand for the structure under
examination. In this study, TO displacement by BPBA was investigated for
the G4s from TERRA, c-Kit2, c-Myc, and Tel»3, as well as for the Hrp27 duplex
model. BPBA concentrations required to give 50% TO displacement (DCso
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values) were calculated from the dose-response curves (Figure 4.6, and Ta-
ble 4.4). The lowest DCso value was obtained for TERRA G4, suggesting a
very good affinity of BPBA for this G4, followed by c-Myc and c-Kit2 G4s.

In the case of Tel>; G4, it was not possible to reach a 50% displacement of

TO even after addition of a large excess of the binder, clearly suggesting

weaker ligand interactions.
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Figure 4.6 TO displacement titrations for A) TERRA, B) ¢-Kit2, C) c-Myc, and D)
Tel»; G4s, upon addition of increasing amounts of BPBA; E) Dose-response curves

from FID experiments.

Table 4.4 BPBA DCs values for DNA and RNA G4s and duplex

structure determined by G4-FID assays.

Oligo Sequence (5°-3) DCso (nM)
Parallel DNA G4s
c-Kit2 CGGGCGGGCGCTAGGGAGGGT 3.8 (£0.6)
c-Myc TGAGGGTGGGTAGGGTGGGTAA n.d.?
Hybrid DNA G4
Tel»; TAGGGTTAGGGTTAGGGTTAGGG n.d.?
Parallel RNA G4s
TERRA UAGGGUUAGGGU 2.4 (£0.4)

2 n.d. = not determined
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Moreover, to clarify the binding mode of BPBA to TERRA G4, an ethidium
bromide (EB) displacement assay was performed using fluorescence spec-
troscopy. EB binds to duplex DNA through intercalation, and to G4 DNA
through n—r stacking on the external G-tetrads (Guo et al., 1992). Its fluores-
cence at 595 nm is strongly enhanced upon association with G4s as a conse-
quence of the hydrophobic environment experienced upon its binding to the
nucleic acid (Sengupta et al., 2013). Therefore, the addition of a G4 ligand
decreases EB fluorescence intensity when it binds to G4 via end-stacking
mode, displacing EB. Displacement titrations were performed by adding in-
creasing amounts of BPBA to the TERRA G4/EB complex, resulting in a sub-
stantial decrease in the fluorescence intensity of EB (Figure 4.7). This sug-
gests an end-stacking binding mode for BPBA to TERRA G4 (Roy et al.,
2020). The DCso value of 1.3 (£0.4) uM, calculated from dose—response
curves obtained by plotting the percentage of EB displacement against ligand
concentration (Figure 4.7), confirmed once again the strong interaction be-

tween BPBA and this G4 motif.
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Figure 4.7 A) EB displacement titration for TERRA G4 upon addition of increas-
ing amounts of BPBA; B) Dose-response curves from FID experiments.

MST ASSAYS. Quantitative data on the binding affinity of BPBA for the in-
vestigated G4s, were obtained by means of MST experiments. Serial dilutions

of BPBA were prepared, mixed with a constant concentration of Cy5.5-la-

beled oligonucleotides (TERRA, c-Kit2, c-Myc, Tel»3 G4s, or Hrpz), loaded
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into capillaries, and analyzed by MST. Results of MST binding curves con-
firmed that BPBA was able to bind to the parallel-stranded G4 structures,
showing the lower Kp for TERRA G4, followed by c-Kit2 and c-Myc G4s
(Figure 4.8, and Table 4.5). On the other hand, no significant change in the
thermophoretic signal was observed for Tel>; G4 and Hrpzo hairpin-duplex,

clearly indicating the absence of a significant interaction in these cases.
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Figure 4.8 Dose-response curves from MST experiments for the interaction of
BPBA with A) Cy5.5-c-Kit2, B) Cy5.5-c-Myc, C) Cy5.5-Tel»;, D) Cy5.5-TERRA
G4s, and E) Cy5.5-Hrpay.

MST results agree with those obtained with other techniques and confirm the
preferential binding of BPBA to parallel over antiparallel-stranded G4 topol-
ogies, as well as its selectivity for the G4 over duplex form. Additionally,
although BPBA showed a propensity to bind to both TERRA G4 and the par-
allel c-Myc and c-Kit2 G4s, it showed a higher binding affinity for the former.

CYTOTOXICITY ASSAYS. G4 binders have an established antiproliferative ef-

fect in cancer cells depending on their ability to induce DNA damage
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response (DDR) or to inhibit the expression of cellular oncogenes. Given the
high affinity exhibited by BPBA for TERRA G4, its antiproliferative effect
was investigated in correlation with TERRA expression in both human cervix
cancer cells (HeLa), characterized by telomerase activity and low TERRA ex-
pression, and human osteosarcoma cells (U20S), lacking telomerase activity
and expressing high levels of TERRA (Arora et al., 2014; Pompili et al.,
2017). In these cell lines, TERRA expression was measured by RT qPCR as-
say with primers targeting some of the most active TERRA promoters located
at subtelomeres of chromosomes 10q, XqYq, and XpYp, revealing a substan-
tial difference in expression between the two cell lines. The cell viability,
assessed by crystal violet assay, demonstrated that U20S cells were signifi-
cantly more sensitive to BPBA (ICso = 8.1 (+1.0) uM) compared to HeLa
cells (ICso >> 10 pM).

TERRA G4 STABILIZATION AND DNA DAMAGE ASSAYS. To understand the
mechanism underlying the different biological effects of BPBA on high vs.
low TERRA-expressing cells, BPBA ability to bind and stabilize TERRA G4
in cellulo was assessed by performing RT qPCR analysis of the relative
TERRA expression upon treatment with the drug. Both HeLa and U20S cell
lines were exposed to different concentrations of BPBA, then RNA was ex-
tracted and processed for TERRA analysis. Interestingly, BPBA induced a
stabilization of TERRA expression only in high TERRA-expressing U20S
cells (Figure 4.9). This resulted in the accumulation of the RNA within the
cell, presumably due to the binding of BPBA to TERRA G4 molecules and
their protection from the degradation complexes that regulate the physiolog-

ical turnover of IncRNA.
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Figure 4.9 RT qPCR showing relative expression of specific TERRA RNA at dif-
ferent subtelomeric loci of HeLa and U20S cells treated with the vehicle or indi-
cated doses (1, 5, or 10 uM) of BPBA for 72 h. Mean of three independent experi-
ments is shown. Error bars are SD; * =p <(0.5; ** =p <0.1.

To better understand the mechanisms underlying the cytotoxicity of BPBA
in U20S cells, we investigated the possibility that the induced TERRA stabi-
lization could stimulate a DDR at telomeres (a marker for telomere dysfunc-
tion), leading to cell death. Both U20S and HelLa cells were exposed to
BPBA, and DDR activation was measured as the percentage of cells display-
ing YH2AX histone phosphorylation, a marker of DDR. The HeLa-treated
cells showed a negligible DDR induction; conversely, BPBA was able to in-
duce DDR in a significant fraction of U20S cells even in the first 24 h, also
persistent at 72 h in 50% of the U20S cells treated with 10 uM BPBA (Fig-
ure 4.10), in agreement with the calculated ICso dose. Lastly, to ascertain if
the activated DDR overlapped with telomeric loci, the latter U20S-treated

cells were employed to measure telomere-dysfunction-induced foci (TIF)
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activation. TIF-positive cells were significantly increased in treated samples
compared to control (Figure 4.10), confirming our hypothesis of DDR local-

ization at telomeric level.
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Figure 4.10 HeLa and U20S cells treated with indicated doses of BPBA, pro-
cessed for immunofluorescence with the YH2AX mAb primary antibody, followed
by goat-antimouse 488 secondary antibody A,B) alone or C,D) in combination
with FISH using the telomere-specific (TTAGGG),-Cy3 PNA probe. Fluorescence
signals acquired with a Leica DMIRE deconvolution microscope (representative
images at 72 h shown in A)) or a Zeiss LMS confocal scanner B) at 63 x magnifica-
tion. Percentage of cells displaying YH2AX signals or TIFs (> 4 (TTAGGG)s-
Cy3/yH2AX colocalizing spots) was scored and reported in histograms (B,D, re-
spectively). Histograms report the mean of at least 6 different fields per sample (, >
150). Error bars are SD; * =p <0.5; ** =p <0.1; *** =p <0.05

4.1.3 CONCLUSIONS

The application of a virtual screening approach in tandem with experimental
screening via CD melting assay succeeded in the identification of a new hit
compound (BPBA) as a binder of TERRA G4. The in vitro G4 binding prop-

erties of BPBA were characterized by several biophysical methodologies
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(CD, FRET, FID, and MST). CD and FRET melting assays, as well as MST
experiments, revealed that BPBA features high selectivity for G4s over du-
plex DNA. Furthermore, TO-FID and MST experiments showed that BPBA
has enhanced binding affinity towards TERRA G4 vs. other G4-forming DNA
sequences present along the human genome. The examination of the molec-
ular structure of BPBA, compared to the other 102 screened compounds, sug-
gests that its preferable binding properties may be due to the presence of two
benzoimidazole units connected by an aniline residue. This unique molecular
arrangement, exclusive to BPBA, imparts extensive planarity to the molecule
and likely facilitates the optimal distribution of polar groups for interaction
with TERRA G4.

Biological characterization demonstrated that BPBA can bind and stabilize
TERRA IncRNAs in cellulo, likely by sequestering them from the physiolog-
ical turnover cell machinery. Moreover, TERRA stabilization induced a DDR,
potentially by displacing TERRA from telomeric DNA. Indeed, TERRA phys-
ically interacts with telomeric chromatin by forming DNA:RNA hybrids that
are required for telomere homeostasis, especially in ALT-positive cells such
as U20S, where TERRA downregulation leads the formation of TIFs (Deng
et al., 2012). In line with this, DDR activation predominantly occurs in U20S
cells, where BPBA also exerts the highest cytotoxic effect.

Overall, this study demonstrates the feasibility of identifying TERRA G4
binders with potential pharmacological effects, thereby paving the way for

the search for new drug candidates targeting RNA.

4.1.4 EXPERIMENTAL SECTION

OLIGONUCLEOTIDE SYNTHESIS AND SAMPLE PREPARATION. RNA/DNA se-
quences were synthesized on an ABI 394 DNA/RNA synthesizer (Applied
Biosystem, Foster City, CA, USA) using standard B-cyanoethyl phospho-
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ramidite solid phase chemistry at 1-umol synthesis scale. Regarding RNA
synthesis, 5-benzylthio-1-H-tetrazole (BTT) instead of 4,5-dicyanoimidazole
(DCI) was used as activator reagent, and coupling steps were prolonged of 5
min. Another difference concerned the deprotection of bases and phosphates.
A concentrated NH4OH/EtOH (3:1, v/v) solution was used in the case of
RNA, and the reaction was left at r.t. for 12 h. For DNA sequences, deprotec-
tion and detachment were performed by using a concentrated NH4OH aque-
ous solution at 55 °C for 12 h. Both RNA and DNA sequences were purified
by high-performance liquid chromatography (HPLC) on a Nucleogel SAX
column (1000-8/46, Macherey-Nagel, GmbH & Co. KG, Dueren, Germany),
as previously reported (Amato et al., 2014). The fractions of the oligomers
were collected and successively desalted by Sep-Pak cartridges (C-18).
Lastly, 2'-TBDMS groups in RNA were removed by Et3N-3HF/DMF (1:3,
v/v) atr.t. for 12 h. The reaction was quenched with 0.1 M TEAA buffer (pH
7.0) and again desalted on a Sep-pak (C-18) cartridge. All oligonucleotides
were proven to be > 98% pure by NMR. The list of synthesized oligonucleo-
tides is reported in Table 4.1. A 20-mer hairpin duplex-forming sequence
d(CGAATTCGTTTTCGAATTCG) (Hrp2o), and a 27-mer hairpin duplex-form-
ing sequence d(CGCGAATTCGCGTTTCGCGAATTCGCG) (Hrp27) were also
included in the study. Oligonucleotide solutions were prepared in the appro-
priate buffer, and their concentration was measured by UV adsorption at 90
°C using the appropriate molar extinction coefficient values, € (A = 260 nm),

calculated by the nearest-neighbor model (Cantor et al., 1970).

CD EXPERIMENTS. CD experiments were performed on a Jasco J-815 spec-
tropolarimeter (Jasco, Easton, MD, USA) equipped with a PTC-423S/15 Pel-
tier temperature controller. All spectra were recorded at 20 and 100 °C in the

wavelength range of 230-320 nm and averaged over three scans. A scan rate
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of 100 nm min"! with a 1 s response time and 1 nm bandwidth were used. The
buffer baseline was subtracted from each spectrum. Concentrations of 2 and
4 uM oligonucleotides were used for G4s and Hrp2y, respectively. RNA G4s
were prepared in 20 mM KH>PO4/K,HPO4 buffer (pH 7.0) containing 70 mM
KCl, while a buffer solution consisting of 5 mM KH>PO4/K;HPO4 (pH 7.0)
containing 20 mM KCI was used for all DNA samples. All oligonucleotide
samples were annealed by heating at 90 °C for 5 min, followed by a slow
cooling to room temperature overnight. CD spectra of oligonucleotide/ligand
mixtures were obtained by adding 10 molar equiv of each putative ligand
(stock solutions of ligands were 10 mM in DMSQO). CD melting experiments
were carried out in the 20-100 °C temperature range at a 1 °C min’! heating
rate by following changes of the CD signal at the wavelengths of the maximal
CD intensity (i.e., 264 nm for TERRA, GSEC, Bcl-2, c-Kit2, and c-Myc G4s;
287 nm for Tel>; G4; 280 nm for Hrpzy). CD melting experiments were per-
formed in the absence and presence of ligands (10 molar equiv) added to the
folded nucleic acid structures. The apparent melting temperatures (7m) were
determined from a curve fit using Origin 7.0 software (OriginLab Corp., MA,
USA). AT values were determined as the difference in the 7Tm values of the
nucleic acid structures in the presence and absence of ligands. All experi-
ments were performed in triplicate, and the reported values are the average of

the three independent measurements.

FRET EXPERIMENTS. Measurements were carried out on a FP-8300 spectro-
fluorometer (Jasco, Easton, MD, USA) equipped with a Peltier temperature
controller system (Jasco PCT-818) using the dual-labeled G4-forming telo-
meric RNA sequence FAM-[r(GGGUAAGGGUAAGGGUAAGGG)]-TAMRA
(F-TERRA-T), provided from Biomers (Ulm, Germany). The oligonucleotide
was dissolved in water at a concentration of 1 mM, diluted at 1 uM using 5

mM potassium phosphate buffer (pH 7.0) containing 20 mM KCl, and then
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annealed by heating to 90 °C for 5 min, followed by cooling to room temper-
ature over-night, and storage at 4 °C for 24 h before data acquisition. Exper-
iments were performed in sealed quartz cuvettes with a path length of 1 cm
by using 0.2 uM of prefolded F-TERRA-T G4 target, the ligand at 2 uM, and
the Hrp,7 duplex competitor at final concentrations of 0, 6, and 20 pM. In
addition, a blank with no compound or competitor was also analyzed. Fluo-
rescence spectra were acquired before (at 15 °C) and after (at 90 °C) FRET
melting assay. The dual-labeled oligonucleotide was excited at 492 nm, and
emission spectra were recorded between 500 and 650 nm by using 100 nm s-
!'scan speed. Excitation and emission slit widths were both set at 5 nm. FRET
melting was performed by monitoring the emission of FAM at 522 nm (upon
excitation at 492 nm), using a heating gradient of 1 °C min™! over the range
15-90 °C. Emission of FAM was normalized between 0 and 1. Final analysis
of the data was carried out using Origin 7.0 software (OriginLab Corp., MA,
USA).

TO G4-FID ASSAYS. A solution containing 0.25 puM of prefolded RNA
(TERRA G4) or DNA G4 target and two equivalents of TO (0.5 pM) in 20
mM KH>PO4/K>HPO4 (pH 7.0) and 70 mM KCl was prepared in a 1 cm path-
length cell, and the corresponding fluorescence spectrum was acquired in the
absence and presence of increasing concentrations of BPBA (10 mM stock
solution in pure DMSO). Each ligand addition (from 0.5 to 20 molar equiv)
was followed by a 3 min equilibration time before spectrum acquisition. The
FID experiment was also extended to a duplex DNA model (Hrp27). In this
case, three equivalents of TO (0.75 uM) were added to the oligonucleotide
solution (0.25 uM). Measurements were run at 20 °C on a FP-8300 spectro-
fluorometer (Jasco, Easton, MD, USA) equipped with a Peltier cell holder
(Jasco PCT-818), using an excitation wavelength of 485 nm and recording

the emission in the 500-650 nm wavelength range. Both excitation and
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emission slits were set at 5 nm. The percentage of TO displacement was cal-

culated as follows:

F
TO displacement (%) = 100 — [(F—) . 100]
0
where Fy is the fluorescence in the absence of a ligand and F is the fluores-
cence after each ligand addition. The percentage of displacement was then
plotted as a function of the ligand concentration, and DCso was calculated as
the required concentration to displace 50% TO from each investigated DNA.

Each titration was repeated at least in triplicate.

EB G4-FID ASSAYS. A solution containing 10 uM of prefolded 7ERRA G4
and 5 pM of EB in 20 mM potassium buffer (pH 7.0) containing 70 mM KCI
was prepared in a 1 cm path-length cell. The fluorescence spectrum of the
EB/TERRA G4 complex in the absence of BPBA was first recorded. Then,
increasing concentrations of BPBA (10 mM stock solution in pure DMSO)
were added to the EB/TERRA G4 complex, and spectra were recorded 3 min
after each ligand addition. Measurements were run at 20 °C on a FP-8300
spectrofluorometer (Jasco, Easton, MD, USA) equipped with a Peltier cell
holder (Jasco PCT-818), using an excitation wavelength of 510 nm, and re-
cording the emission spectra in the 550-700 nm wavelength range. Both ex-
citation and emission slits were set at 5 nm. Experiments were performed in

duplicate.

MST EXPERIMENTS. MST measurements were performed on a Monolith
NT.115 (Nanotemper Technologies, Munich, Germany). The Cy5.5-fluores-
cently labeled oligonucleotides (from Biomers, Ulm, Germany) were pre-
pared at a concentration of 10-20 pM in 20 mM KH>PO4 buffer (pH 7.0)

containing 70 mM KCI and annealed as described above. Nucleic acid
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samples were then diluted using the same phosphate buffer supplemented
with 0.1% Tween. The ligand stock solution was 2 mM in pure DMSO. For
the MST experiments, the concentration of the labeled G4s was kept constant
at 50 nM, while a serial dilution of the ligand (1:2 from 0.4 mM) in the same
buffer supplemented with 20% DMSO was prepared and mixed with the oli-
gonucleotide solution with a volume ratio of 1:1. All samples containing 10%
DMSO as the final concentration were loaded into standard capillaries (Nan-
oTemper Technologies, Munich, Germany). Measurements were performed
at 20 °C using autotune LED power and medium MST power. MST data anal-
ysis was performed by employing the MO. Affinity Analysis software (v2.3)

provided with the instrument.

Virtual screening was performed by Mcule. Crystal violet assays, immuno-
fluorescence, and RT qPCR analysis were performed in collaboration with
Eleonora Vertecchi and Erica Salvati from the Institute of Molecular Biology
and Pathology at the National Research Council in Rome, Italy. For further

information, see APPENDIX.

4.2 G-QUADRUPLEX DNA RECOGNITION BY AN ANTICANCER BENZIMID-
AZOLE DERIVATIVE: INSIGHTS FROM NMR SPECTROSCOPY

42.1 INTRODUCTION

As previously discussed (refer to Paragraph 4.1), a novel compound, named
BPBA, has been identified as an interesting G4 binder, also characterized by
a good selectivity for G4 over duplex DNA. This compound is characterized
by a central phenyl core substituted with two benzimidazole rings in a relative
meta position, one of which is connected via an -NH group. The affinity of

BPBA for various G4-forming sequences has been explored. Notably, this
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compound has exhibited the highest affinity for TERRA RNA G4, followed
by two parallel DNA G4s, c-Kit2 and c-Myc. Interestingly, BPBA has dis-
played a preferential cytotoxic effect on U20S cancer cells that are charac-
terized by high levels of TERRA. In these cells, BPBA induced a DNA dam-
age response at the telomere level (Marzano et al., 2021), suggesting a poten-
tial mechanism of action for BPBA in targeting and affecting cancer cells,
particularly through interactions with G4 structures and induction of DNA
damage response.

Encouraged by these promising results, we considered it crucial to undertake
an in-depth study on the interaction between BPBA and G4 structures, with
the aim of elucidating the structural details of this robust and selective bind-
ing. Additionally, the outcomes of this investigation hold the potential to
guide the rational design of optimized derivatives of BPBA, characterized by
enhanced affinity, selectivity, and cytotoxicity effects.

We started this investigation by performing mono-dimensional proton NMR
(1D 'H NMR) titration experiments to examine the interaction of BPBA with
parallel G4s formed by TERRA, c-Kit2 and c-Myc in phosphate buffer (5 mM
KH>PO4/K2HPO4, pH 7.0, containing 20 mM KCl). The results indicated that
c-Kit2 G4/BPBA complex was the most feasible system for a detailed NMR
structural investigation. Therefore, a combination of 1D and 2D homo- and
hetero-nuclear experiments was used to in-depth characterize the interaction

between BPBA and the ¢-Kit2 G4.

4.2.2 RESULTS AND DISCUSSION

BPBA CHARACTERIZATION. Before studying the interaction of BPBA with
G4, the ligand alone was analyzed in solution by NMR. Due to the relatively
low solubility of BPBA in aqueous solution (logP = 4.85), and to slow down

the prototropic tautomerism that could affect the two benzimidazole rings
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(Figure 4.11) (Nieto et al., 2014), the NMR characterization was performed
in an aprotic solvent, DMSO-ds.

N O Qg
I HON R,

1

Figure 4.11 Schematic illustration of BPBA tautomers.

The '"H NMR signals of BPBA were assigned by means of 2D homo- and
hetero-nuclear NMR experiments. Under the employed conditions, BPBA is
likely to be in its tricationic form, with protonation at N5, N10, and N11 (Fig-
ure 4.12A). In the aromatic region (6.8-8.6 ppm), a characteristic pattern of
multiplet signals was observed, with the exception of one singlet peak at 8.47
ppm. The 1D '"H NMR spectrum also showed three sharp singlet peaks, cor-
responding to each -NH group, in the 9.6-13.2 ppm chemical shift (6) range
(Figure 4.12B). The assignment of these was confirmed through 2D >N
HSQC (Figure 4.12C) and NOESY experiments (mixing time of 750 ms).
The chemical shift of H10, the most up-field peak resonating at 9.63 ppm, is
consistent with that of a secondary aliphatic amine. On the other hand, the
chemical shifts of HI1 and HS, located at 11.07 and 12.88 ppm respectively,
can be attributed to “pyrrole-like” nitrogen atoms. Regarding the two ben-
zimidazole rings and the phenyl group, heteronuclear *C HSQC and '3C
H2BC spectra were recorded with the aim of correlating carbons and neigh-
boring protons (two bonds). Noteworthy, this type of 2D experiments allows
us to observe only protonated carbons; therefore, a 3*C HMBC spectrum was

recorded to also verify non-protonated carbons (Figure 4.12D). As a result,
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the complete correlation map between carbons and protons in a long-range

coupling (two or three bonds) was obtained.
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Figure 4.12 NMR characterization of BPBA 0.3 mM in DMSO-ds, at 25 °C on a
600 MHz spectrometer. A) Schematic illustration of BPBA with color-coded rings
and labeled protons; B) 1D 'H NMR spectrum with corresponding peaks assign-
ment; C,D) "N HSQC and *C HMBC 2D NMR spectra, respectively.

Homonuclear correlation experiments, such as COSY and TOCSY at differ-
ent mixing times, were performed to correlate the protons of each individual
ring (Figure 4.13). Thanks to the combination of 1D and 2D NMR experi-

ments, the complete assignment of protons from each ring was possible.
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Figure 4.13 TOCSY NMR spectrum of BPBA (0.3 mM in 100% DMSO-ds ) rec-

orded at 25 °C using a mixing time of 80 ms on a 600 MHz spectrometer. For rea-

sons of clarity, the assignment of only the inter-residue cross-peaks on one side of
the diagonal is reported.

The 1D 'H NMR spectra of BPBA did not show any detectable change if
recorded on freshly prepared or aged samples (up to 3 months), thus confirm-
ing the chemical stability of BPBA in DMSO over time.

Notably, when BPBA is diluted at a concentration of 0.05 mM in 5 mM
KH>PO4/K2HPO4 (pH 7.0) buffer containing 20 mM KCl and 10% DMSO-
ds, it still maintained good ligand solubility, allowing for the acquisition of
1D and 2D NMR spectra. In protic solvents, prototropic tautomerism is fa-
vored, causing the signals of the two benzimidazole rings to merge in pairs,
resulting in an average signal for each pair (Nieto et al., 2014). Therefore, it
was not possible to assign all protons of BPBA under aqueous conditions.
Nonetheless, a characteristic pattern could be discerned in the TOCSY spec-
trum acquired at 40 °C and a mixing time of 80 ms (Figure 4.14). For each
benzimidazole ring (hereafter labeled “A” and “B”), only two sets of peaks
on the diagonal were identified (A1, A2, and B1, B2), connected by symmet-
ric off-diagonal cross-peaks. However, the assignment of each set remains

ambiguous. Furthermore, due to the pseudo-symmetry of BPBA (where the
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amine linker is the only dissymmetry element in the molecule), the assign-
ment of peaks to the corresponding benzimidazole ring remains unclear. Con-
versely, a preliminary assignment of the phenyl ring was possible. Ongoing
experiments aim to provide a more comprehensive understanding of the as-

signment of BPBA in aqueous buffer.
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Figure 4.14 TOCSY NMR spectrum of BPBA (0.05 mM) in phosphate bufter con-
taining 10% DMSO-ds recorded at 40 °C using a mixing time of 80 ms on a 600
MHz NMR spectrometer.

BPBA INTERACTION WITH G4S. The interaction of BPBA with TERRA, c-
Kit2, and c-Myc G4s was monitored through 1D 'H NMR titration experi-
ments. The proper folding of the investigated G4 structures under the exper-
imental conditions (5 mM potassium phosphate buffer, pH 7.0, containing 20
mM KCI) in the absence of the ligand was verified. Because the wild-type G4
sequences of ¢-Kit2 and c-Myc are not suitable for study by NMR (their 'H
NMR spectra are affected by the presence of minor conformations), the well-
characterized modified sequences (c-Kit2-GI12T/G2IT and Myc22-
G14T/G23T) containing two G-to-T mutations at positions 12 and 21 for c-
Kit2, and 14 and 23 for c-Myc, were used.

According to the literature, all three G4s exhibited high-quality '"H NMR
spectra featuring twelve narrow and well-resolved imino proton signals, in-

dicative of the formation of three G-quartets (Kuryavyi et al., 2010; Ambrus
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et al., 2005 Martadinata & Phan, 2009). As for TERRA, it adopts a parallel
dimeric G4 conformation characterized by high symmetry, resulting in the
observation of six imino proton signals, each integrating for two protons (Fig-
ure 4.15 A). Upon the addition of 0.5 and 1 molar equivalents of BPBA, a
broadening of all the 'H NMR imino proton signals was observed for all G4s.
At a BPBA/G4 ratio of 2:1, a new set of up-fielded imino proton peaks
emerged for both TERRA and c-Kit2 G4s, indicating the formation of the cor-
responding G4/ligand complexes, while the signals of free G4s were no
longer detected. In addition, no new signals in the imino proton regions of
TERRA and c-Kit?2 spectra were observed at a BPBA/G4 ratio of 4:1, suggest-
ing that the titration was virtually complete at a ligand/DNA ratio of 2:1.
Overall, these results suggest a possible involvement of both external G-tet-
rads of TERRA and c-Kit2 G4s in ligand binding (Figure 4.15). In contrast,
during the titration of c-Myc G4 with BPBA, broadening of the imino proton
signals was observed up to the 1:2 molar ratio. Only at the highest ratio (1:4),
a new set of twelve well-resolved up-fielded imino peaks emerged, indicating
complex formation. No signals corresponding to free G4 were observed at
this ratio (Figure 4.15). An analogous behavior to imino protons is observed
for all the other protons located in the aromatic, anomeric, and methyl proton
regions of the spectrum. The different binding behavior of BPBA to the se-
lected G4 structures observed in NMR titrations could be explained consid-
ering the relatively lower affinity of BPBA for c-Myc G4 compared to c-Kit2
and TERRA G4s (refer to Paragraph 4.1, or Marzano et al., 2021).
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Figure 4.15 Imino proton regions of the 'H NMR spectra for A) TERRA, B) c-Kit2,
and C) c-Myc G4s upon titration with BPBA (ranging from 0.5 to 4 molar equiv).
Spectra were recorded at 25 °C on a 600 MHz NMR spectrometer, with each G4 at
a concentration of 0.05 mM in a 90%/10% H,O/D»O phosphate buffer.
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To elucidate the binding mode of BPBA, we started by focusing our attention
on its interaction with c-Kit2 DNA G4. The NMR titration results indeed re-
vealed that the BPBA/c-Kit2 complex, formed at 2:1 ratio, represented the
most suitable system for a comprehensive NMR structural investigation. This
choice was driven by the sharpness of the peaks and the absence of any tur-
bidity issues associated with the relatively low solubility of an excess of un-
bound BPBA in the solution. Consequently, a combination of 1D and 2D
homo- and hetero-nuclear experiments was employed to thoroughly charac-

terize the interaction between BPBA and c-Kit2 G4.

BPBA/c-KiT2 G4 COMPLEX CHARACTERIZATION. To unambiguously assign
"H NMR resonances for the c-Kir2 G4/BPBA complex (1:2 ratio), a residue-
specific ’N- and '*C-labelled c-Kit2 oligonucleotide was synthesized and an-
alyzed by 'N- and *C-HSQC experiments (Figures 4.16). Further assign-
ments were established based on exchange cross-peaks in NOESY spectra at
different mixing times (Figures 4.17 and 4.18, and Table 4.5). Similar fin-
gerprints in the NOESY spectra of the c-Kit2 G4 in the free and bound states
suggest that the parallel G4 topology remained unchanged upon ligand bind-
ing, aligning with the results of the CD spectra reported above (Figure 4.3A
in Paragraph 4.1), (Marzano et al., 2021).
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Figure 4.16 Expanded A) 1D 'H NMR and B) "’N-filtered 1D HSQC spectra illus-
trating the imino proton region of the c-Kit2 G4/BPBA complex (at a 1:2 ratio).
For the "N-filtered 1D HSQC spectra, samples of c-Kit2 G4 containing 10% uni-
formly-""N,"*C-labeled guanine (G) at the indicated positions, were used. All spec-
tra were acquired at 25 °C on a 600 MHz NMR spectrometer. DNA samples were
prepared at a concentration of 0.05 mM in 90%/10% H>O/D,0O phosphate buffer.

A 8.2 8.0 78 76 74
56 * * : . . 56
58 C9-G10 G10 L ss
G10-C11 - T2
T12-A13 / 7 , |
£ 60 ¥ N —»\—\; ——————— e Lo
e ' ' g . i 1
T A13 D=t s~ AL o o= .
el i
% 621 / €2 : ) - co L 62
| LN G 15- C11-T12
\ \
o N AN
G8-Co
C5 =
B 1
744 o T12:A13 Csiew = 74
76 R / \c9 T2 |76
- 3 ;
E 784 Glo \ |78
g
= G10iA|3 \ 3
3
80 x \ B . L so
@ \ I ATz
A1\ \ en G10-Co
82 x C5 (i L a2
|
A13-G10
T T T T
8.2 80 7.8 76 74

w,'H (ppm)

Figure 4.17 Expanded A) H1°-H8, and B) H8-HS regions of the NOESY spectrum
of c-Kit2 G4/BPBA complex (1:2 ratio). The complete sequential assignment path-
way is shown (dashed line). The NOESY experiment was recorded at 25 °C using
a mixing time of 300 ms on a 600 MHz spectrometer. DNA was prepared at a con-
centration of 0.4 mM in phosphate buffer, and subsequently exchanged with D,O
(99.97%).
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Figure 4.18 Expanded A) H1-H1, and B) H1-HS8 regions of the NOESY spectrum
of c-Kit2 G4/BPBA complex (1:2 ratio) in 90%/10% H,O/D,O phosphate buffer.
Spectra were recorded at 25 °C using a mixing time of 300 ms on an 800 MHz
spectrometer.

The addition of 2 molar equivalents of BPBA caused changes in 'H NMR $
of c-Kit2 G4. The most prominently affected imino protons (JAd| > 0.3 ppm)
were those of G14 and G18 belonging to the 5’-end G-tetrad, along with G3,
G7, G15 and G19 of the middle G-tetrad, and G4 of the 3’-end G-tetrad (Fig-
ure 4.19A). Regarding the aromatic protons, the overall chemical shift
changes were smaller than that observed for the imino ones. The most af-
fected (|Ad| > 0.1 ppm) protons included HS from the guanines of the 5’-end
G-quartet (G2, G6, G14, and G18), as well as those of G7, G15, and G19 of
the middle G-tetrad, and from G4, G8, and G16 belonging to the 3’-end one
(Figure 4.19B). Notably, the highest AS(H6/HS8) values were exhibited by
T21 and G16 both located at the 3’-end side of the G4, along with C1 at the
5’-end. Overall, these data are consistent with binding of BPBA to both the

outer G-tetrads. Moreover, residues in loops seemed to be not significantly

91



CHAPTER 4

involved in the interaction, except for T12 which is close to 5’-end. To be
noted, imino and aromatics chemical shifts of the G4/BPBA were almost all
up-fielded with respect to the free c-Kit2 G4, with the exception of H6/HS for
Cl1,C5,Cl11, Al17 and T21.

Table 4.5 Chemical shifts (8) of selected signals of ¢-Kit2 G4 monitored upon ad-
dition of BPBA (2 mol equiv).

Residue/ H1/Me . » X5 .
Proton H6/H8 H2/H5 H1 H2°/H2 H3
Cl 7.660 5.811 6.151 2.156/2.546 4.750
G2 8.055 11.61 6.078 2.730/2.997 4.993
G3 7.701 10.96 6.117 2.655/2.914 5.037
G4 7.616 10.79 6.304 2.752/2.751 5.139
C5 7.888 6.184 6.494 2.401/2.727 5.082
G6 7.862 11.22 6.013 2.357/2.797 5.081
G7 7.823 11.21 5.949 2.608/2.727 4.993
G8 7.634 11.00 6.260 2.667/2.724 4.899
C9 7.491 6.096 6.103 1.709/2.322 4.643
G10 7.986 - 5.988 2.841/2.734 5.084
Cll 7.958 6.115 6.352 2.335/2.668 4.894
T12 7.439 1.894 5.985 1.545/2.024 4.730
Al3 8.183 8.061 6.179 2.898/2.707 5.049
Gl4 8.074 11.51 6.110 2.815/3.088 5.077
G15 7.735 11.00 6.119 2.669/2.927 5.084
G16 7.621 10.79 6.339 2.793/2.731 5.177
ALT 8.551 8.314 6.686 2.919/2.921 5.227
G18 7.904 11.39 6.081 2.397/2.859 5.138
G19 7.844 11.22 6.040 2.659/2.769 5.087
G20 7.607 10.95 6.208 2.667/2.734 5.084
T21 7.663 1.841 6.262 2.320/2.365 4.604
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Figure 4.19 Plot of chemical shift perturbation of A) imino and B) aromatic pro-
tons of c-Kit2 G4 alone and with twofold molar excess BPBA. To facilitate com-
parison, Ad values are presented in absolute terms, with associated errors within

+0.05 ppm.

In order to better characterize the interaction of 1:2 ¢-Kit2 G4/BPBA com-
plex, 2D NMR NOESY and TOCSY experiments were also performed on
samples both in 90%/10% H20/D>0 and in exchanged D,O, both at 25 and

40 °C. Indeed, a large part of the cross-peaks correlating BPBA and aromatic

protons of the G4 overlap with the DNA fast-exchangeable signals between

7.0 and 6.6 ppm. Thus, solvent exchange in D,O allowed us to obtain a better

resolution for 1:2 ¢-Kit2 G4/BPBA complex cross-peaks in that region. Inter-

estingly, the similar pattern observed for BPBA alone aromatic signals in an

aqueous solution (Figure 4.14) was conserved in 1:2 ¢-Kit2 G4/BPBA com-
plex at 40 °C, even if slightly up-fielded (Figure 4.20).
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Figure 4.20 Expanded region of the TOCSY NMR spectrum acquired at 40 °C on

c-Kit2 G4/BPBA (at a 1:2 ratio) in 90%/10% H>O/D,0O phosphate buffer. The ex-

periment was conducted using a mixing time of 80 ms on a 600 MHz NMR spec-
trometer.

Although the BPBA proton signals were only partially assigned, it was still
possible to identify the region of the ligand most involved in the interaction
with ¢-Kit2 G4. Several intermolecular NOE cross-peaks were observed be-
tween DNA protons H1 and H8 and BPBA (Figures 4.21 and 4.22). In par-
ticular, as for the DNA H1-BPBA NOE contacts, which are characterized by
low intensity, a better resolution was obtained at 40 °C compared to 25 °C
and using higher mixing times (500 ms) (Figure 4.22). The greatest number
of NOE contacts were observed between the imino protons of all guanines
involved in the G-tetrad at the 3’-end and the two benzimidazole rings of the
ligand, while only G2, G6, and G18 belonging to the 5’-end G-tetrad, seem
involved in the interaction. Surprisingly, no intermolecular cross-peaks were
observed for BPBA and guanines from the middle G-tetrad, which exhibited
significant Ad values (Figure 4.19), suggesting they are not directly involved
in ligand binding. Overall, our preliminary results suggest that two BPBA
molecules bind to the c-Kit2 G4 by n-n stacking on the 5’ and 3’ outer G-
tetrads, forming a 2:1 complex, similar to a previously characterized complex

involving c-Myc G4 and a quindoline derivative (J. Dai et al., 2011).
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Furthermore, BPBA stacking at the 5’-end also caused the displacement of
the reverse non-canonical C1:A13 base pair, which normally stacks on the
G14:G18 segment of the upper G-tetrad (Kuryavyi et al., 2010). To validate
this hypothesis regarding BPBA binding, additional analysis of 2D NOESY
and TOCSY NMR spectra at different mixing times and temperatures is cur-
rently underway. Concurrently, he calculation of NMR restrains is in pro-
gress. These results are expected to be valuable for the molecular dynamics

simulation of the ¢-Kit2 G4/BPBA 1:2 complex.
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Figure 4.21 Intermolecular NOE cross-peaks between BPBA and c-Kit2 G4 (H8
region). The NOESY experiment was recorded at 25 °C on the c-Kit2 G4/BPBA
complex (at al:2 ratio), using a mixing time of 300 ms on a 600 MHz spectrome-
ter. DNA was prepared at a concentration of 0.4 mM in phosphate buffer, and sub-
sequently exchanged with D>O (99.97%).
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Figure 4.22 Intermolecular NOE cross-peaks between BPBA and c-Kit2 G4 (H1
region). The NOESY spectrum was recorded at 40 °C on the ¢-Kit2 G4/BPBA
complex (at a 1:2 ratio) using a mixing time of 500 ms on a 600 MHz spectrome-
ter. DNA was prepared at a concentration of 0.4 mM in 90%/10% H,O/D,O buffer.

4.2.3 CONCLUSIONS

To better elucidate the interaction between BPBA, a newly identified G4
binder, and its RNA and DNA targets (TERRA, c-Kit2 and c-Myc G4s, re-
spectively), a detailed structural characterization was undertaken by using a
combination of 1D and 2D NMR experiments. The 1D '"H NMR titration of
each investigated G4 with increasing amounts of BPBA well agree with the
corresponding ligand affinity reported in our precedent study (Marzano et al.,
2021). We observed a new set of twelve well-resolved imino peaks for the
G4/BPBA complexes at a 1:2 DNA/ligand ratio for TERRA and c-Kit2 G4s,
and a 1:4 ratio for c-Myc G4. c-Kit2 G4/BPBA complex (at a 1:2 ratio) was
selected as the most feasible system for a detailed structural investigation.

BPBA was structurally characterized in an aprotic solvent, DMSO-ds, where
it exhibits complete solubility. In contrast, in an aqueous buffer, prototropic
tautomerism and partial solubility affected the quality of NMR spectra. Sub-
sequently, a comprehensive assignment of the c-Kit2 G4 in the BPBA bound

form was accomplished. This involved synthesizing residue-specific '’N- and
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13C-labeled c-Kit2 G4 samples and acquiring '°N- and *C-HSQC spectra of
the labeled c-Kit2 G4/BPBA (at a 1:2 ratio), coupled with the analysis of ex-
change cross-peaks in NOESY spectra at different mixing times. Indeed, we
conducted NOESY and TOCSY experiments under various experimental
conditions, including different temperatures, mixing times, and solvents) to
elucidate the binding mode of BPBA. Despite some ambiguity in assigning
specific ligand residues involved in the interaction with c-Kit2 G4, we were
able possible to hypothesize an end-stacking binding mode of BPBA to G4.
This binding mode likely exhibits different affinities for 5’- and 3’-end G-
tetrads. A more detailed analysis of the 2D NMR spectra, followed by NMR
restraint calculations are currently underway. Subsequently, molecular dy-
namics simulations will be performed to validate the hypothesis regarding the
end-stacking binding mode of BPBA to c-Kit2 G4, considering potential dif-

ferences in affinities for the 5°- and 3’-end G-tetrads.

4.2.4 EXPERIMENTAL SECTION

SAMPLE PREPARATION. Unlabeled, and residue-specific low-enrichment
(10%) '>N- and '3C-labelled DNA oligonucleotides were chemically synthe-
sized on a H-8 synthesizer (K&A LaborGeréate) using the standard phospho-
ramidite chemistry on solid-phase, followed by detachment from the resin
and deprotection with aqueous ammonia. Purification and desalting of DNA
oligonucleotides were performed by means of Amicon-15 centrifuge filter
with 3.0 kDa MWCO. The oligonucleotide concentration was determined at
90 °C by measuring the absorbance at 260 nm, using the appropriate molar
extinction coefficients. The BPBA stock solution for NMR studies was pre-
pared by dissolving the compound in pure DMSO-ds at a concentration of 40
mM. Subsequently, it was further appropriately diluted either in pure DMSO-
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ds or in a phosphate buffer (5 mM KH>PO4/K;HPO4, pH 7.0, 20 mM KCl)
containing 10% DMSO-ds.

NMR EXPERIMENTS. NMR data were collected over a temperature range of
5-40 °C using Bruker AVANCE NEO spectrometers operating at 600 and
800 MHz. Oligonucleotide samples were prepared at G4 concentrations of
0.05 or 0.4 mM in 90%/10% H>O/D.O phosphate buffer (5 mM
KH>PO4/K>2HPO4, pH 7.0, and20 mM KCl1). NMR spectra were acquired us-
ing the DPFGSE method for water suppression. Unambiguous assignment of
imino, aromatic, and methyl '"H NMR resonances was done with the help of
5N- and *C-HSQC spectra. NOESY spectra were acquired with mixing
times ranging from 80 and 750 ms. The TOCSY spectrum was acquired at
mixing times of 30 and 60 ms. 4,4-dimethyl-4-silapentane-1-sulfonic acid
(DSS) was used as a reference to calibrate the chemical shifts, assuming that
the DSS resonates at 0.0 ppm. NMR spectra were processed and analyzed
with the use of TopSpin 4.3.0 (Bruker), MestReNova, and Sparky (UCSF)

software.

4.3  BALANCING AFFINITY, SELECTIVITY, AND CYTOTOXICITY OF HY-
DRAZONE-BASED G-QUADRUPLEX LIGANDS FOR ACTIVATION OF INTER-
FERON 3 GENES IN CANCER CELLS (PAPER I1I)

43.1 INTRODUCTION

G4 ligands have been explored as potentially anticancer drugs, but their ef-
fectiveness in patients has been limited, and only a few have advanced clinical
trials. Recently, Miglietta et al. demonstrated that two G4 binders, PDS and
PhenDC3, can elicit an innate immune gene response, activating interferon f3
(IFN-B)-dependent pathways in human cancer cells at non-cytotoxic concen-

trations, through micronuclei accumulation (Miglietta et al., 2021). Non-
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cytotoxic immune modulators could enhance the effectiveness of immuno-
therapy in unresponsive cancers. G4 ligands could be employed as cytostatic
immune-stimulating agents in combination with anticancer immunotherapy
(Miglietta et al., 2022). In 2016, our research group identified highly selective
diimidazo[1,2-a:1,2-c]pyrimidine-based compounds, namely FG and FIM,
capable of preferentially binding to the parallel G4 topology and stabilizing
G4s in living cancer cells (Amato et al., 2016). In the present study, the rela-
tionship between G4 affinity/selectivity, cell-killing potency, and immune
gene activation was investigated for a series of diimidazo[1,2-a:1,2-c]-pyrim-

idine derivatives of FG and FIM (Figure 4.23, and Table 4.6).

Ry
2 N1

W N
aN N/gLRa
5&/@,47

6

S
Phe = §—© MePhe = @ CIPhe = §—Q9' TioPhe = %—@
NH 73
= idaz = = N =
Gua %\/N\H)k””z Imidaz g\/N\HJ\H Formyl §/\o HydroxyMe §/\0H

Figure 4.23 Chemical structure of diimidazo[1,2-a:1,2-c]-pyrimidine
derivatives scaffold.
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Table 4.6 List of substituents for each derivative on
diimidazo[1,2-a:1,2-c]pyrimidine scaffold.

Compound Ry R: R3 Ry
FG Phe Gua Phe Gua
1b Phe Gua MePhe Gua
2b Phe Imidaz MePhe Imidaz
3b MePhe Gua Phe Gua
4b MePhe Imidaz Phe Imidaz
5b MePhe Gua MePhe Gua
6b MePhe Imidaz MePhe Imidaz
7b Phe Gua ClIPhe Gua
8b Phe Imidaz ClPhe Imidaz
9b ClIPhe Gua Phe Gua
10b ClIPhe Imidaz Phe Imidaz
11b ClIPhe Gua ClIPhe Gua
12b ClIPhe Imidaz ClPhe Imidaz
13b TioPhe Imidaz TioPhe Imidaz
FIM Phe Formyl Phe Imidaz
14b MePhe Formyl MePhe Imidaz
15b Phe Formyl Phe Gua
16b TioPhe Formyl TioPhe Gua
17b MePhe Formyl Phe Gua
18b MePhe Formyl MePhe Gua
19b Phe HydroxyMe Phe Imidaz
20b Phe HydroxyMe Phe Gua

432 RESULTS AND DISCUSSION

To improve affinity and selectivity toward G4 structures and finely tune the
biological effects of close FG and FIM analogues, a new series of molecules
having different electron distribution and similar steric hindrance was de-
signed and synthesized. The diimidazo[1,2-a:1,2-c]pyrimidine core of FG
and FIM was maintained unaltered and a chlorine (electron-withdrawing) or
a methyl group (electron-donating) was inserted at the para position of one or

both the pending phenyl rings. Both guanidine (Gua) and imidazoline
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(Imidaz) moieties were considered as positively charged chains, either to ob-
tain FG analogues (compounds 1b-12b, characterized by two positively
charged side chains), and FIM analogues (compounds 13b-20b, having only
one positively charged side chain). In addition, since an FG analogue bearing
thiophenes instead of phenyl groups (compound 13b) proved to be a good G4
binder (Amato et al., 2016), we also considered this kind of modification
along with the replacement of the Gua chains with the Imidaz ones. Finally,
the formyl group of FIM was substituted with a primary alcohol group able
to either accept or donate hydrogen bonds (compounds 19b and 20b). The
binding ability and stabilizing effects of compounds 1b-20b were investi-
gated on the G4 structures from the NHE region of the c-Kit (c-Kit/ and c-
Kit2) and c-Myc (c-Myc) gene promoters, as well as from a 26-mer truncation

of the human telomeric sequence (7el2s).

CD EXPERIMENTS. According to literature, CD spectra of c-Kitl, c-Kit2, and
c-Myc G4s showed a positive band at 264 nm and a negative one around 240
nm, suggesting they adopt parallel arrangements, whereas the CD spectrum
of Tel»s showed a positive band at 290 with a shoulder at ca. 268 nm and a
weak negative band at around 240 nm, confirming it forms a hybrid G4 struc-
ture as the main conformation (Randazzo et al., 2013). A 27-residue hairpin
oligonucleotide (Hrp:7) was also used as a negative control. The CD spectrum
of Hrp7 confirmed duplex formation, as indicated by the presence of positive
and negative bands at around 280 nm and 250 nm, respectively. Next, CD
spectra were recorded to test if compounds 1b-20b affect the folding of G4s.
Each compound was added to folded G4 or hairpin structures (in a 2:1 lig-
and/DNA ratio). No significant changes were observed in the CD signal for
any of the analyzed DNA structures (Figure 4.24), indicating no alteration in

DNA secondary structures upon the addition of compounds.
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CD melting experiments of DNA in the absence and presence of each com-
pound were recorded to assess the stabilizing effects of 1b-20b. CD-melting
curves were obtained by measuring changes in CD signals at specific wave-
lengths (264, 290, and 252 nm corresponding to parallel G4s, hybrid G4, and
duplex structure, respectively), as a function of temperature. All compounds,
except for 14b, effectively stabilize parallel G4s over hybrid ones. As ex-
pected, molecules with a higher number of positive charges have a stronger
stabilizing effect on G4s. However, compound interactions with dsDNA
(hairpin) were also slightly increased by positive charges (Figure 4.25, and
Table 4.7).
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Figure 4.24 CD spectra of A,F) c-Kitl, B,G) c-Kit2, C,H) c-Myc, D,I) Tel,s G4s,
and E,J) hairpin in the absence (black lines) and presence (color-coded lines) of 2
molar equiv of compounds A,E) 1b-12b, and F,J) 13b-20b.
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Figure 4.25 Normalized CD melting curves of A,F) ¢-Kitl, B,G) c-Kit2, C,H) c-
Myc, D,X) Tels G4s, and E,J) hairpin in the absence (black lines) and presence
(color-coded lines) of 2 molar equiv of compounds A,E) 1b-12b, and F,J) 13b.
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Table 4.7 Compound-induced thermal stabilization of G4 and hairpin structures
measured by CD melting experiments.

ATz (°C)*
Compound | Tel:s G4 c-Kitl G4 c-Kit2 G4 | c-Myc G4 hairpin
FG® -4.5 >15.0 >20 >20 0.1°
1b 4.8 (£0.2) | 18.2(0.2) > 304 16.9 (#0.2) | 1.3 (0.3)
2b 53 (0.2) | 15.2(£0.2) > 304 9.1 (x0.3) | 1.1(=0.4)
3b 6.3 (x0.4) | 25.2 (£0.5) > 304 16.9 (0.4) | 3.2 (0.3)
4b 6.2 (£0.2) | 21.4 (£0.4) > 304 13.1 (£0.6) | 2.2 (+0.2)
5b 5.5(0.2) | 18.5(%0.3) > 304 15.6 (£0.2) | 4.1 (0.3)
6b 4.5(0.3) | 17.1 (£0.2) | 26.5(+0.4) | 8.5(x0.2) | 2.4(x0.2)
7b 5.0(£0.2) | 21.4 (£0.4) > 304 17.6 (0.4) | 2.3 (+0.2)
8b 6.3 (£0.2) | 15.5(=0.3) | 22.0(£0.3) | 7.4(£0.3) | 1.2 (x0.4)
9b 8.3 (+0.2) | 20.1 (x0.3) > 304 14.3 (20.2) | 2.6 (+0.2)
10b 6.6 (£0.2) | 17.7 (£0.3) | 19.2 (%0.3) | 10.6 (£0.3) | 1.2 (£0.2)
11b 4.1 (£0.4) | 11.1 (£0.2) > 309 11.4 (20.2) | 2.9 (%0.2)
12b 33(0.2) | 9.6(£0.2) | 13.7(£0.3) | 5.5(x0.2) | 3.5(%0.2)
13b 3.8(x0.3) | 10.3(=0.2) | 14.9(£0.3) | 4.7(£0.2) | 2.0(x0.2)
FIM" -3.0 2.7 9.5 >20 -0.8°
14b 1.3 (#0.2) | 3.8(%0.2) 6.8 (£0.2) 1.5(£0.2) | 0.0 (%0.3)
15b 43(+0.2) | 11.2(£0.2) | 242 (+0.4) | 5.8(x0.3) | 1.7 (x0.2)
16b 4.8 (£0.3) | 16.1 (£0.2) | 25.2(%0.3) | 9.1(x0.3) | 2.7 (%0.2)
17b 3.8(x0.2) | 6.6(£0.3) | 20.8 (£0.5) | 3.1(x0.2) | 1.2(x0.2)
18b 2.1 (£0.2) | 6.1 (x0.2) | 16.2(£0.2) | 4.6(=0.2) | 2.3 (%0.3)
19b 2.0(x0.2) | 7.1(x0.2) | 147 (%0.3) | 1.7(=0.2) | 1.3 (%0.2)
20b 1.8(x0.3) | 9.7(x0.2) | 18.6(£0.4) | 2.8(£0.2) | 2.3 (%0.3)

8 ATy, represents the difference in melting temperature [AT1, = T2 (DNA + ligand (1:2)) — T2

(DNA)]. The Ty, values of DNA alone are: c-Kit! G4 = 54.0 (£0.5) °C, c-Kit2 G4 = 61.5 (x0.5) °C,
c-Myc G4 =72.0 (+0.5) °C, Telzs G4 =47.9 (x0.5) °C, and hairpin =75.4 (£0.2) °C.

b Data from Amato et al., 2018.

¢ A self-complementary 12-mer duplex-forming sequence was used as a duplex model.

4 AT/ could not be determined as the compound increases hugely the thermal stability of c-Kit2 G4.

Therefore, to further assess the selectivity for G4 structures of these com-
pounds, the analogs showing a strong stabilizing effect on at least two G4s
and a negligible effect on the hairpin (AT12 < 2.0 °C) were selected (i.e. com-

pounds 1b, 2b, 8b, and 10b among those with two positively charged side
chains, and 15b, 19b, and 20b among those with a positive charge only).
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FRET MELTING EXPERIMENTS. FRET melting competition assays were used
to further evaluate G4-stabilizing properties and G4 vs. duplex selectivity of
designated putative ligands. The G4-forming c-Kit/ oligonucleotide was la-
beled with FAM and TAMRA at the 5" and 3’ ends, respectively, was em-
ployed (F-c-Kit1-T). Among the G4s more stabilized by these compounds, c-
Kitl has the lowest 71,2 value, allowing for a more accurate estimation of the
stabilizing properties of different ligands and evaluating their ability to dis-
tinguish between G4 and duplex structures. The ligand selectivity for G4 was
evaluated by adding an excess of an unlabeled competitor (hairpin) to the
labeled G4 (F-c-Kitl-T). The effect of varying competitor concentrations on
the AT12 of G4 in the presence of 2 molar equiv of each ligand was measured
to assess the compounds’ ability to selectively stabilize G4. The results con-
firmed that the selected compounds are efficient G4 stabilizers. However,
compounds 1b, 2b, 8b, and 10b (with two positively charged side chains)
faced challenges in the presence of the excess hairpin sequence. In contrast,
compounds 15b, 19b, and 20b (with a positive charge only) appeared to be
more selective for G4 (Figure 4.26, and Table 4.8).
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Figure 4.26 Normalized FRET melting curves for F-c-KitI-T G4 in the absence
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Table 4.8 G4-selectivity of the selected compounds measured
by FRET melting competition experiments.

ATy (°C)*

, F-c-Kitl- T G4 | F-c-Kitl-T G4

Compound F-c-Ritl-T G4 1 virpin (1:15) | + hairpin (1:50)
1b 254 (20.5) 222 (20.5) 192 (20.5)
2b 224 (£0.5) 21.4 (£0.5) 202 (£0.5)
8b 24.6 (£0.5) 21.4 (£0.5) 19.6 (£0.5)
10b 26.6 (£0.5) 24.8 (0.5) 23.8 (0.5)
15b 22.0 (1.0) 21.6 (1.0) 222 (£1.0)
19b 8.0 (:0.4) 7.8 (£0.4) 8.4 (20.4)
20b 10.0 (+0.4) 1.1 (£0.5) 12.1 (20.5)

& AT, represents the difference in melting temperature [AT1, = 71, (DNA + ligand (1:2), or hairpin
(1:15, or 1:50)) — To (DNA)]. The T1/, values of DNA alone is 57.4 (+0.2) °C. Different CD- and
FRET- determined 7'/, could be explained with modified sequence and/or experimental conditions.

FID ASSAYS. G4-FID (Fluorescent Intercalator Displacement) experiments
with the fluorescent probe thiazole orange (TO) were used to measure the
affinity of selected compounds for G4s (Monchaud et al., 2006). The dis-
placement of TO from DNA by candidate ligands was monitored, allowing
the determination of their relative binding affinity to the most thermally sta-
bilized G4 structures, specifically, c-Kitl, c-Kit2, and c-Myc G4s. Dose-re-
sponse curves were used to plot the percentage of TO displacement against
compound concentration. The concentrations at which 50% displacement was
achieved, known as DCso, give an indication of DNA relative affinity, with
lower values suggesting higher affinity. Compounds 1b, 2b, 8b, and 10b ex-
hibited good TO displacement ability for almost all the investigated parallel
G4s, indicating that ligand/G4 interaction is not sequence specific. On the
other hand, compounds 15b, 19b, and 20b were not able to reach 50% dis-
placement in any case (Figure 4.27, and Table 4.9). This suggests that the
presence of positive charges on ligands is correlated with their ability to dis-

place TO, with highly cationic molecules being the most efficient. The
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observed apparent discrepancy between the G4-FID assay and melting exper-

iments concerning 15b may be attributed to the possibility that this ligand

binds to G4s without directly competing with TO (Zuffo et al., 2018).
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Figure 4.27 Dose-response curves from G4-FID assays for c-Kitl, c-Kit2, and c-
Mpyc G4s with A) 1b, B) 2b, C) 8b, D) 10b, E) 15b, F) 19b, and G) 20b.
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Table 4.9 Ligand DCs values for ¢-Kitl, c-Kit2, and c-Myc G4s
determined by G4-FID assays.

DCso (uM)*
Compound c-Kitl G4 c-Kit2 G4 c-Myc G4
1b 1.4 1.4 1.6
2b 1.3 1.2 1.3
8b 2.7 1.7 1.8
10b 1.2 1.4 1.3

2 The error in DCs values is £5%.

MST ASsSAYS. MST was used to obtain quantitative data on the binding af-
finity of 1b, 2b, 8b, 10b, 15b, 19b, and 20b for the selected G4s. Serial dilu-
tions of ligands were prepared, mixed with a constant concentration of CyS5.5-
labeled G4s (c-Kitl, c-Kit2, and c-Myc), and analyzed by MST. Results of the
binding curves indicated that the compounds exhibited higher affinity for c-
Kitl and c-Kit2 G4s than for c-Myc G4, with a slight preference for c-Kit/
over ¢-Kit2, except for 19b and 20b (Figures 4.28, 4.29, and 4.30, and Table
4.10). Noteworthy, compound 1b exhibited the strongest binding affinity in
the series, while compounds 19b and 20b had the weakest.
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Figure 4.28 Dose-response curves from MST experiments for the interaction of A)
1b, B) 2b, C) 8b, D) 10b, E) 15b, F) 19b, and G) 20b with Cy5.5-c-Kit! G4.
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Figure 4.29 Dose-response curves from MST experiments for the interaction of A)

1b, B) 2b, C) 8b, D) 10b, E) 15b, F) 19b, and G) 20b with Cy5.5-c-Kit2 G4.
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Figure 4.30 Dose-response curves from MST experiments for the interaction of A)
1b, B) 2b, C) 8b, D) 10b, E) 15b, F) 19b, and G) 20b with Cy5.5-c-Myc G4.

Table 4.10 Kp values for ligands to ¢-Kit!, c-Kit2, and c-Myc G4s
determined by MST experiments.

Kb (nM)

Compound c-Kitl G4 c-Kit2 G4 c-Myc G4
1b 0.03 (=0.01) 0.04 (£0.01) 1.5 (+0.4)
2b 0.12 (£0.02) 0.13 (=0.02) n.d.?
8b 0.38 (=0.09) 0.49 (+0.09) 3.0 (£1.0)
10b 0.07 (=0.02) 0.50 (£0.04) 1.2 (+0.4)
15b 0.30 (=0.04) 0.37 (x0.03) 7.0 (£1.0)
19b 8.0 (£2.0) 2.5 (+0.3) 37 (x1)
20b 2.0 (£0.2) 1.3 (£0.2) 8.0 (£3.1)

2 n.d. = not determined.

Based on the entire set of biophysical data, compounds were classified into
three groups: i) strong binders (compounds 1b, 2b, and 10b); ii) moderate
binders (8b and 15b); iii) modest binders (19b and 20b).
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CYTOTOXICITY ASSAYS. The cytotoxic potencies of compounds 1b, 2b, 8b,
15b, 19b, and 20b, together with their precursor, FIM, and FG, were deter-
mined. The assessments were conducted in human osteosarcoma U20S and
murine fibrosarcoma MNMCAI1 cells, known for producing high levels of
IFN-B. PDS was used as a reference compound (Nanni et al., 1992). FIM and
15b displayed higher ICso values compared to 19b and 20b, respectively, sug-
gesting that an aldehyde moiety imparts greater cytotoxicity than an alcohol
group. Furthermore, compound 8b exhibited higher cytotoxic than 1b and 2b
(Table 4.11). The tested analogs demonstrated similar cytotoxic potency in
normal human MRCS5 fibroblasts, as expected.

Table 4.11 Cytotoxic potency of selected hydrazone derivatives
in U20S and MNMCAL cells.

ICso (unM)*
Compound Human U20S Murine MNMCA1

FG 159 (£1.2) ¢ n.d.*

1b 46.8 (£12.7) 38.5 (£5.8)
2b 108.3 (£35.4) 28.6 (£8.4)
8b 20.2 (£1.0) 23.5 (£5.1)
FIM 4.0 (£0.33) 2.3 (+0.92)
15b 2.6 (£0.87) 1.9 (£0.33)
19b 24.5 (£1.2) 12.1 (£2.5)
20b 14.3 (£9.3) 35.7 (20.67)
PDS >50°¢ 27.0 (£16.0)

2 Treatments were for 24 h in exponentially growing cells. Cell survival was evaluated with the

MTT test after 48 h of cell recovery in drug-free medium.

®n.d. = not determined.

¢ See ref. (De Magis et al., 2019)
G4 STABILIZATION, AND DNA DAMAGE ASSAYS. Immunofluorescence (IF)
assays were conducted to determine the induced stabilization of G4 structures
in U20S cells using the BG4 antibody, with PDS serving as the positive con-
trol (De Magis et al., 2019). Compounds 1b and 2b, which induce higher

thermal stabilization of c-Kit2 and c-Myc G4s, can stabilize G4 structures in
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living cells similarly to PDS. In contrast, compound 8b was ineffective, indi-
cating a different type of interaction (Figure 4.31A). Even though com-
pounds FIM, 15b, 19b, and 20b showed a significantly reduced affinity for
the tested G4 structures compared to 1b, 2b, and 8b, their cytotoxic potencies
are either equal or higher. Moreover, they all effectively stabilized G4 struc-
tures in living cells. In particular, the “Gua” moiety in compounds 15b and
20b exhibits better interactions with G4 compared to the “Imidaz” one in
FIM and 19b. This preference leads to a somewhat higher stabilization, likely
attributed to its increased flexibility (Figure 4.32A). The evaluation of DNA
damage, indicated by the levels of S139-phosphorylated histone H2AX
(YH2AX), was conducted in U20S cancer cells, with PDS used as a reference.
Compound 8b was found to induce DNA damage even in the absence of sta-
bilization in the cell. On the other hand, 2b induced both G4 stabilization and
DNA damage, suggesting a distinct cytotoxicity mechanism (Figure 4.31B).
Compounds with only one positive charge in their side chains increased
YyH2AX levels at comparable levels in cancer cells, with 15b showing slightly
less effectiveness (Figure 4.32B).

MICRONUCLEI AND IFN-B ACTIVATION ASSAYS. Given that non-cytotoxic
doses of G4 binders, such as PDS and PhenDC3, can activate [IFN-B-depend-
ent pathways through micronuclei induction in human cancer cells, we eval-
uated the ability of the new analogs to induce micronuclei formation. At sim-
ilar cytotoxic concentrations, compounds 1b, 2b, and 8b induced almost the
same levels of micronuclei in MNMCAI cells, but less than those induced by
PDS, which also resulted in higher IFN-f levels compared to the tested ana-
logs. Notably, 1b was more effective in inducing IFN-f, even at non-cyto-
toxic concentrations, than 2b, whereas 8b was completely ineffective, even
at higher concentrations. Therefore, compound 1b, which promotes in vivo

G4 stabilization without causing DNA damage, can induce the expression of
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IFN-f gene at non-cytotoxic concentrations. Differences in the activation of
the autophagic pathway might elucidate the variations in IFN- production
between analog 1b and the other investigated derivatives (Figure 4.31C,D).
As for FIM, 15b, 19b, and 20b, they did not affect significantly IFN-f ex-
pression, showing a low, if any, with a maximum of less than two-fold change
for FIM. No difference was observed between derivatives bearing “Gua” or
“Imidaz” groups as chains (Figure 4.32C,D). The IFN-B activation was in-
dependent of the induced micronuclei level, suggesting that cytosolic DNA
from micronuclei was necessary but not sufficient for immune gene expres-
sion (Crowl et al., 2017; Pilger et al., 2021). However, a high ligand affinity

for G4 may still be required for immune gene activation.

In conclusion, compounds with one positively charged side chain exhibit less
affinity for G4s but are more selective binders compared to those with two
positively charged side chains. Compound 8b is more cytotoxic than 1b and
2b; however, it minimally stabilizes G4 in nuclei and does not trigger IFN-f3
production. On the contrary, 1b shows high G4 stabilization in vivo and the
least cytotoxic potency in murine cells, where it triggers a good activation of
IFN-f genes. Conversely, FIM analogs bearing the chemically reactive alde-
hyde group (FIM and 15b) or the hydroxymethyl group (19b and 20b) exhibit
greater cytotoxic potency than FG derivatives, with compounds FIM and 15b
being the most cytotoxic compounds of the series. In addition, they can sta-

bilize G4 in cells but are not able to trigger IFN- activation.
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Figure 4.31 G4 stabilization, DNA damage, and IFN-f stimulation induced by
PDS, 1b, 2b, and 8b. A) Quantification of fluorescence signals of BG4 foci in
U20S cells being treated with compounds. B) Quantification of fluorescence sig-
nals of YH2AX in U20S cells being treated with compounds at ICso concentrations.
C) Micronuclei quantification by DAPI staining in MNMCAL cells treated (24 h)
of treatment followed by 24 h of drug-free recovery. The scale bar is 10 um. D)
Quantification of IFN-f3 produced by MNMCALI cells treated with compounds at
different concentrations. Significance in all the graphs was calculated by the Mann-
Witney test (*p < 0.05, **p > 0.01, ***p > 0.001, and ****p < 0.0001).
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Figure 4.32 G4 stabilization, DNA damage, and IFN-f stimulation induced by
PDS, FIM, 15b, 19b, and 20b. A) Quantification of fluorescence signals of BG4
foci in U20S cells being treated with compounds. B) Quantification of fluores-
cence signals of YH2AX in U20S cells being treated with compounds at ICso con-
centrations. C) Micronuclei quantification by DAPI staining in MNMCA1 cells
treated (24 h) of treatment followed by 24 h of drug-free recovery. The scale bar is
10 um. D) Quantification of IFN-B produced by MNMCAI1 cells treated with com-
pounds at different concentrations. Significance in all the graphs was calculated by
the Mann-Witney test (*p < 0.05, **p > 0.01, ***p > 0.001, and ****p < 0.0001).
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4.3.3 CONCLUSIONS

By comparing closely related G4 binders, we have been able to explain the
significance of maintaining a delicate equilibrium between G4 affinity/selec-
tivity and cytotoxicity for the activation of immune genes. Specifically,
achieving a high G4 affinity and maintaining a relatively low cytotoxic po-
tency is essential for a G4 ligand to effectively activate immune genes. There-
fore, we propose a new approach, emphasizing low cell-killing potency and
high G4 affinity, for the discovery of effective anticancer G4 ligands with

immune-stimulation activity.

434 EXPERIMENTAL SECTION

OLIGONUCLEOTIDE SYNTHESIS AND SAMPLE PREPARATION. The following
oligonucleotides sequences, employed in this investigation, were chemically
synthesized on the 1-pmol scale on an ABI 394 DNA/RNA synthesizer (Ap-
plied Biosystems, CA, USA) by using the standard p-cyanoethyl phospho-
ramidite solid-phase chemistry, as described elsewhere (Amato et al., 2020):
o c-Kitl d(AGGGAGGGCGCTGGGAGGAGGG);

o c-Kit2 d(CGGGCGGGCGCTAGGGAGGGT);

e c-Myc d(TGAGGGTGGGTAGGGTGGGTAR);,

o Telx d(TTAGGGTTAGGGTTAGGGTTAGGGTT);

e Hairpin d(CGCGAATTCGCGTTTCGCGAATTCGCG).

After synthesis, oligonucleotides were detached from the support and depro-
tected by treating with an aqueous solution of concentrated ammonia at 55
°C, for 17 h. The filtrates and washings, after being combined and concen-
trated under reduced pressure, were solubilized in water and purified using a

high-performance liquid chromatography system equipped with a Nucleogel
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SAX column (Macherey-Nagel, 1000-8/46), using a 30 min linear gradient
from 100% (20 mM KH>PO4/K>HPO4 aqueous solution (pH 7.0), 20% (v/v)
CH3CN) to 100% buffer B (20 mM KH>PO4/K,HPO4 aqueous solution (pH
7.0), 20% (v/v) CH3CN containing 1.0 M KCI) at a flow rate of 1 mL min™.
The purified fractions were then desalted by means of C-18 cartridges (Sep-
Pak). The purity of the isolated oligomers was checked by NMR and proved
to be higher than 98%. All oligonucleotides were dissolved in a buffer solu-
tion consisting of 5 mM KH>PO4/K2HPO4 (pH 7.0) and 20 mM KCI (or LiCl
in the case of c-Myc because of its high thermal stability). The concentration
of each oligonucleotide was verified by measuring the UV absorption at 90
°C, considering the appropriate molar extinction coefficient values € (A = 260
nm) calculated using the nearest-neighbor model (Cantor et al., 1970). Fi-
nally, to achieve the correct folding of the DNA sequences, oligonucleotide
solutions were annealed by heating at 95 °C for 5 min followed by a slow

cooling to room temperature and storage overnight at 4 °C.

CD EXPERIMENTS. CD experiments were performed on a Jasco J-815 spec-
tropolarimeter equipped with a PTC-423S/15 Peltier temperature controller.
All the spectra were recorded at 20 and 100 °C in the wavelength range of
230-320 nm and averaged over three scans. A scan rate of 100 nm/min, with
a 0.5 s response time and 1 nm bandwidth, was used. The buffer baseline was
subtracted from each spectrum. For the CD experiments, 10 uM G4 and 15
uM duplex DNA in the absence or presence of 2 molar equiv of ligand were
used. CD spectra were recorded 10 min after ligand addition. Ligand stock
solutions were 10 mM in DMSO. CD melting experiments were carried out
in the 20-100 °C temperature range at a 1 °C/min heating rate and recorded
both in the absence and presence of compounds (2 molar equiv) added to the
folded nucleic acid structures. The apparent melting temperatures (772) were

determined from a curve fit using OriginPro 2021 software (OriginLab Corp.,
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MA, USA). Normalization of melting curves between 0 and 1 was performed
to better compare the results. In cases where the melting process was not com-
pleted even at 100 °C, due to an exceptional ligand-induced G4 thermal sta-
bilization, the relative melting curves were normalized by dividing only by

the maximum.

FRET MELTING EXPERIMENTS. Measurements were carried out on a Jasco
FP-8300 spectrofluorometer equipped with a Peltier temperature controller
system (PCT-818) using a dual-labeled G4-forming sequence FAM-[d(AG-
GGAGGGCGCTGGGAGGAGGG)]-TAMRA (F-c-Kitl-T). The oligonucleotide
was dissolved in water at 1 mM, diluted at 1 uM in the buffer reported above,
and annealed by heating to 90 °C for 5 min, followed by slow cooling to room
temperature overnight and storage at 4 °C for 24 h before data acquisition.
Experiments were performed in sealed quartz cuvettes with a path length of
1 cm by using 0.2 uM prefolded F-c-Kitl-T G4 target, in the absence and
presence of 2 molar equiv of the ligand and of the duplex competitor at 3 and
10 uM final concentrations. In addition, an experiment in the absence of com-
pounds and competitors was also performed. Fluorescence spectra were ac-
quired before and after the melting, at 15 and 90 °C, respectively. The dual-
labeled oligonucleotide was excited at 492 nm, and emission spectra were
recorded between 500 and 650 nm by using a 100 nm s*! scan speed. Excita-
tion and emission slit widths were both set to 5 nm. FRET melting experi-
ments were performed by monitoring the emission of FAM at 520 nm (upon
excitation at 492 nm), using a heating gradient of 0.2 °C min™! over the range
of 15-90 °C. Emission of FAM was normalized between 0 and 1. Final anal-

ysis of the data was carried out using OriginPro 2021 software.

TO G4-FID ASSAYS. A solution containing 0.25 uM G4 DNA (c-Kitl, c-Kit2,
or c-Myc) and 0.5 uM TO in the above reported buffer was prepared in a 1
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cm-path length cell, and the corresponding fluorescence spectrum was ac-
quired in the absence and presence of increasing concentrations of selected
compounds (1 mM stock solution in DMSO). Each ligand addition (from 0.5
to 20 molar equiv) was followed by a 3 min equilibration time before spec-
trum acquisition. Measurements were run at 20 °C on a Jasco FP-8300 spec-
trofluorometer equipped with a Peltier cell holder (PCT-818), using an exci-
tation wavelength of 485 nm and recording the emission spectra in the 500-
650 nm wavelength range. Both excitation and emission slits were set at 5
nm. Final analysis of the data was carried out using OriginPro 2021 software.
The percentage of TO displacement was calculated as described in Paragraph
4.1.4. The percentage of displacement was then plotted as a function of the
ligand concentration, and DCso was calculated as the required concentration

to displace 50% TO. Each titration was performed in duplicate.

MST EXPERIMENTS. MST measurements were performed using a Monolith
NT.115 instrument (NanoTemper Technologies). The Cy5.5 fluorescently la-
beled oligonucleotides (c-Kit!, c-Kit2, or c-Myc) were prepared and annealed
at 1 uM in the above described conditions. DNA samples were then diluted
using the same phosphate buffer supplemented with 0.1% Tween. For the
MST experiments, the concentration of the labeled oligonucleotides was kept
constant at 20 nM, while a serial dilution of the ligand (1:2 from 5.0, 40, 160,
or 400 uM ligand stock solution) in the same buffer used for DNAs was pre-
pared and mixed with the oligonucleotide solution with a volume ratio of 1:1.
All the samples, containing 20% DMSO as the final concentration, were
loaded into standard capillaries (NanoTemper Technologies). Measurements

were performed and analyzed as previously reported (Amato et al., 2018).

The compound library was synthesized in collaboration with Rita Morigi,

Alessandra Locatelli, and Alberto Leoni from the Department of Pharmacy
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and Biotechnology of the University of Bologna (Italy). Cell lines treatments,
MTT cell proliferation assays, IF microscopy measurements, and IFN-B
ELISA assays were performed in collaboration with Giovanni Capranico,
Giulia Miglietta, Jessica Marinello, Andrea Arleo, and Monica Procacci from
the Department of Pharmacy and Biotechnology of the University of Bologna

(Italy). For further information, see APPENDIX.

4.4 LIGAND-BASED DRUG REPURPOSING STRATEGY IDENTIFIED SARS-
CoV-2 RNA G-QUADRUPLEX BINDERS (PAPER V)

4.4.1 INTRODUCTION

Severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) is the
highly contagious virus responsible for recent COVID-19 pandemic (F. Wu
et al., 2020). Despite the effectiveness of SARS-CoV-2 vaccination, finding
drugs to treat the viral infection remains an urgent task (Pouwels et al., 2021).
The conventional approach to discovering new drugs has been proven to be a
lengthy and often unsuccessful process. However, the repurposing of pre-ap-
proved medications has emerged as a more promising alternative. By taking
advantage of de-risked compounds, this strategy has the potential to signifi-
cantly reduce development expenses and timelines, making it a more confi-
dent and effective approach to drug discovery (Pushpakom et al., 2019). As
many drugs have already been successfully repurposed to treat various dis-
eases, including viral infections, scientists are confidently exploring repur-
posed therapeutic molecules to further enhance the arsenal against COVID-
19 (Ciliberto & Cardone, 2020; Jang et al., 2021; Ng et al., 2021).

Most antiviral therapies target viral proteins (Minenkova et al., 2022), but
alternative approaches, such as targeting viral RNA and its secondary struc-

tures, can be explored to combat the threat of SARS-CoV-2 infection
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(Sreeramulu et al., 2021; Zhao et al., 2021). RNA plays a significant role in
virus replication and propagation, and targeting its secondary structures can
potentially disrupt the virus's life cycle. This approach could be a significant
breakthrough in the fight against SARS-CoV-2 and other viral infections.
G4 structures are known to play a crucial role in various viruses, including
single-stranded RNA viruses. Promisingly, certain G4-targeting compounds
have already demonstrated antiviral activity, pointing toward the potential use
of G4 ligands as potent antiviral agents (Abiri et al., 2021; Lavezzo et al.,
2018). Several potential G4-forming sequences have been identified within
the genome of SARS-CoV-2. In vitro experiments have confirmed the for-
mation of G4s by some of these sequences (Belmonte-Reche et al., 2021; Cui
& Zhang, 2020; Ji et al., 2021; Zhao et al., 2021).

In this study, we used a fast and low-expensive screening process called lig-
and-based virtual screening (LBVS) to identify FDA-approved drugs that
could potentially stabilize SARS-CoV-2 G4 RNAs. To experimentally vali-
date the G4-binding properties of the identified drugs, three biologically rel-
evant G-rich sequences of SARS-CoV-2 found in the coding sequence re-
gions of nucleocapsid protein, non-structural protein 10, and non-structural
protein 3 (G4-1, G4-2, and G4-3, respectively) were employed as potential
targets (Table 4.12) (Belmonte-Reche et al., 2021; Zhao et al., 2021). Further
in silico and in vitro assays identified three drugs as emerging SARS-CoV-2
RNA G4 binders and provided a plausible mechanism of action for these mol-

ecules at the molecular level.

Table 4.12 List of here employed G4-forming RNA sequences in SARS-CoV-2.

Name ‘ Sequence (5°-3’) ‘ Region
G4-1 GGCUGGCAAUGGCGG Nucleocapsid protein
G4-2 GGUAUGUGGAAAGGUUAUGG | Non-structural protein 10

G4-3 UGGAGGAGGUGUUGCAGGA | Non-structural protein 3
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4.42 RESULTS AND DISCUSSION

LIGAND-BASED VIRTUAL SCREENING (LBVS). Molecules that share similar
structures exhibit comparable properties and functions. Thus, drugs matching
the structural and geometrical features of typical G4 binders should have anal-
ogous G4-binding properties. Consequently, in the context of LBVS, a phar-
macophore model may be developed to precisely determine the structural
characteristics necessary to bind a target and elicit biological activity (Maruca
et al., 2019). Starting from known active RNA G4 ligands from the literature
(training set), 3D pharmacophore models were generated and validated be-
fore performing the drug repurposing LBVS. 3D ligand-based pharmaco-
phores were built on the 2D Fingerprint clustered training set generating fur-
ther 50 conformers to increase the chances that ligands matched the pharma-
cophores of the known G4 binders. A library of decoys was used to test each
hypothesis, leading to five best-performing pharmacophore models. All five
models exhibited some typical features of G4 binders: three aromatic rings
and a hydrogen bond donor or a positively ionizable group but placed in dif-
ferent 3D spatial arrangements, allowing to retrieve of different RNA G4
binders from the training set on the basis of the specific model used (Figure
4.33). Around 3,000 FDA-approved drugs were screened using the selected
pharmacophore models, and the best-matching drugs were selected based on
the fitness score of the training set (Table 4.13). Notably, among the 15 pu-
tative G4 ligands identified, 5 have been already evaluated as potential anti-

COVID-19 agents.
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Table 4.13 Name of the selected drugs together with the
corresponding 2D chemical structures.

N Chemical Name Chemical
ame
structure structure
o , 34
(L))o Berbamine
Bazedoxifene o *(L. Huang et al.,
CN1 H0>; 2021)
o
Cepharanthine
Bisoctrizole *(Ohashi et al.,
2021)
Ceritinib Duvelisib -
/
N —
! N\ "O\ O ) HN‘C{N
Enzastaurin - N Fedratinib Q HN AU
0
oRE S 8!
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H —N
Ledipasvir W () Seg RN ~a o
. N N L . - N N
*(Nourian et al., 1 ti °i( Netarsudil \O;(o\ YO
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N—, N O. _NH,
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Osimertinib dﬂ\@ N Pranlukast
N, N. NH NH
e *(Barré et al., 2020 Q
‘ N ?]@ip‘/\/'!‘\ ( arrecta ’ ) C)>_C>;\_\_%:>
|
Quercetin MR o
*(Derosa et al., oH O o‘ O OH
2021) on

* Already evaluated as promising anti COVID-19 agents and relative references
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Figure 4.33 Ligand-based 3D pharmacophore models A-E) (Right) Hy1, Hy3,
HyS5, Hy8, and Hy9 overlapping the reference ligands PDP, 19, 4a-10, IZCZ-3, and
NMM-IX, respectively; (Leff) pharmacophore hypotheses and distances between
the pharmacophoric sites (dashed lines). Aromatic rings, hydrogen bond donor and
positive ionizable groups are labelled as R, D, and P, respectively.

FLUORESCENCE INTERCALATOR DISPLACEMENT (FID) ASSAYS. The ability
of the 15 selected drug candidates to bind to G4-1, G4-2, and G4-3 was as-
sessed by G4-FID assay, using TO as a light-up fluorescent probe and PDS
as a positive control (Monchaud et al., 2006). Only a select few compounds,
including Netarsudil, Quercetin, and PDS, were successful in displacing TO
from all three RNA G4 structures. Pranlukast proved to be a strong TO com-
petitor in the case of G4-1, while Ledipasvir and Osimertinib showed some
level of TO displacement, but only from G4-/ and G4-3, respectively. Based
on DCs values, the drugs were ranked as follows: i) drugs with low to null
affinity for G4s (DCso > 10.0 uM), ii) drugs with moderate affinity (5.0 <
DCs0<10.0 uM) (Ledipasvir for G4-1, Osimertinib and Quercetin for G4-
3), and iii) good G4 binders (DCso < 5.0 uM) (Netarsudil, Pranlukast for
G4-1, Quercetin for G4-1 and G4-2) (Figure 4.34, and Table 4.14).
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Figure 4.34 Dose-response curves from G4-FID assay of RNA G4s

with selected drugs.
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Table 4.14 Drugs DCs values for G4-1, G4-2, and G4-3
determined by G4-FID assays.

DCso (nM)*

Compound G4-1 G4-2 G4-3
Pyridostatin 0.7 0.8 0.4
Ceritinib 12.5 114 12.5
Ledipasvir 8.8 n.d. n.d.’
Netarsudil 4.7 0.8 1.7
Osimertinib n.d.® n.d.’ 7.8
Pranlukast 2.0 12.2 n.d.’
Quercetin 0.5 4.2 6.4

2 The error in DCs values is +5%. Drugs with low to null affinity for all the three investigated G4s
and DCsp > 12.5 uM were not reported.
b n.d. = not determined, because DC50 > 12.5 uM.

CD EXPERIMENTS. CD spectra were recorded to verify the G4 structures
adopted by G4-1, G4-2, and G4-3, which showed a maximum around 265 nm
and a minimum around 240 nm in agreement with the formation of parallel-
stranded G4 topology (Figure 4.35). Melting and annealing profiles of G4s
were collected by following the changes in CD signal at the wavelength of
maximum intensity. The profiles were recorded at 0.5 and 1.0 °C min’!. The
melting and annealing curves are identical for G4-1, which means that the
unfolding and folding processes are at thermodynamic equilibrium, allowing
an accurate determination of the 7, value. Conversely, hysteresis was ob-
served for G4-2 and G4-3, indicating that they are affected by the kinetics of
the process, and suggesting the presence of intermolecular G4 species in so-
lution or higher order structures through self-association between G4 units in
solution or higher order structures through self-association between G4 units
(Figure 4.35, and Table 4.15) (Belmonte-Reche et al., 2021). Therefore, sub-

sequent studies focused only on G4-1.
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Table 4.15 Melting (7m) and annealing temperature (73) values for G4-1, G4-2,
and G4-3 determined by CD experiments.

| G4-1 | G4-2 | G4-3
Tn* 47.4 (+0.4) 42.8 (£0.4) 48.0 (£0.4)
T,* 48.3 (+0.4) 33.6 (+0.4) 37.3 (£0.4)

* Data reported for 0.5 °C min! scan rate.
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Figure 4.35 CD experiments for A) G4-1, B) G4-2, and C) G4-3. (Top) CD spectra
at 10 before and after controlled annealing (black and red solid lines, respectively)
and 100 °C (dashed lines); and (Bottom) normalized CD melting and annealing
curves (0.5 °C/min scan rate) (black and red dotted lines, respectively).

The selected drugs significantly increased the thermal stability of G4-1 (Fig.
S4, ESIT). Interestingly, the best effects were found for drugs that showed
higher affinity for G4-1 in the G4-FID assay (Netarsudil, Pranlukast, and
Quercetin). No changes in the CD spectrum of G4-1 were observed upon
interacting with Ledipasvir, Osimertinib, and Quercetin, indicating that it
kept its parallel G4 structure. Conversely, Netarsudil and Pranlukast seem
to alter the native conformation of G4-1. Actually, these two drugs exhibit
CD signal in the wavelength region of G4 (Figure 4.36, and Table 4.16).

Nevertheless, the experimental spectra of the two G4/drug mixtures differ
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significantly from the corresponding spectra resulting from the arithmetic

sum of the single spectra, indicating once again their interactions.
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Figure 4.36 CD experiments for G4-/ with A) Ledipasvir, B) Netarsudil, C) Osi-
mertinib, D) Pranlukast, and E) Quercetin. (Top) CD spectra of G4-/ in the ab-
sence (black line) and presence (red line) of 5 molar equiv of drug recorded at 10

and 100 °C (solid and dashed lines, respectively); and (Bottom) normalized CD
melting curves (1.0 °C/min scan rate) in the absence (black dotted lines) and pres-
ence (red dotted lines) of drugs.
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Table 4.16 Drug-induced thermal stabilization of G4-17
measured by CD melting experiments.

ATm (°C)*
Compound G4-1
Ledipasvir 3.0 (£0.4)
Netarsudil 7.9 (£0.4)
Osimertinib 44 (£0.4)
Pranlukast 7.7 (£0.4)
Quercetin 5.6 (£0.4)

2 The T, value for G4-1 at 1°C min™! scan rate was 48.8 (£0.4) °C.

To get some information on the selectivity of the drugs, we evaluated their
ability to stabilize the G4s derived from the 5’ untranslated region of Bcl-2
(Bcl2 G4) and the long non-coding RNA GSEC (GSEC G4). Results of CD
melting experiments indicate that they do not significantly increase the ther-
mal stability of GSEC G4 (ATm <2 °C). On the other hand, Netarsudil has
only a marginal stabilizing effect on Bcl2 G4 (ATm = 2.6 °C), while
Pranlukast and Quercetin exhibit a moderate stabilizing capacity (ATm =

5.3 °C and 5.4 °C, respectively), although lower than that observed for G4-1.

FLUORESCENCE TITRATION EXPERIMENTS. Quantitative data on the affinity
of Netarsudil, Pranlukast, and Quercetin for G4-/ were obtained from flu-
orescence titration experiments. Fluorescence emission spectra of the drugs
in the absence and presence of increasing amounts of G4 were recorded. Upon
the addition of RNA, Netarsudil showed significant fluorescence quenching,
whereas Quercetin showed enhancement. As for Pranlukast, which is in-
trinsically weakly fluorescent, no significant changes in fluorescence inten-
sity were observed, making impossible to quantify its affinity to RNA. By

plotting fluorescence changes against G4 concentration, binding isotherms

132



CHAPTER 4

were obtained for Netarsudil and Quercetin and the fitted curves gave Kp

values of 0.8 (£0.2) and 13 (£5) uM, respectively (Figure 4.37).
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Figure 4.37 (Top) Fluorescence emission spectra of A) Netarsudil, B)
Pranlukast, and C) Quercetin, in the absence and presence of increasing concen-
trations of G4-1 at 20 °C. (Bottom) Binding isotherm plots to determine corre-
sponding Kp values.

UV RESONANCE RAMAN (UVRR) EXPERIMENTS. The UVRR spectra at 266
nm of G4-1, drugs, and corresponding complexes were recorded to get in-
sights into the binding mode (Di Fonzo et al., 2020). A change in the position
or intensity of the bands in the spectrum indicates that an interaction is occur-
ring and suggests the structural moieties involved (Figure 4.38)

As for Netarsudil, most of its bands overlap with those of G4-1/, hindering a
clear identification of the RNA regions that bind the drug. The only excep-
tions are the spectral variations associated to the adenine ring vibrations at
1334, 1480, 1510, and 1579 cm!. Compared to the sum, the experimental
spectrum of the RNA/Netarsudil complex shows an intensity increase of these
bands, indicating that adenine residues of loop are involved in drug binding.
On the other hand, Netarsudil's strong spectral contribution enabled us to

evaluate the parts of drug involved in the interaction. The shift of the peaks
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at 1652 and 1414 cm’!, attributed to the stretching of the two rings of the
isoquinoline group and the corresponding C—C/C—N stretching modes, re-
spectively, suggests that this region of the drug is mainly involved in RNA
binding. Pranlukast and Quercetin showed negligible UVRR spectral con-
tributions compared to G4-1, so binding-induced spectral perturbations could
be easily correlated with the band changes of nucleotides. Upon RNA/Quer-
cetin interaction, a decrease in intensity of the difference spectrum at the
wavelengths of 1231, 1293, 1393, 1530 and 1625 cm! related to bands of U
and C residues, suggests their involvement in the interaction. Further, an in-
crease in intensity and redshift of the band at 1483 cm™! which is mainly re-
lated to guanines indicate that these residues take part in the interaction (Di
Fonzo et al., 2020). This finding, together with the downshift of the Querce-
tin peak (ring stretching vibration from 1620 to 1604 cm!), suggests that end-
stacking is the favored binding mode for this drug. As for Pranlukast, the
difference spectrum shows changes associated to A, G, and U residues, alt-
hough of lower intensity than those observed for Quercetin. Even if it is a
clear indication that Pranlukast binds to G4-1, this is not enough to obtain

precise information on the molecular regions involved in the interaction.
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Figure 4.38 UVRR spectra to study the binding of Netarsudil (N), Pranlukast
(P), and Quercetin (Q) to G4-1 RNA. From bottom to top: RNA (blue); drug
(green); RNA/drug complex (black); arithmetic sum of RNA and drug spectra

(red); normalized difference between the spectra of the complex and the arithmetic
sum (diff.). All the spectra have been normalized with the RNA spectrum intensity.

DOCKING AND MOLECULAR DYNAMICS SIMULATIONS (MDS). To elucidate
the binding poses of the three drugs to G4-1, docking and molecular dynamics
simulations (MDs) were performed. The best docking poses showed that, as
suggested by experimental data, Quercetin and Pranlukast preferentially
bind to the 5’-end G-tetrad making stacking interactions with G11 and G14
and H-bonds with U4 and C13. Conversely, Netarsudil was found to interact
with the loop on the 3’-end side, also in good agreement with UVRR results.
To further verify the docking results and the geometrical stability of G4-1
upon binding, each complex was submitted to 500 ns of MDs. The most pop-
ulated poses extracted after MDs are shown in Figure 4.39. Root Mean

Square Deviation (RMSD) analysis revealed that Quercetin adopts a stable
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binding conformation, while Pranlukast slightly changed its binding more
due to flexibility of the phenylbutoxy group. On the other hand, Netarsudil
undergoes a deeper change of its binding mode during MDs, due to the CAAU
loop, which fluctuates more than in the other complexes. Changes in the G4-
1 RNA geometry were also analyzed by calculating some basic G4 parame-
ters (Tsvetkov et al., 2016). Looking at the trend of these parameters, no sig-
nificant variations in the position and planarity of G-tetrads and in G4 struc-
tural integrity were observed, confirming no major structural rearrangements

in G4-1.
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Figure 4.39 Most populated binding poses obtained after 500 ns of MDs for A)
G4-1/Quercetin (97%), B) G4-1/Pranlukast (95%), and C) G4-1/Netarsudil
(84%) complexes. Quercetin, Pranlukast, and Netarsudil are shown as cyan, yel-
low, and dark green sticks, respectively. K™ ion is depicted as a violet sphere. Hy-
drogen atoms are not displayed for clarity reasons.

REVERSE TRANSCRIPTION INHIBITION ASSAY. To evaluate if Netarsudil,
Pranlukast, and Quercetin could interfere with biological functions such as
viral RNA replication, we investigated whether their binding to G4 affected
reverse transcription. A synthetic SARS-CoV-2 genomic RNA template was
reverse transcribed using specific primers flanking the G4-1 or a non-G4-
forming control region in the presence of growing concentrations of drugs.
Quantitative RT-PCR was used to assay the levels of reverse transcription.
The drugs significantly reduced G4-1 reverse transcription compared to un-
treated samples when normalized with the control region, thus showing that

they may be able to interfere with viral replication (Figure 4.40).
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Figure 4.40 Fold change in reverse transcription of the G4-1 region over a non-
G4-forming control region from a synthetic SARS-CoV-2 RNA in the presence of
the indicated concentrations of drugs. Untreated conditions were used as a control.

4.4.3 CONCLUSIONS

Three FDA approved drugs, Netarsudil, Pranlukast and Quercetin were
identified as effective SARS-CoV-2 G4 binders through a ligand-based drug
repurposing strategy. The results of this study lay the basis for further studies
aiming to evaluate the antiviral activity of such drugs, while the methodolog-
ical approach employed will certainly impact medicinal chemistry ap-

proaches for targeting of viral RNA G4s, even beyond SARS-CoV-2.

4.4.4 EXPERIMENTAL SECTION

OLIGONUCLEOTIDE SYNTHESIS AND SAMPLE PREPARATION. The investi-
gated SARS-CoV-2 RNA sequences are reported in Table 4.12. The G4-
forming RNA sequence from the IncRNA GSEC r(GGGGUGGAGGAGGGG—
GAAGGGCGGGGG) (GSEC G4) and that from the 5-UTR of Bcl-2
1(GGGCCGUGGGGUGGGAGCUGGG) (Bcl-2 G4) were also tested. The oligo-
nucleotides were chemically synthesized and purified as reported in Para-
graph 4.1.4. All oligonucleotides were proven to be > 98% pure by NMR,
then lyophilized and stored at -20 °C until use. G4-1, G4-2, and G4-3 samples
were prepared in 10 mM Tris-HCI buffer (pH 7.0) containing 100 mM KCl,
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while GSEC and Bcl-2 G4s were prepared in 10 mM Tris-HCI buffer (pH
7.0) containing 1 mM KCI and 99 mM LiCl, and 20 mM KCI and 80 mM
LiCl, respectively. Oligonucleotide concentration was verified by UV absorp-
tion at 90 °C using the appropriate molar extinction coefficient value € (A =
260 nm), calculated by the nearest-neighbor model (Cantor et al., 1970). Ol-
igonucleotide solutions were then annealed by heating at 90 °C for 5 min

followed by a slow cooling to r.t., and storage overnight at 4 °C.

TO G4-FID ASSAYS. G4-FID experiments were performed at 20 °C on a
Jasco FP-8300 spectrofluorometer (Jasco, Easton, MD, USA) equipped with
a Peltier cell holder (PCT-818) using an excitation wavelength of 485 nm and
recording the emission in the 500-650 nm wavelength range at 100 nm min’!
scan speed. Both excitation and emission slits were set at 5 nm. Typically, a
solution of 0.25 uM of pre-folded RNA G4 and 0.5 uM of TO in 10 mM Tris-
HCI buffer (pH 7.0) containing 100 mM KCl was prepared, placed ina 1 cm
path-length cell, and allowed to equilibrate for 15 min. After equilibration,
fluorescence spectrum was acquired in the absence and presence of increasing
concentrations of drugs (10 mM stock solution in pure DMSO). Each drug
addition was followed by a 3 min equilibration time before spectrum acqui-
sition. The percentage of TO displacement was calculated as described in Par-
agraph 4.1.4. The percentage of displacement was then plotted as a function
of the drug concentration and, when possible, DCso was calculated as the re-
quired concentration to displace 50% TO. Experiments were performed in
duplicate. Data analysis was performed using OriginPro 2021 software

(OriginLab Corp., MA, USA).

CD EXPERIMENTS. CD experiments were performed on a Jasco J-815 spec-
tropolarimeter equipped with a Peltier temperature controller (PTC-

423S/15). CD spectra were recorded at 10 and 100 °C, in the 230-360 nm
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wavelength range, with a scan rate of 100 nm/min, 0.5 s response time, and 1
nm bandwidth using 1 cm path-length cuvettes. Spectra were baseline sub-
tracted and averaged over three scans. The RNA concentration used for each
experiment was 2 pM, except for GSEC G4 that was used at 1 uM. Measure-
ments were run in the absence or presence of 5 molar equiv of drugs.
RNA/drug mixtures were allowed to equilibrate for 10 min before spectra
acquisition. CD melting and annealing experiments were carried out in the
10-100 °C temperature range at 1.0 or 0.5 °C min’! scan rate. CD experiments
of RNA in the presence of selected drugs (5 molar equiv) were also performed
by using the same parameters. CD melting curves were normalized between
0 and 1 to better compare the results and fitted to a Boltzmann distribution
using OriginPro 2021 software to obtain the apparent melting temperatures
(Tm). AT values were determined as the difference in the 7T values of the

RNA in the presence and absence of drugs.

FLUORESCENCE TITRATIONS EXPERIMENTS. Fluorescence titration experi-
ments were performed at 25 °C on a Jasco FP-8300 spectrofluorometer
equipped with a Peltier temperature controller (PCT-818) by using a sealed
quartz cuvette with 1 cm path-length. Titrations were carried out by stepwise
additions (2-10 pL) of G4-1 (75 uM) to a solution of drug (at constant con-
centration of about 1 pM) in 10 mM Tris-HCl buffer (pH 7.0) containing 100
mM KCIl. Excitation wavelengths were set at 290 and 370 nm for Netarsudil
and Quercetin, respectively, and the corresponding emission spectra were
recorded in the wavelength ranges of 300-550 and 380—600 nm. Both exci-
tation and emission slit widths were set at 5 nm. After each RNA addition,
the solutions were stirred and allowed to equilibrate for 3 min before spec-
trum acquisition. For Netarsudil, since an excitation wavelength of 290 nm
was used, which falls into the absorption band of RNA, blank titration exper-

iments were carried out by stepwise additions of RNA to the buffer solution
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(under the same experimental conditions used for drug solution). The ob-
tained fluorescence emission spectra were then subtracted from the corre-
sponding spectra of the Netarsudil titration, thus obtaining the binding iso-
therm to determine the Kp. Kp values were calculated from the plot of
AF/AF max at 397 nm for Netarsudil and 535 nm for Quercetin versus concen-

tration of RNA using the following equation:

Bmax [RNA]

AR/ max = 3 RNA]

where Kp is the dissociation constant, AF is the change in emission fluores-
cence after each addition of RNA, AFnax is the change in emission spectrum
when the ligand is totally bound to DNA, and Bumax is the maximum specific
binding, in the same units as AF/AFmax (Bhattacharjee et al., 2017). Experi-
ments were performed in triplicate, and the Kp values reported are the average

of three measurements + SD.

Dataset generation, common pharmacophore hypothesis generation, pharma-
cophore virtual screening, docking simulations, and molecular dynamics sim-
ulations were performed in collaboration with Federica Moraca, Antonio Lu-
pia, and Bruno Catalanotti from the Department of Pharmacy of University
of Naples Federico II, Italy. UVRR experiments and corresponding data anal-
ysis were performed by Francesco D’Amico and Silvia di Fonzo from Sin-
crotrone Trieste. Reverse transcription inhibition assays were performed by
Eleonora Vertecchi and Erica Salvati from the Institute of Molecular Biology
and Pathology at the National Research Council in Rome, Italy. For further

information, see APPENDIX.
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4.5 UNVEILING THE INTERACTION BETWEEN DNA G-QUADRUPLEXES
AND RG-RICH PEPTIDES (PAPER V)

4.5.1 INTRODUCTION

Protein-DNA interactions are crucial in cellular processes like transcriptional
regulation, replication, and repair. Besides proteins that recognize specific
DNA sequences (Garvie & Wolberger, 2001), some proteins bind to specific
DNA structures, such as G4s (Meier-Stephenson, 2022). Under certain con-
ditions, G-rich sequences have been observed to adopt G4 conformations as
a result of specific stimuli, particular cell cycle phases, or in a cell type-spe-
cific manner. These conformations are often controlled by several proteins
that bind and stabilize or resolve them (Linke et al., 2021; Mendoza et al.,
2016).

Several studies suggest that human G4-binding proteins should be considered
a specific group of nucleic acid-binding proteins since they differ from other
proteins for the significant enrichment of glycine (G) and arginine (R) resi-
dues (Bartas et al., 2021). By comparing the amino acid sequences of 77 hu-
man G4-binding proteins available at the time of analysis, a common 20
amino acid-long RG-rich motif of sequence RGRGRGRGGGSGGSGGRGRG,
named NIQI (Novel Interesting Quadruplex Interaction motif), has been
identified (Brazda et al., 2018). Interestingly, the NIQI motif consists almost
exclusively of R and G residues with a few serine (S) alternations. Structur-
ally, NIQI is supposed to be inherently flexible to enable arginine and serine
residues to interact, possibly by forming hydrogen bonds, with DNA in a wide
range of G4 conformations. The interaction of RGG domains with G4s has
sparked great interest, and the importance of elucidating RGG-mediated G4
recognition is underlined by the observation that this domain is indispensable

for protein function (Z.-L. Huang et al., 2018; Masuzawa & Oyoshi, 2020;
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Yanetal., 2021). Exploring the binding of NIQI to various G4s and its recog-
nition is worth investigating, as it has never been thoroughly studied experi-
mentally despite computational predictions.

Herein, we have characterized the interaction of the peptide with biologically
relevant DNA G4s from oncogene promoters (Bcl-2, c-Kitl, c-Kit2, c-Myc,
Her2, HRASI, and LWDLNTI) as well as telomeric sequence (m-Tel>4), char-
acterized by parallel, antiparallel, or hybrid topologies by using a combina-
tion of biophysical techniques, including CD spectroscopy and MST. The in-
teraction between NIQI and the most promising G4 targets has been further
studied from both a thermodynamic and structural point of view through iso-
thermal titration calorimetry (ITC) and NMR experiments. To further detail
the interactions, key amino acids in the G4-binding peptide were determined
by introducing point mutations. This study provides new insights into the in-
teraction between RG-rich peptides and G4 structures, which can pave the

way for the design and application of a novel class of peptide-based ligands.

4.5.2 RESULTS AND DISCUSSION

CD EXPERIMENTS. CD spectra in the wavelength range of 190-250 nm pro-
vide information on the presence of different types of secondary structures in
peptides (Holzwarth & Doty, 1965). In agreement with the results obtained
from peptide structure prediction using AlphaFold2 (McDonald et al., 2023)
and PEP-FOLD3.5 (Rey et al., 2023) tools, the CD spectrum of NIQI showed
very low ellipticity above 210 nm and a negative band near 200 nm, suggest-
ing a random coil structure under experimental conditions (i.e., 5 mM
KH>PO4/K2HPO4 aqueous buffer at pH 7.0, containing 20 mM KCl) (Figure
4.41, and Table 4.17). This agrees with the high glycine residue content of
the peptide, which gives flexibility to the peptide structure.
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Figure 4.41 CD spectra of NIQI (6 uM) recorded at 20 °C in the absence (black

line) and presence of c-Kit2 G4 (blue line). To enable the detection of conforma-

tional changes in the peptide upon G4-binding, subtraction of the G4 signal was
carried out.

Table 4.17 Secondary structure content estimation for NIQI
derived from the CD spectra using BeStSel.

Estimated secondary structure content (%)

Helix | Antiparallel | Parallel | Turn | Others
NIQI 0.0 37.2 0.0 17.1 45.7

NIQI + ¢-Kit2 G4 17.5 29.8 0.0 10.8 41.9

CD spectroscopy is also a valuable tool for analyzing the secondary structure
of oligonucleotides, particularly in the range of 220-320 nm (Randazzo et al.,
2013). The CD spectra of c-Kitl, c-Kit2, and c-Myc G4s exhibit the charac-
teristic pattern associated with parallel-stranded G4s, whereas HRASI and
LWDLNI display the characteristic CD profile indicative of antiparallel G4
structures. Finally, Bcl-2 and m-Tel>4 showed the typical profile associated
with hybrid G4 structures.

Additional CD experiments were performed to verify the capability of NIQI
to alter the native folding topology of these G4s. Interestingly, NIQI (3 mol
equiv with respect to DNAs) influenced the CD spectra of the G4-forming
sequences to different extents, with more pronounced effects observed in the
case of the parallel G4s, causing a redshift of both the positive and negative

bands located at 264 and 240 nm, respectively. In addition, a decrease in the
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intensity of the maximum and an increase in the depth of the minimum were
observed in the case of c-Kit/ and c-Kit2 G4s, while a slight increase of the
maximum was observed for c-Myc G4. As for Bcl-2 hybrid G4, noticeable
intensity variations of both the positive bands (at 265 and 290 nm) and the
negative one (240 nm) occurred, which may indicate a structural rearrange-
ment of the G4 upon peptide interaction. Conversely, only very small changes
in the CD profile of m-Tel24 hybrid G4 were observed upon peptide addition,
as well as for the HRASI and LWDLNI antiparallel G4 structures (Figure

4.42).
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Figure 4.42 CD spectra of A) c-Kitl, B) c-Kit2, C) c-Myc, D) Bcl-2, E) m-Tel24,

F) HRASI, G) LWDLNI G4s, and H) dszs duplex DNA in the absence and pres-

ence of NIQI (black and red lines, respectively) recorded at 20 and 100 °C (solid
and dashed lines, respectively).
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The stabilizing properties of NIQI were then evaluated by CD melting exper-
iments measuring the peptide-induced changes in the melting temperature
(ATm) of the G4s (Figure 4.43 and Table 4.18). Results of these experiments
indicate that NIQI induces thermal stabilization most of the G4s, except for
HRASI and LWDLNI which adopt antiparallel conformations. However,
NIQI does not exhibit inherent selectivity for a particular G4 topology. In-
deed, the highest thermal stabilization effects were obtained for c-Kit2 (par-
allel G4), followed by Bcl-2 (hybrid G4), and c-Myc and c¢-Kitl G4s (both
parallel G4s), as shown in Table 4.18. On the other hand, NIQI induced a
slight destabilizing effect on LWDLNI1 G4, which might be attributed to a
possible distortion of the DNA upon peptide interaction.

Additionally, with the aim of evaluating NIQI selectivity for G4 structures
over double-stranded DNA, CD experiments were also performed by using a
representative duplex model (ds2s). The CD spectrum of ds2s was not signifi-
cantly altered after the addition of the peptide, indeed both the positive and
negative bands (at around 280 nm and 250 nm, respectively) remained almost
unchanged. Moreover, duplex thermal stability was not significantly affected
by the peptide, indicating the preference of NIQI for G4 over duplex DNA.
Finally, to investigate the conformational changes of NIQI upon G4 binding,
an analysis of the CD spectrum of the peptide in the presence of c-Kit2, that
is the most stabilized G4, was performed in the 200-250 nm wavelength
range. By subtracting the CD signal of the c-Kit2 G4 from the spectrum of
the G4/peptide mixture, it was possible to detect a conformational change of
NIQI, with the appearance of an a-helical signal in the presence of the G4
(Figure 4.41, and Table 4.17). An increase in the helical content of NIQI
from 0 to 17.5% was estimated in the presence of c-Kit2 G4.
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Figure 4.43 Normalized CD melting curves of A) ¢-Kitl, B) c-Kit2, C) c-Myc, D)
Bcl-2, E) m-Tel24, F) HRASI, G) LWDLNI1 G4s, and H) ds2s duplex DNA in the
absence and presence of NIQI (black and red lines, respectively).
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Table 4.18 NIQI-induced thermal stabilization of G4 and duplex DNAs
measured by CD melting experiments.

DNA Sequence (5°-3’) ATn (°C)*
Parallel G4s
c-Kitl AGGGAGGGCGCTGGGAGGAGGG 6.3 (£0.2)
c-Kit2 CGGGCGGGCGCTAGGGAGGGT 12.6 (£0.2)
c-Myc TGAGGGTGGGTAGGGTGGGTAA 7.9 (+£0.4)
Antiparallel G4s
HRAS1 TCGGGTTGCGGGCGCAGGGCACGGGCG 1.6 (£0.4)
LWDLNI GGGTTTGGGTTTTGGGAGGG -3.2 (£0.2)
Hybrid G4s
Bcl-2 GGGCGCGGGAGGAATTGGGCGGG 10.5 (£0.2)
m-Telry TTGGGTTAGGGTTAGGGTTAGGGA 3.7 (£0.4)
Duplex
dsas CAATCGGATCGAATTCGATCCGATTG 2.0 (x0.4)

& AT represents the difference in melting temperature [ATy, = Ty (DNA + 3 peptide equiv) - Ty
(DNA)]. The Tr, values of DNA alone are: c-Kitl = 55.8 (+0.1) °C, c-Kit2 = 62.1 (+0.1) °C, c-
Myc =68.0 (£0.2) °C, HRASI = 53.1 (£0.2) °C, LWDLNI = 49.6 (£0.1) °C, Bcl-2 = 60.5 (+0.1)
°C, m-Tely=54.1 (£0.2) °C, dszs = 63.7 (+0.2) °C.

MST AsSSAYS. To obtain quantitative data on the binding affinity of NIQI for
the investigated G4 structures and to verify its selectivity for G4 over duplex
DNA, MST was employed. For MST experiments, serial dilutions of DNA
molecules were prepared and mixed with a constant concentration of FITC-
labeled peptide, loaded into capillaries, and analyzed at 25 °C. The binding
curves obtained from these experiments validated the binding of NIQI to all
G4 structures, and notably, revealed a strong binding affinity of the peptide
to certain G4s, with measured Kp values in the two-digit nanomolar range
(Figure 4.44, and Table 4.19). In particular, NIQI exhibited excellent affin-
ity for c-Kit2, followed by Bcl-2, c-Myc, and c-Kitl G4s, good affinity to-
wards m-Tel24 and LWDLNI G4s, and very low affinity for HRASI G4. Also,
NIQI displayed negligible binding to the ds2s duplex, clearly indicating its
selectivity for G4s over duplex DNA. These findings are in complete
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agreement with the results of CD melting experiments and identify c-Kit2 and

Bcl-2 as the best G4 targets of this series for NIQL.
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Figure 4.44 Dose-response curves of A) ¢-Kitl, B) c-Kit2, C) c-Myc, D) Bcl-2, E)
m-Tel24, ¥) HRAS1, G) LWDLNI G4s, and H) dszs duplex DNA titrated against
serial dilutions of fluorescein-conjugated NIQI (FITC-NIQI).
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Table 4.19 Equilibrium Kp for the binding of NIQI to G4 and duplex DNAs
obtained by MST experiments.

DNA Sequence (5°-3°) Kp (nM)
Parallel G4s
c-Kitl AGGGAGGGCGCTGGGAGGAGGG 63 (£11)
c-Kit2 CGGGCGGGCGCTAGGGAGGGT 10 (£6)
e-Myc TGAGGGTGGGTAGGGTGGGTAA 60 (+10)
Antiparallel G4s
HRASI TCGGGTTGCGGGCGCAGGGCACGGGCG | 1,000 (£100)
LWDLNI GGGTTTGGGTTTTGGGAGGG 460 (:1:60)
Hybrid G4s
Bcl-2 GGGCGCGGGAGGAATTGGGCGGG 27 (£9)
m-Telry TTGGGTTAGGGTTAGGGTTAGGGA 200 (£30)
Duplex
dsas CAATCGGATCGAATTCGATCCGATTG > 20,000

ISOTHERMAL TITRATION CALORIMETRY (ITC) EXPERIMENTS. ITC is a
high accurate method to determine thermodynamic parameters of ligand
binding to G4 DNA. It measures the enthalpic and entropic components of an
interaction, revealing the thermodynamic driving forces in molecular recog-
nition (Pagano et al., 2009). Therefore, to gain a deeper understanding of the
binding of NIQI to c-Kit2 and Bcl-2 G4s, a thorough ITC calorimetric anal-
ysis was performed. Interestingly, both titrations result in binding isotherms
revealing two-event binding processes, but with different features from each
other.

Regarding c-Kit2 G4, the best fit to the experimental data was obtained with
a two-event model, where the first binding event was accompanied by a more
exothermic enthalpy change and estimated to be >200-fold stronger than the
second one (Le et al., 2013; Pirota et al., 2021). The overall stoichiometry for
the binding of NIQI to c-Kit2 was determined to be three peptides per G4
DNA, with one peptide involved in the first event and two peptides in the
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second one. The thermodynamic signatures of the two binding events indicate
that the interaction of NIQI is enthalpically driven. Indeed, both binding
events were characterized by unfavorable entropic contributions (AH° < 0),
indicating that the driving force behind the binding process is the formation
of new interactions between the ligand and the DNA. On the other hand, the
opposing entropic contribution suggests that the resulting complex is more
rigid compared to the free molecules (Figure 4.45, and Table 4.20).

Regarding the thermodynamic characterization for the binding of NIQI to
Bcl-2 G4, it reveals again a two-event binding process but with features dif-
ferent from that observed for c-Kit2 G4 (Figure 4.45). In this case, the bind-
ing isotherm has the typical trend of a system wherein the higher binding
affinity site demonstrates a smaller exothermic enthalpy change than the
lower binding affinity site, as confirmed by the AH° values (Table 4.20) (Le
et al., 2013). The analysis reveals that the first event is about 40-fold stronger
than the second one. The stoichiometry indicates that one G4 equiv can bind
up to four equiv of NIQI. The thermodynamic signature of the two binding
events suggests that the interaction is both enthalpically and entropically
driven (Table 4.20). Indeed, the favorable enthalpic contribution (AH® < 0),
despite smaller than that observed for c-Kit2, acts synergistically with the en-
tropic one (TAS° > 0), which indicates that the driving force of the binding
process is only partially represented by the formation of peptide-DNA inter-
actions, but it may be also due to a relaxation of the G4 structure upon binding
and/or to the displacement of water molecules. The hypothesis of peptide-
induced changes in the structural features of Bcl-2 G4 is also supported by
the CD results. Overall, ITC data suggest that NIQI binds to G4 targets
through distinct mechanisms driven by different thermodynamic contribu-

tions.
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Figure 4.45 Raw ITC data (insets) and binding isotherms for titration of A) ¢-Kit2

and B) Bcl-2 G4s with NIQI obtained at 25 °C. The black dots represent the exper-

imental data obtained by integrating the raw ITC data and subtracting the heat of
multiple binding sites model.

peptide dilution into the buffer. The red lines represent the best fit obtained by the

Table 4.20 Thermodynamic parameters for the interaction of NIQI with ¢-Ki#2 and
Bcl-2 G4s obtained by ITC at 25 °C.
No. of K, AG° AHP TAS®
DNA % |'n % “. 1 _
events ™M) (kJ mol™) | (kJ mol™) (kJ mol™)
Kit? GA 5 1| 1.7x10° -47.0 -74.7 -27.7
o 21 69%10° | -333 -56.9
Bel-2 Gd 5 2 | L1x10% | -459
. 2 | 2.8 % 10°

-36.8

-14.8

-25.9

-23.6
31.1
1D 'H NMR ANALYSIS. To gain further information on the binding mode of

10.9
NIQI to c-Kit2 and Bcl-2 G4s, 1D 'H NMR titration experiments were per-

formed. According to the literature, under the experimental conditions used,

¢-Kit2 and Bcl-2 sequences form a single G4 conformation characterized by

12 well-resolved imino proton peaks, corresponding to the 12 guanines in-

volved in the three G-tetrad planes (J. Dai et al., 2006; Kuryavyi et al., 2010).

Upon addition of increasing amounts of NIQI, a decrease in signal intensity
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was observed in both the imino and aromatic proton regions of the spectra of
the two G4s, indicating a strong binding of the peptide to the tested G4 struc-
tures (Figure 4.46). The drop in signals turned out to be more intense in the
case of ¢-Kit2 for which the titration was virtually completed at the 3:1 pep-
tide/G4 ratio, while for Bcl-2 some signals are still visible in the spectrum at
the 4:1 peptide/G4 ratio. Interestingly, the differences observed for the imino
proton resonances of guanines clearly suggest a different peptide binding be-
havior to the stem of c-Kit2 and Bcl-2 G4s.

In the case of c-Kit2 G4, the imino proton signals most affected upon the
addition of NIQI were those belonging to the external G-tetrads, especially
those of the 5" end G-tetrad, suggesting the formation of some stacking inter-
actions. These are probably based on the large dipole moment associated with
the amide group of the peptide and the prospect of dispersion involving amide
n-electrons (James et al., 2009), allowing the peptide to arrange in a confor-
mation that leads the arginine residues to approach and interact with specific
phosphate groups of the G4 through electrostatic interactions, while the serine
residues may form H-bonds with them. The formation of stacking interactions
could explain the more favorable enthalpy changes observed by ITC. Con-
versely, in the case of Bcl-2 G4, all guanines, including those of the central
G-tetrad, displayed similar changes in their imino proton signals upon the
addition of NIQI, suggesting a possible peptide interaction in the grooves of
the G4. This kind of interaction could result in the displacement of a larger
number of water molecules compared to stacking on G-tetrads, possibly ex-

plaining the favorable entropic contribution observed by ITC.
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Figure 4.46 Imino proton region of NMR spectra of ¢-Kit2 and Bcl-2 G4s at 25 °C
titrated with increasing mol equiv of NIQI.

xZ

MUTAGENESIS ANALYSIS. To further detail the interactions and determine the
key amino acids involved in the binding of NIQI to c-Kif2 and Bcl-2 G4s, a
mutagenesis analysis, consisting of replacing one at a time the arginine and
serine residues of the NIQI sequence with the non-bulky and chemically inert
alanine (A) residue, was performed. Glycine was not mutated since it has no
sidechain and acts only as a flexible spacer.

CD melting experiments were performed and, in the case of ¢-Kit2 G4, the
results showed that: i) the arginine 3 and 7 have limited involvement in the
interaction (induced AT}, of the mutants was comparable with the one induced
by NIQI); ii) the arginine 1, 5, 17, and 19, as well as the serine 11 and 14,

had greater involvement in the interaction with the G4 (induced ATm of the
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mutants was at least 5 °C lower than the one induced by NIQI) (Figure 4.47,
and Table 4.21). As for Bcl-2, a significant decrease in the peptide-induced
G4 stabilization was observed upon substitution of arginine 3 and 7, as well
as serine 14, suggesting a key role of these amino acids in the interaction. In
contrast, negligible or small differences were observed when arginine 1 and
17 and serine 11, or arginine 5 and 19, respectively, were mutated (Figure

4.47, and Table 4.21).
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Figure 4.47 Normalized CD melting curves of A) ¢-Kit2, and B) Bc/-2 G4s in the
absence (black lines) and presence (color-coded lines) of 3 molar equiv of Ala-mu-
tants NIQI peptides in comparison with NIQI (grey lines).

Table 4.21 NIQI Ala-mutants induced thermal stabilization of ¢-Kit2 and Bcl-2
G4s measured by CD melting experiments.

ATm (°C)?
Peptide Sequence c-Kit2 G4 Bcl-2 G4

NIQI RGRGRGRGGGSGGSGGRGRG 12.6 (£0.2) | 10.5(%£0.2)
NIQI-Ala' | AGRGRGRGGGSGGSGGRGRG 6.2 (£0.3) 9.5 (£0.2)
NIQI-Ala® | RGAGRGRGGGSGGSGGRGRG 10.1 (£0.3) 6.1 (£0.3)
NIQI-Ala® | RGRGAGRGGGSGGSGGRGRG 7.6 (£0.4) 8.3 (£0.4)
NIQI-Ala’” | RGRGRGAGGGSGGSGGRGRG 10.3 (£0.3) 5.1 (+0.2)
NIQI-Ala'! | RGRGRGRGGGAGGSGGRGRG 6.9 (£0.3) 9.5 (£0.2)
NIQI-Ala" | RGRGRGRGGGSGGAGGRGRG 7.9 (£0.5) 7.0 (£0.2)
NIQI-Ala'” | RGRGRGRGGGSGGSGGAGRG 6.9 (£0.3) 9.2 (£0.4)
NIQI-Ala" | RGRGRGRGGGSGGSGGRGAG 6.0 (£0.4) 8.4 (£0.4)

& AT represents the difference in melting temperature [ATr, = Ty (DNA + 3 peptide equiv) - Ty
(DNA)]. The Tr, values of DNA alone are: c-Kit2 = 62.1 (+0.1) °C, and Bcl-2 = 60.5 (+0.1) °C.
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Overall, the alanine scanning analysis showed that the key amino acids of
NIQI involved in the interaction with the two G4s are not identical. The in-
volvement of fewer amino acids in the case of Bcl-2 compared to c-Kit2 also
agrees with ITC data, which indicates a lower binding enthalpy for the inter-

action with the former than the latter G4.

4.5.3 CONCLUSIONS

The interaction between NIQI, a peptide containing an RGG motif shared by
77 human G4-binding proteins, and various biologically relevant G4 DNA
structures with different topologies was investigated. NIQI induces some CD
spectral changes and thermal stabilization in all parallel G4s and the hybrid
Bcl-2 G4. The peptide also exhibited good selectivity over duplex DNA.
Among the investigated G4s, c-Kit2 and Bcl-2 showed the highest peptide-
induced thermal stabilization values and gave the highest affinity binding
constants determined by MST experiments, thus they were selected as the
NIQI best targets. Results of ITC and NMR experiments clearly indicate a
different binding mode of the peptide to the two G4s. As for c-Kit2 G4, NIQI
mainly affects the external G-tetrads, particularly the 5’ end G-tetrad, thus
suggesting the formation of stacking interactions. NIQI itself, upon binding
to c-Kit2, undergoes a transition from a random coil structure to a more heli-
cized structure. On the other hand, in the case of Bcl-2 G4, all G-tetrads are
similarly affected by NIQI, suggesting a probable interaction of the peptide
in the grooves of the G4 structure (Figure 4.48). Finally, by adopting the
alanine scanning approach, the key and less relevant amino acids in the inter-

action with ¢-Kit2 and Bcl-2 G4s have been identified.
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Figure 4.48 Schematic illustrations of possible binding modes for the strongest in-
teractions of the NIQI peptide (in red) to c-Kit2 and Bcl-2 G4s.

The results obtained will undoubtedly help the development of other peptide-
based G4 ligands with improved affinity and selectivity for G4 structures, as
an alternative to small molecules. Indeed, due to their larger size and bulki-
ness compared to small molecules, we strongly believe that peptides could
serve as more effective tools to interfere in G4-protein interactions and po-

tentially exert significant effects in modulating oncogene expression.

4.54 EXPERIMENTAL SECTION

OLIGONUCLEOTIDE SYNTHESIS AND SAMPLE PREPARATION. DNA se-
quences listed in Table 4.18 were synthesized on an ABI 394 DNA/RNA
synthesizer (Applied Biosystem) at 5-umol scale by using standard -cyano-
ethyl phosphoramidite solid phase chemistry. DNA detachment from support
and its deprotection were carried out by means of an aqueous solution of con-
centrated ammonia at 55 °C for 17 h. The filtrates and the washings were
combined and concentrated under reduced pressure, solubilized in water, and
then purified by high-performance liquid chromatography (HPLC) equipped
with a Nucleo-gel SAX column (Macherey-Nagel, 1000—8/46) using a 30 min
linear gradient going from 100% buffer A (20 mM KH2PO4/K>HPO4 aqueous
solution (pH 7.0), containing 20 % (v/v) ACN) to 100% buffer B (1 M KClI,
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KH>PO4/K>;HPO4 aqueous solution (pH 7.0), containing 20 % (v/v) ACN).
The purified fractions of the oligomers were then desalted by using C-18 car-
tridges (Sep-pak). The purity of the isolated oligomer was evaluated by NMR,
and it turned out to be higher than 98 %. Next, oligonucleotides were lyoph-
ilized and then resuspended in 5 mM KH>PO4/K2HPO4 aqueous solution (pH
7.0), containing 20 mM KCI (or LiCl in the case of c-Myc) and their concen-
tration was established by measuring the UV absorption at 90 °C considering
the molar extinction coefficient values € (A =260 nm) determined by the near-
est neighbor model (Cantor et al., 1970). DNA samples were heated at 90 °C
for 5 min, then gradually cooled to room temperature overnight, and finally

stored at 4 °C for 24 h before use.

CD EXPERIMENTS. CD experiments were carried out on a Jasco J-815 spec-
tropolarimeter equipped with a PTC- 423S/15 Peltier temperature controller.
G4-forming oligonucleotides, as well as the duplex-forming DNA (ds26),
were prepared at a concentration of 2 uM under conditions described above.
CD spectra of DNA/peptide mixtures were obtained by adding 3 mol equiv
of NIQI (stock solutions of peptide were 10 mM in H>O) with respect to the
oligonucleotide. Spectra of DNA molecules in the absence and presence of
NIQI were recorded at 20 and 100 °C in the wavelength range of 220-320
nm using a scan rate of 100 nm min!, with a 1 s response time and 1 nm
bandwidth. CD spectra of NIQI in the absence and presence of c-Kit2 G4
were also recorded at 20 °C in the 200-250 nm wavelength range using a scan
rate of 20 nm min!, with a 4 s response time and 1 nm bandwidth. All spectra
were baseline subtracted and averaged over three scans. Subtraction of ¢-Kit2
G4 spectrum from that of G4/peptide mixture was performed to have infor-
mation about the spectrum of NIQI in the presence of G4. The percentage of
secondary structures adopted by the peptide in the absence and presence of

the G4 was estimated by using the BeStSel software (Micsonai et al., 2015).
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CD melting experiments were carried out in the 20-100 °C temperature range
at 1 °C min™! heating rate by following CD signal changes at the wavelengths
of the maximum CD intensity (264 nm for c-Kitl, c-Kit2, c-Myc, and Bcl-2;
290 nm for m-Tel>4, HRASI, and LWLDNI; 252 nm for dszs). CD melting
experiments were performed in the absence and presence of the peptide (3
mol equiv) added to the folded DNA structures. The melting temperatures
(T) were determined from a curve fit using Origin 7.0 software, and the AT,
values calculated as the difference in the 7 values of the DNA structures in
the presence and absence of the peptide. All experiments were performed in

triplicate, and the reported values are the average of the three measurements.

MST EXPERIMENTS. MST measurements were performed on a Monolith
NT.115 (Nano-temper Technologies, Munich, Germany). Experiments were
performed at 25 °C, using auto-tune LED power and medium MST power.
The fluorescein isothiocyanate labelled peptide (FITC-NIQI) was prepared
at 1 uM in H>O, then diluted to 100 nM with the 5 mM KH>PO4/K>HPO4
buffer (pH 7.0), containing 20 mM KCl and supplemented with 0.1 % Tween
and 5 % DMSO. Oligonucleotides were prepared at | mM concentration in 5
mM KH>PO4/KoHPO4 buffer (pH 7.0), containing 20 mM KCl, and annealed
as described above. For the MST experiments, the final concentration of the
labeled peptide was kept constant at 50 nM, while a serial dilution of the
DNAs (1:2 from 2 or 40 mM) in the buffer supplemented with 0.1 % Tween
and 5 % DMSO, was prepared and mixed with the peptide solution in a 1:1
volume ratio. All the samples were loaded into standard capillaries (Nano-
Temper Technologies). MST data analysis was performed by employing the
MO.Affinity Analysis software (v2.3) provided with the instrument.

ITC EXPERIMENTS. ITC measurements were performed at 25 °C using a

nano-ITC Low Volume calorimeter (TA instruments, Lindon, UT, USA).
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DNA and peptide solutions were all prepared with the same batch of buffer
(5 mM KH>PO4/K>HPO4 buffer, pH 7.0, containing 20 mM KCl), to mini-
mize the differences in buffer composition and pH. In each titration, volumes
of 2 uL of peptide solution (200-400 uM) were injected, using a computer-
controlled 50 pL syringe, into the calorimetric vessel (170 pL) containing the
oligonucleotide (16-20 uM) with a spacing of 300 s between each injection
to allow the system to reach the equilibrium. Heat produced by peptide dilu-
tion was evaluated in a control experiment by injecting the peptide solution
into the buffer alone. The interaction heat for each injection was calculated
after correction for the heat of peptide dilution. The corrected heat values
were plotted as a function of the molar ratio, to give the corresponding bind-
ing isotherms, which were fitted with a multiple sites binding model by means
of the NanoAnalyze software (TA instruments) supplied with the instrument,
to give the binding enthalpy (AH®), equilibrium binding constant (Kg), and
stoichiometry of interaction (7). The Gibbs free-energy change and the en-

tropy change were derived using the following relationships:
AG° = —RT - InKjg, TAS° = AH® — AG°
All measurements were performed in triplicate.

NMR EXPERIMENTS. 1D 'H NMR experiments were carried out on a Bruker
AVANCE NEO NMR spectrometer, operating at 600 MHz ('H Larmor fre-
quency), equipped with a SampleJet autosampler and a 5 mm QCI H-P/C/N-
D-5-Z CryoProbe, optimized for 'H sensitivity. Experiments were carried out
using 20 uM of ¢-Kit2 or Bcl-2 G4s in 5 mM KH>PO4/K>HPO4 buffer, pH
7.0, containing 20 mM KCl and 10 % D>0, in the absence and presence of
different amounts of NIQI. Spectra were recorded at 298 K, using 512 scans
per spectrum with a recovery delay of 1.5 s, and suppressing water signal

using the excitation sculpting with gradients (Hwang & Shaka, 1995). Spectra
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were phase-adjusted, baseline-corrected, and calibrated with respect to the
water frequency. Processing and analysis were performed using the software

package Bruker TOPSPIN 4.0.7.

Peptides synthesis was performed in collaboration with Nicola Grasso, Fran-
cesco Merlino and Paolo Grieco from the Department of Pharmacy of Uni-

versity of Naples Federico II, Italy. For further information, see APPENDIX.
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CHAPTER 5
STUDY OF I-MOTIF STRUCTURES

Despite the importance of understanding the factors involved in stabilizing
iM structures, there is still a lack of systematic characterization of favorable
iM DNA folding conditions. In this CHAPTER, CD spectroscopy and DSC
analysis were employed to characterize the thermodynamic stability of an iM-
forming sequence in the presence of two different cations (K*, and Na®), at

three different pH values (4.5, 5.0, and 5.5) (PAPERI).

5.1 ON THE THERMODYNAMICS OF FOLDING OF AN I-MOTIF IN SOLU-
TION UNDER FAVORABLE CONDITIONS (PAPER I)

5.1.1 INTRODUCTION

Various factors, such as an oligonucleotide and C-tract length, a loop struc-
ture, pH, salt concentration, and temperature, influence the formation of iM
structures. A comprehensive understanding of iM behavior in different con-
ditions is essential to develop nucleic acid nanodevices. Different iMs have
been well-studied through various experimental techniques. However, there
haven't been many systematic studies using differential scanning calorimetry
(DSC) to analyze iMs under different solution conditions.

Here, a combination of CD spectroscopy and DSC have been employed to
characterize the energetics of folding of a fragment of vertebrate telomere

DNA, a 22-mer iM-forming sequence, d (CCCTAA) 3CCCT, under favorable
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conditions. At acidic pH, this C-rich sequence was shown to form an intra-
molecular structure that includes six C:C" base pairs (Phan et al., 2000). Its
21-mer truncated form, d (CCCTAA) sCCCT, exists in two energetically close
conformations, 5’E and 3’E, in equilibrium differing in the intercalation to-
pology of the C:C" base pairs (Lieblein et al., 2012).

Transition pH (pHr) indicates the pH level at which half of the oligodeox-
ynucleotide is folded. For C-rich telomeric oligonucleotides, pHt values have
been observed between 5.9 and 6.4 across temperatures of 10-30 °C (McKim
et al., 2016; Nguyen et al., 2017; S. Wu et al., 2013). The thermodynamics,
including the evaluation of the energetic contributions of cytosine protona-
tion, of this iM-forming sequence in solution at three different pH values be-
low the pHr (4.5, 5.0, and 5.5) and in the presence of two different cations

(Na* or K*) has been investigated.

5.1.2 RESULTS AND DISCUSSION

To study the iM thermodynamic stability, the biophysical investigation
through CD spectroscopy, DSC, and non-denaturing polyacrylamide gel elec-
trophoresis (PAGE), has been conducted at pH of 4.5, 5.0, and 5.5, where the
folded state was expected to be predominant. CD and DSC methods use dif-
ferent concentration scales. For successful DSC experiments, the DNA con-
centration needs to be at least twenty times higher than that of CD measure-
ments. Thus, comparing 7w and enthalpy change values obtained by DSC
with those obtained by CD can give valuable insight into the molecularity and
mechanism of the iM folding/unfolding process. When the concentration of
an oligonucleotide affects its 7, it may form dimer or higher molecularities,
whereas independent 7, suggests intramolecular structures. CD can be used

to indirectly determine the enthalpy change by applying the van't Hoff
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equation (AyuH®), assuming a two-state process. In contrast, DSC directly
measures the folding/unfolding enthalpy, which is obtained from the area of
the DSC thermogram (Acaf°), without any model assumption (Pagano et al.,
2013). The difference between AcaH° and AyuH°® represents the deviation of

the real process from a two-state transition.

CD EXPERIMENTS. CD spectra of the C-rich sequence showed the character-
istic CD profile of an iM structure having a positive and a negative band at
288 and 257 nm, confirming the formation of iM at room temperature in both
the Na*- and K*-containing buffers at the three pH values (Iaccarino et al.,
2021). Denaturation and/or renaturation profiles in each condition were ac-
quired both at a wavelength of maximum absorbance variation (A = 288 nm,
heating rate 0.5 °C min™') and recording whole CD spectra as a function of

temperature using a step of 5 °C (Figure 5.1).

N m . m om m W
151 10°C —> 90°C 151 10°C —>90°C 15 10°C —> 90°C
S 104 o 104 = 104
g N \ g /\ g / /\
] \ o ]
E s\ E s \ £ 51\
a \ a Q
O 0o A - O 0fwas “ O 0N~ >
\, N /
5 \ 5 N\ 5 \ \/
-10 T T T T T T -10 T T T T T T -10 T T T T T T
220 240 260 280 300 320 340 360 220 240 260 280 300 320 340 360 220 240 260 280 300 320 340 360
Wavelength (nm) Wavelength (nm) Wavelength (nm)
20 20 20

15 15 154
I *-0 o S L--.-..'__.\ F*-e-o
10 4 N 10 4 ®3 10 4
Q\ N
4 N 5 54
R~ oy ~ -0 o F-0 $-%

=) =) B
o @ o
° T° °
E S E E
a Q =}
O 04 Pt e O et

5 Nl 5 g ¢ 5 ot

5 P 54 54 .

L o0 oo R iashind L oo+
-10 T T T T T T -10 T T T T T T 10 T T T T T T
20 30 40 50 60 70 80 90 20 30 40 50 60 70 80 920 20 30 40 50 60 70 80 920
Temperature (°C) Temperature (°C) Temperature (°C)

Figure 5.1 (Top) CD spectra for the iM-forming oligonucleotide as a function of
temperature in 110 mM K" -acetate buffer; (Bottom) CD melting and annealing
curves (black and red solid lines, respectively) recorded at 288 nm with a scan rate
of 0.5 °C min™', and CD melting curves at 288 and 257 nm (black dashed lines/cir-
cles or thombus, respectively) derived from corresponding CD spectra at different
temperatures (5 °C steps) at pH A,D) 4.5, B,E) 5.0, and C,F) 5.5.
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Melting and annealing profiles were almost identical under the experimental
conditions, indicating that the melting process is reversible. As expected, the
pH increase resulted in a reduction of 7w, while the highest thermal stability
was observed at a pH value near the cytosine's pKa, which changes depending
on temperature and ionic strength, ranging between 4.2 and 4.8 (Mergny et
al., 1995). Conversely, AyuH® appears to increase with increasing pH, even if
the iM structure is less thermally stable due to lower protonation of cytosines
(Table 5.1). Melting and annealing CD experiments showed no significant
hysteresis for oligonucleotide heating/cooling processes or a different effect
of scan rate on the 7w of the iM-forming sequence, suggesting that the fold-
ing-unfolding process is not kinetically controlled, and thermodynamic equi-
librium is achieved during temperature changes.

Table 5.1 Thermodynamic parameters of iM determined
by the van’t Hoff analysis of CD melting curves.

Cation pH T (°C)? AwuHP (kJ mol™)?
45 60 -188
K 5.0 54 220
5.5 44 274
45 59 -150
Na* 5.0 55 203
5.5 44 262

2 The error in T does not exceed 1 °C, while that in AyuH° amounts to 10% of reported values.

PRINCIPAL COMPONENT ANALYSIS (PCA). The 3D melting curves were
submitted to PCA, a decomposition method usually based on Singular Value
Decomposition (SVD) (Gray & Chaires, 2011). The PCA decomposition re-
sulted in two principal components that fully explain the variance in the data:
i) PC1 (96.29% of explained variance), reflects the shape of the folded iM;
and ii) PC2 (3.59% of explained variance) corresponds to the spectrum of the

unfolded species. The PC3 and PC4 (respectively, 0.07% and 0.01% of
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explained variance) are essentially meaningless. Based on the loading plot
with respect to the temperature, it appears that only two species are in balance
in the solution. The folded iM structure is mostly present at temperatures be-
low T, whereas the unfolded species predominates at higher temperatures.
Thus, under these experimental conditions, the iM to single-strand transition

is two-state and involves only two significant spectral species.

PAGE EXPERIMENTS. We performed native PAGE experiments at different
pH (4.5, 5.0, and 5.5) levels to eliminate the possibility of conformational
heterogeneity between monomer and dimer conformations. The electropho-
retic mobility of the C-rich oligonucleotide was compared with T10 and T20
oligodeoxythymidylates. Results showed no formation of species with higher

molecularity (Figure 5.2).

pH4.5

pH 5.0

pH5.5

Figure 5.2 PAGE electrophoresis in K'- or Na'-acetate buffer at pH 4.5, 5.0, and
5.5, 4 °C. Lane 1: bromophenol blue (run marker). Lane 2: mixture of T10 and T20
oligodeoxynucleotides (size markers). Lanes 3—6: iM-forming oligonucleotide
from CD (3,5) or DSC (4,6) samples.

165



CHAPTER 5

DSC EXPERIMENTS. DSC melting experiments allowed model-independent
thermodynamic characterization of the iM stability. iM transitions were con-
firmed reversible under these experimental conditions. Further, DSC and CD
melting demonstrated almost symmetric curves with centered maxima at 7m
values. The melting temperature was concentration-independent, indicating
unimolecular folding. The integration of the DSC peaks gave Acaf® values
in good agreement with AyuH° calculated from CD data (Table 5.2). Calori-
metric and van't Hoff enthalpy results indicate a two-state equilibrium with
no aggregation during the transition. Further, pH has no effect on intramolec-
ular folding kinetics within the studied range.

Thermodynamic parameters for DNA (un)folding were calculated by con-
sidering a small heat capacity, (A C;), related to base dehydration and other
contributions (Hadzi & Lah, 2021). The folding ACgvalue for the iM was as-

sumed as -2.6 kJ mol"! K-! (Table 5.2) (Assi et al., 2016).

Table 5.2 Thermodynamic parameters of iM determined by DSC.

Cation | pH Tw AcalH® AcarS° AcatG®2s oc _—
°C)* | (kIJmol)* | (kJ mol'K™")?* | (kJ mol™)?
45 | 60.6 -158.3 -0.474 -11.8 -
K* 50 | 53.9 -224.1 -0.685 -16.4 3.1
55 | 435 -261.9 -0.825 -13.9 5.0
45 | 608 -145.2 -0.435 -10.4 -
Na* 50 | 55.6 -195.5 -0.594 -14.4 2.4
55 | 45.8 -273.4 -0.857 -16.0 6.1

2 The error in T3, does not exceed 0.5 °C, while that in AcaH° and A¢S° amounts to 5%, and that in
AcalG° to 10% of reported values.

The iM folding is accompanied by a favorable Gibbs free energy change
(AcaG®) resulting from the relatively large compensation of favorable en-

thalpy (Acaf®), corresponding to the formation of the hemiprotonated C:C*
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base pairs, and opposed entropy (AcaS°) contributions of the unfavorable or-
dering of oligonucleotide and the uptake of protons.

At different pH, the calculated Acaff° and AcaS°® were very different due to
their dependencies on oligonucleotide protonation. The negative entropy ob-
served at high pH values is caused by an increase in proton uptake, while the
enthalpy changes observed are affected by both pH and the buffer used, due
to the protonation of the C:C* base pairs. However, to avoid the influence of
enthalpy changes relative to the protonation of the buffer species (AputH®),
acetate buffer, whose AwutH® is close to zero, has been employed. At pH = pKa
of cytosine (around 4.5), half of them (six in this case) are protonated, no
further protonation is required and, being the Apue/° negligible, the measured
AcalH® corresponds to the enthalpy of iM formation (AimH°). At pH > pKa,
protonation of some of the cytosines is required, and the measured Acaf° is

the sum AimH° and the enthalpy of cytosine protonation (Acu+#H°), which is:
AcaH = ngy+ - Agy+H + AjyH’

where ncu+ is the number of protonated cytosines. From the difference be-
tween the Acaf° values at pH = pK. and those at pH 5.0 and 5.5, it is possible
to determine ncu+, assuming Acu+H® = -20.9 kJ mol™! (Mergny et al., 1995).
Finally, at 25 °C the enthalpy—entropy compensation results in a slightly more
favorable AcaG° value at pH 5.0 or 5.5 than at pH 4.5. The profile of the
AcaG° vs. temperature in K*- or Na"-containing buffer at the three investi-
gated pH is quite similar (Figure 5.3). Despite slight differences, at temper-
atures below 40 °C, iM formation is more favorable at higher pH values (5.0
or 5.5) than at pH 4.5. Thus, T is not always a reliable indicator of thermo-
dynamic stabilities, but for a proper comparison, the AcaG° at a specific ref-

erence temperature should be considered the relevant parameter.
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Figure 5.3 Temperature dependence of AcaiG® for iM formation in A) K'- or B)
Na'-containing solutions at pH 4.5 (black line), 5.0 (red line), and 5.5 (blue line).

5.1.3 CONCLUSIONS

CD spectroscopy and DSC were used to study iM stability at various pH lev-
els in a buffer with K*/Na" cations. The iM folded and unfolded quickly, with
reversible melting profiles. CD/DSC profiles showed identical 71, at different
DNA concentrations, while native PAGE displayed only a single monomeric
species. Our study revealed that thermodynamic and thermal stability are re-
lated but not identical properties of iM, cautioning against using thermal sta-
bility data for quantitative analysis of folding stability. This study is useful
for understanding iM's biological functions and developing pH-sensitive mo-

lecular devices.
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5.1.4 EXPERIMENTAL SECTION

OLIGONUCLEOTIDE SYNTHESIS AND SAMPLE PREPARATION. The 22-mer de-
oxyribonucleotide sequence was obtained by chemical synthesis at a 5 mmol
scale on an ABI 394 DNA/RNA synthesizer (Applied Biosystem). After syn-
thesis, DNA was detached from support and deprotected by treatment with
an aqueous solution of ammonia 32%, at 55 °C for 12 h. The filtrates and
washings were combined and concentrated under reduced pressure, solubil-
ized in water, and then purified by high-performance liquid chromatography
(HPLC) using an anionic exchange column (Nucleogel SAX, Macherey-
Nagel, 1000-8/46) and eluting with a linear gradient from 100% 20 mM
MH,>PO4/M>HPO4 aqueous solution (pH 7.0) containing 20% CH3CN to
100% 1.0 M MCl, 20 mM MH>PO4/M>HPO4 aqueous solution (pH 7.0) con-
taining 20% CH3CN % (where M stands for K™ or Na* ion) in 30 min, and a
flow rate of 1 mL min!. The purified fractions of the oligomers were then
desalted by using Sep-pak cartridges (C-18). The purity of the isolated oligo-
mer was evaluated by NMR and found to be higher than 98%. Samples for
CD and DSC measurements were prepared at the appropriate oligonucleotide
concentration in Na*-or K*-acetate buffer (110 mM CH3COOM*/CH3COOH)
at pH 4.5, 5.0 and 5.5. Before using, oligonucleotide solutions were heated at
90 °C for 5 min, then allowed to cool slowly to room temperature and stored
at 4 °C overnight. Sample concentration was determined at 260 nm and 90 °C
using the extinction coefficient of 196278 M™! cm! calculated from the near-

est neighbor model (Cantor et al., 1970).

CD EXPERIMENTS. CD experiments were carried out on a Jasco J-815 spec-
tropolarimeter (JASCO Inc., Tokyo, Japan) equipped with a PTC-423S/15
Peltier temperature controller using a quartz cuvette with a path length of 0.1

cm. Oligonucleotide concentration was in the range of 18-20 uM for all CD
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samples. CD spectra were recorded using the following parameters: 220-360
nm spectral range, 1 nm data pitch, 2 nm bandwidth, 100 nm min! scan speed,
and 4 s response. The buffer baseline was subtracted from each spectrum. CD
melting and annealing curves were recorded in the 2090 °C range by follow-
ing the change of the CD signal at 288 nm, with a scan rate of 0.5 °C min’..
Three-dimensional melting curves were obtained by recording whole CD
spectra as a function of temperature using the same parameters reported
above. CD spectra were collected using a temperature step of 5 °C. The CD
melting curves at 288 nm were fitted by a two-state transition equation ac-
cording to the van’t Hoff analysis using Origin 7.0 software (OriginLab
Corp., MA, USA) (Marky & Breslauer, 1987). The Ty, and AyuH® values pro-

vide the best fit of the experimental melting data.

PCA. The CD spectra vs. temperature, acquired for each of the six investi-
gated samples, were submitted to a singular value decomposition (SVD)
based PCA to assess the number of significant spectral species involved in
the equilibrium melting experiments (Wold et al., 1987). Each 3D melting
consisted of a 141x17 matrix, the elements of which were ellipticity values
arranged with 141 rows, corresponding to wavelengths from 220 to 360 nm,
and 17 columns corresponding to temperatures from 10 to 90 °C. Each matrix
was then imported in MATLAB R2015b (The MathWorks Inc., MA, USA)
environment and submitted to PCA by employing the PLS Toolbox 8.6 (Ei-
genvector Research Inc., WA, USA). PCA allows the reduction of the data
matrix dimensionality, providing a rapid visual representation of the major
variance in the data. In fact, the original variables are transformed into a
smaller set of new uncorrelated variables, called principal components (PCs),
which are ordered according to their explained variance (PC1 explains the
largest variance, PC2 contains the second largest variance, and so on). The

PCs are visualized in two plots: the “scores plot” (where the predominant
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ellipticity values are reported for each PC) and the “loadings plot” (which
reports how much of these components is present in the spectra as a function
of the temperature). The choice of the correct number of PCs was made by
considering both the spectral shapes observed in the scores plot and by eval-

uating the eigenvalues extracted from each model.

PAGE EXPERIMENTS. Non-denaturing 12% PAGE gels were prepared with
29:1 acrylamide/bis-acrylamide solution and TAE buffer (40 mM Tris base,
20 mM acetic acid, and 2 mM EDTA, adjusted to pH 5.5, 5.0, or 4.5). Gels
were run on a Mini-PROTEAN electrophoresis system (Bio-Rad, CA, USA)
at4 °C, 4 mA, for 4-5 h. Appropriate DNA aliquots from CD or DSC samples
were properly diluted to have a final amount of 0.1 mg mL-' DNA in each
lane (the total DNA amount in different lanes was kept the same). The buffer
in DNA samples was 110 mM (Na* or K*) acetate at the appropriate pH (5.5,
5.0, or 4.5). A solution of glycerol/TAE (2:1) was added to facilitate sample
loading into the wells. The migration of C-rich DNA was compared with a
mixture of two control oligodeoxythymidylates (T10 and T20). Bromophenol
blue was used as a run marker. Bands in the gels were visualized by UV shad-

owing.

DSC EXPERIMENTS. DSC measurements were carried out on a Nano DSC
(TA Instruments, USA). The experiments were performed using an oligonu-
cleotide strand concentration of 320-500 pM. Samples were prepared in 110
mM Na*- or K"-acetate buffer at pH 4.5, 5.0 and 5.5. Scans were performed
at 0.5 °C min'! in the 20-90 °C temperature range. Reversibility was evaluated
for each sample by rescanning it after cooling. A buffer-buffer scan was sub-
tracted from the corresponding buffer-sample scan, and a polynomial baseline
was drawn for each scan. Baseline-corrected thermograms were then normal-

ized per mole of DNA to obtain the corresponding excess molar heat capacity,
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(ACp), as a function of temperature. The molar heat capacity change, AG,, be-
tween the folded and unfolded states of DNA, was estimated from DSC ther-
mograms by a second-order polynomial fitting and assumed to be temperature
independent. Acaif1° were obtained by integrating the area under the (ACp) vs.
temperature curves. T, values were determined as the temperatures (T) cor-
responding to the maximum of each thermogram peak. AcaS°® values were
obtained by integrating the (AC,)/T versus T curves, and AcaG° values were
computed by:

o o T o T
Aea)G” = Aoy H [1 - (T—)] +AC; [T — T, =T ln—

m Tm

The reported thermodynamic parameters are the averages of three different

heating experiments.
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GENERAL CONCLUSIONS

Noncanonical DNA structures, such as G4s and iMs, play important biologi-
cal roles, participating in essential cellular processes. They have garnered in-
creased attention in recent years as potential targets for treating various dis-
eases, including cancer. Thus, an in-depth investigation of their structures and
interactions with potential binders, such as proteins, peptides, or small mole-
cules, capable of either stabilizing or destabilizing them, stands as a pivotal
focus in the field of therapeutic research.

Throughout my PhD studies, I successfully identified various novel mole-
cules (proteins and small molecules) capable of binding nucleic acid G4 struc-
tures. This accomplishment was realized through the following different ap-
proaches: i) employing proteomic “fishing-for-partners” method to investi-
gate DNA G#4s interactomes in U20S cancer cells (Paragraph 3.1, PAPER VI);
ii) conducting virtual screening of a commercially available database to dis-
cover new small molecules able to bind telomeric RNA G4 (Paragraph 4.1,
PAPER II); iii) undertaking rational design and synthesis of enhanced DNA
G4 binders (Paragraph 4.3, PAPER III); iv) utilizing ligand-based drug repur-
posing to identify SARS-CoV-2 RNA G4 binders (Paragraph 4.4, PAPER IV).
The discovery of at least seven novel proteins with the capability to bind G4-
forming DNA has prompted biological and biophysical investigations of their
interactions that will be conducted in the near future.

In our search for potential G4-targeting drugs, a new hit compound, BPBA,

was found through the virtual screening of a commercially available database.
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BPBA demonstrated selective binding to 7TERRA RNA G4 with relatively
high affinity (Kp in low micromolar range), as well as to two other DNA G4-
forming sequences from oncogene promoters, c-Kit2, and c-Myc (Marzano et
al., 2021). Subsequently, an in-depth NMR structural investigation was un-
dertaken to elucidate the structural details of the interaction between the
BPBA and G4 structures (Paragraph 4.2, PAPER VII), in collaboration with
the research group of Prof. Janez Plavec at the Slovenian NMR Center in
Ljubljana (SLO), where I spent several months as a PhD visiting student.
The correlation between G4 affinity, selectivity, cytotoxicity, and immune
gene stimulating activation was investigated for a series of rationally de-
signed hydrazone derivatives. The results led to a proposed new rationale,
based on low cell-killing potency and high immune stimulation to discover
effective anticancer G4 ligands (Marzano et al., 2022).

My research group and I investigated not only G4 structures within the human
genome but also within the SARS-CoV-2 viral genome. Utilizing a ligand-
based drug repurposing strategy, three FDA-approved drugs (Netarsudil,
Pranlukast, and Quercetin) were identified and characterized as effective
SARS-CoV-2 G4 binders (Moraca et al., 2022).

Moreover, we recently provided valuable insights into the interaction be-
tween a peptide containing an RGG motif shared by at least 77 human G4RPs,
NIQI, and various biologically relevant DNA G4s (Grasso et al., 2023).
Finally, our research has also contributed new insights into the energetic as-
pects of iM structures. Indeed, by means of a combination of spectroscopic
and calorimetric techniques, we provided a full thermodynamic characteriza-
tion of iM formation in vitro under favorable conditions, also revealing that
thermodynamic and thermal stability are related but not identical properties

of such DNA structures (Amato et al., 2021).
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In conclusion, the research in the field of noncanonical nucleic acid structures
is highly active and very intriguing. Despite the considerable advancements
in recent years, there are still numerous questions that remain unanswered.
Yet, it is precisely these unanswered queries that contribute to the beauty of

scientific exploration!
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Introduction

Nucleic acids have the ability to form a number of different
hydrogen bonding patterns. This enables DNA to attain a
variety of structural and conformational polymorphic forms."?
Structurally, DNA can exist in single-stranded form or fold into
secondary structures, which include the canonical double helix
as well as non-canonical structures such as the G-quadruplex
and i-motif species."* Non-canonical structures in turn encom-
pass an ensemble of conformers depending on the sequence
composition and environmental conditions.

In vivo, non-canonical DNA structures may form in important
genomic regions and intervene in several biological processes,
including the modulation of oncogenes expression, and therefore
represent potential anticancer drug targets.*® In addition, the
nanoscale geometry and dynamic properties of non-canonical
DNA, along with its inherent biocompatibility and biodegradability,
have made such DNA motifs promising candidates for the develop-
ment of novel functional nanostructures and nanodevices.”®

Among the non-canonical DNA structures, growing interest is
currently being paid to the i-motif (iM), a four stranded structure
which can form in cytosine-rich sequences.’ Indeed, despite the
first iM structure was reported in 1993,'° the presence of endo-
genous iM in vivo has only recently been confirmed.'>"?

The iM consists of two parallel-stranded duplexes, stabilized
by intercalated, hemi-protonated cytosine-cytosine (C-C") base
pairs (Fig. 1A).>" The need for protonated cytosines in the
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thermodynamic and thermal stability are related but not identical properties of such DNA structures.

formation of an iM results in a strong dependence of the structure’s
stability on pH,"* which has also led to potential applications in the
field of sensors and logic devices."”” Indeed, one of the main
limitations of nanostructures based on canonical Watson-Crick
base pairing lies in the lack of a certain sensitivity to chemical
stimuli. On the contrary, iM-based nanostructures would appear
to be more useful due to their greater conformational flexibility in
response to a chemical stimulus such as pH changes.®

The biological importance of iMs and their potential appli-
cations in nanotechnology as highly sensitive pH-responsive
switches,* or, for example, as probes to monitor spatiotemporal
pH changes in living cells or the dysregulated pH of a tumor
microenvironment,'”'® have prompted many research groups to
devote their efforts to study this non-canonical fold and the
factors that influence it. Intrinsic factors that affect iM behavior
are the length of the oligonucleotide, the length and number of
the C-tracts, and the nature of the loops (length and base
composition)."** Besides pH, extrinsic factors influencing iM
structural transitions include temperature, and salt concen-
tration and identity.*2*7

In this frame, the knowledge of the thermodynamic and
kinetic properties of iM structures under different experimental
conditions, such as solution pH and cation type, is central to
the construction as well as the function of nucleic acid nano-
devices. Despite the formation of iMs using different DNA
oligonucleotides has been extensively studied by a variety of
experimental techniques, not many systematic studies have
been carried out to date using differential scanning calorimetry
(DSC) to perform a model-independent thermodynamic analy-
sis of an iM in vitro under different solution conditions.

In this work, we used DSC and circular dichroism (CD)
spectroscopy as complementary physicochemical methodologies

This journal is © the Owner Societies 2021
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Fig. 1 (A) Hemi-protonated cytosine—cytosine (C-C*) base pair, and (B)
schematic representation of an intramolecular i-motif structure.

to characterize the energetics of a DNA iM formation. The
iM-forming sequence we studied is the 22 nucleotide-long
sequence d(CCCTAA);CCCT, which is a fragment of vertebrate
telomere DNA. At acidic pH, this C-rich sequence was shown to
form an intramolecular structure that includes six C-C* base
pairs (Fig. 1B).>® An NMR study on the shorter (21 nucleotides)
telomeric sequence d(CCCTAA);CCC suggested also the existence
of an equilibrium between two energetically close conformations
differing in the intercalation topology of the C-C* base pairs.*® In
one, denoted 5'E, the outermost C-C" pair of the iM is formed by
the cytidine at the 5’-end of the oligonucleotide. In the other,
denoted 3'E, the outermost cytidine is that at the 3’-end.

Usually, for any iM-forming sequence, attention first focuses
on a parameter called transition pH (pHr), defined as the pH, at
a given temperature, at which 50% of the oligodeoxynucleotide
is in the folded state. As for the telomere-derived C-rich
oligonucleotides, the pHy has been investigated under various
experimental conditions and, at temperatures ranging from
10 to 30 °C, it was found in the range 5.9-6.4.>">>31

Here our focus centers on the study of telomeric iM under
favorable conditions that lead to its stable formation. There-
fore, we have investigated the thermodynamics of the iM in
solution at three different pH values below the pHry (4.5, 5.0,
and 5.5) and in the presence of two different cations (Na" or K*).
For any application in which the iM would be the primary
sensing element, a deep knowledge of energetics of iM struc-
tural transitions under various conditional constraints could be
used to improve sensor accuracy and could be exploited to give
highly specific information about environmental changes
within narrow pH ranges. We report complete thermodynamic
profiles of iM, including the evaluation of the energetic con-
tributions of cytosine protonation.

Experimental
Oligonucleotide synthesis and sample preparation

The 22-mer deoxyribonucleotide sequence d(CCCTAA);CCCT
was obtained by chemical synthesis at 5 pmol scale on an ABI
394 DNA/RNA synthesizer (Applied Biosystem). After synthesis,

This journal is © the Owner Societies 2021
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DNA was detached from support and deprotected by treatment
with an aqueous solution of ammonia 32%, at 55 °C for 12 h.
The filtrates and washings were combined and concentrated
under reduced pressure, solubilized in water, and then purified
by high-performance liquid chromatography (HPLC) using an
anionic exchange column (Nucleogel SAX, Macherey-Nagel,
1000-8/46) and eluting with a linear gradient from 100% buffer
A to 100% buffer B in 30 min, and a flow rate of 1 mL min~*.
Buffer A = 20 mM MH,PO,/M,HPO, aqueous solution (pH 7.0)
containing 20% CH3CN (where M stands for K" or Na' ion).
Buffer B = 1.0 M MCl], 20 mM MH,PO,/M,HPO, aqueous
solution (pH 7.0) containing 20% CH3;CN. The purified frac-
tions of the oligomers were then desalted by using Sep-pak
cartridges (C-18). The purity of the isolated oligomer was
evaluated by NMR and found to be higher than 98%. Samples
for CD and DSC measurements were prepared at the appropriate
oligonucleotide concentration in Na'- or K'-containing acetate
buffer (110 mM CH;COO M '/CH;COOH) at pH 4.5, 5.0 and 5.5.
Before using, oligonucleotide solutions were heated at 90 °C for
5 min, then allowed to cool slowly to room temperature and stored
at 4 °C overnight. Sample concentration was determined at 260 nm
and 90 °C using the extinction coefficient of 196278 M~* cm™*

calculated from the nearest neighbor model.**

Circular dichroism (CD) spectroscopy

CD experiments were carried out on a Jasco J-815 spectropolari-
meter (JASCO Inc., Tokyo, Japan) equipped with a PTC-423S/15
Peltier temperature controller using a quartz cuvette with a path
length of 0.1 cm. Oligonucleotide concentration was in the range
18-20 pM for all CD samples. CD spectra were recorded using the
following parameters: 220-360 nm spectral range, 1 nm data pitch,
2 nm bandwidth, 100 nm min~ " scan speed, 4 s response. Buffer
baseline was subtracted from each spectrum. CD melting and
annealing curves were recorded in the 20-90 °C range by following
the change of the CD signal at 288 nm, with a scan rate of
0.5 °C min . Three-dimensional melting curves were obtained
by recording whole CD spectra as a function of temperature
using the same parameters reported above. CD spectra were
collected using a temperature step of 5 °C. The CD melting
curves at 288 nm were fitted by a two-state transition equation
according to the van’t Hoff analysis using Origin 7.0 software
(OriginLab Corp., MA, USA).*® The melting temperature (Tj,)
and enthalpy change (A,yH") values provide the best fit of the
experimental melting data.

Principal component analysis (PCA)

The CD spectra versus temperature (3D melting), acquired for
each of the six investigated samples, were submitted to a singular
value decomposition (SVD) based PCA* to assess the number of
significant spectral species involved in the equilibrium melting
experiments. Each 3D melting consisted of a 141 x 17 matrix, the
elements of which were ellipticity values arranged with 141 rows,
corresponding to wavelengths from 220 to 360 nm, and 17
columns corresponding to temperatures from 10 to 90 °C. Each
matrix was then imported in MATLAB R2015b (The MathWorks
Inc., MA, USA) environment and submitted to PCA by employing

Phys. Chem. Chem. Phys., 2021, 23,15030-15037 | 15031



PCCP

the PLS Toolbox 8.6 (Eigenvector Research Inc., WA, USA). PCA
allows the reduction of the data matrix dimensionality, providing
a rapid visual representation of the major variance in the data. In
fact, the original variables are transformed into a smaller set of
new uncorrelated variables, called principal components (PCs),
which are ordered according to their explained variance (PC1
explains the largest variance, PC2 contains the second largest
variance, and so on). The PCs are visualized in two plots: the
“scores plot” (where the predominant ellipticity values are
reported for each PC) and the “loadings plot” (which reports
how much of these components is present in the spectra as a
function of the temperature). The choice of the correct number of
PCs was made by considering both the spectral shapes observed
in the scores plot and by evaluating the eigenvalues extracted
from each model. Table S1 (ESIT) reports the eigenvalues of the
first four PCs generated from each of the six PCA models. In all
cases, PC1 and PC2 have the highest eigenvalues while PC3 and
PC4 are close to zero, thus indicating that only the first two PCs
are relevant for explaining the data.

Non-denaturing polyacrylamide gel electrophoresis (PAGE)

Non-denaturing 12% PAGE gels were prepared with 29:1
acrylamide/bisacrylamide solution and TAE buffer (40 mM Tris
base, 20 mM acetic acid, and 2 mM EDTA, adjusted to pH 5.5,
5.0, or 4.5).>> Gels were run on a Mini-PROTEAN electrophoresis
system (Bio-Rad, CA, USA) at 4 °C, 4 mA, for 4-5 h. Appropriate
DNA aliquots from CD or DSC samples were properly diluted to
have a final amount of 0.1 mg mL~" DNA in each lane (the total
DNA amount in different lanes was kept the same). The buffer in
DNA samples was 110 mM (Na' or K') acetate at the appropriate
PH (5.5, 5.0, or 4.5). A solution of glycerol/TAE (2 : 1) was added to
facilitate sample loading into the wells. The migration of C-rich
DNA was compared with a mixture of two control oligodeoxythy-
midylates (Tyo and T,o). Bromophenol blue was used as run
marker. Bands in the gels were visualized by UV shadowing.

Differential scanning calorimetry (DSC)

DSC measurements were carried out on a Nano DSC (TA
Instruments, USA). The experiments were performed using an
oligonucleotide strand concentration of 320-500 uM. Samples
were prepared in 110 mM Na'- or K'-containing acetate buffer
at pH 4.5, 5.0 and 5.5. Scans were performed at 0.5 °C min ™" in
the 20-90 °C temperature range. Reversibility was evaluated for
each sample by rescanning it after cooling. A buffer-buffer scan
was subtracted from the corresponding buffer-sample scan,
and a polynomial baseline was drawn for each scan. Baseline-
corrected thermograms were then normalized per mole of DNA
to obtain the corresponding excess molar heat capacity ((ACp))
as a function of temperature. ACS, the molar heat capacity
change between the folded and unfolded states of DNA, was
estimated from DSC thermograms by a second-order polynomial
fitting and assumed to be temperature independent. The model-
independent transition enthalpies (A.,H°) were obtained by
integrating the area under the excess heat capacity versus
temperature curves. Ty, values were determined as the temperatures
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corresponding to the maximum of each thermogram peak. Entropy
change (A.uS°) values were obtained by integrating the (AC)/T
versus T curves (where T'is the temperature in Kelvin), and the Gibbs
free energy change (A.yG°) values were computed by the equation
AciG = AcuH [I = (T/Tin)] + AC,[T — Ty — TIn(T/Tr)]. The
reported thermodynamic parameters are the averages of three
different heating experiments.

Results and discussion

Presence of a folded oligonucleotide conformation under the
solution conditions employed in this study and its stability as a
function of pH and cation were examined by CD spectroscopy,
DSC, and non-denaturing polyacrylamide gel electrophoresis
(PAGE). Based on the above evaluation, we selected pH 4.5, 5.0,
and 5.5, where the folded state was expected to be predominant,
to study the iM thermodynamic stability. It’s to be noted that CD
and DSC methodologies work on different concentration scales.
Indeed, DSC experiments require a DNA concentration at least
twenty times higher than that of CD measurements. This means
that the comparison of the melting temperature (7,,) and
enthalpy change values obtained by DSC with those obtained
by CD should provide information on the molecularity and
mechanism of the iM folding/unfolding process. Indeed, intra-
molecular structures should be formed when the T, is inde-
pendent of oligonucleotide concentration, while dimer or
higher molecularities are found when the T, depends on
oligonucleotide concentration. Moreover, being a spectroscopic
method, CD allows to indirectly determine the enthalpy change
by the van’t Hoff equation assuming a two-states process,
whereas DSC directly measures the folding/unfolding enthalpy
(it is obtained from the area of the DSC thermogram) without
any model assumption.*® The difference between calorimetric
and van’t Hoff enthalpy changes is an indication of the deviation
of the real process from a two-state transition.

CD spectra of the C-rich oligonucleotide confirmed the
formation of iM at room temperature in both the Na'- and
K'-containing buffers at the three pH values. Indeed, in all
cases the characteristic CD profile of an iM structure having a
positive and a negative band at 288 and 257 nm, respectively, is
clearly distinguishable (Fig. 2A-C and Fig. S1, ESIt).*”

The stability of the iM structure under the chosen experi-
mental conditions was initially investigated by CD melting
experiments. The CD denaturation/renaturation profiles of
the oligonucleotide, recorded at the wavelength of maximum
absorbance variation upon folding (4 = 288 nm), shows almost
superimposable heating and cooling curves (Fig. 2D-F and
Fig. S2, ESIt), thus indicating that the melting processes are
reversible. The analysis of the melting curves yielded the T,
values and model-dependent van’t Hoff enthalpies (A,;H°) that
are collected in Table 1. As expected, the thermal stability of iM
decreased as pH increased. Indeed, regardless of the cation, the
T values for the iM structure were found to be around 60, 55,
and 44 °C at pH 4.5, 5.0 and 5.5, respectively. Therefore, the T,
was maximum at the pH value close to the pK, of cytosine
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Fig. 2 CD spectra for the iM-forming oligonucleotide as a function of temperature in K*-containing buffer at pH (A) 4.5, (B) 5.0, and (C) 5.5. (D-F) CD

melting (red solid lines) and annealing (blue dashed lines) curves recorded at 288 nm with a scan rate of 0.5 °C min

~1 and CD melting curves at 288

(green lines/circles) and 257 (orange lines/squares) nm derived from the corresponding CD spectra at different temperatures (collected every 5 °C) for the
iM in K*-containing buffer at pH (D) 4.5, (E) 5.0, and (F) 5.5. All experiments were performed in acetate buffer.

Tablel Thermodynamic parameters of d(CCCTAA)zCCCT iM determined
by the van't Hoff analysis of CD melting curves

Cation pH Tw” (°C) AvH*® (k] mol ™)
K" 4.5 60 —188

5.0 54 —220

5.5 44 —274
Na* 4.5 59 —150

5.0 55 —203

5.5 44 —262

“ The error in Ty, does not exceed 1 °C, while that in A,;;H° amounts to
10% of reported values.

(between 4.2 and 4.8, depending on temperature and ionic
strength),?® whereas an increase of 1 pH unit led to a decrease
of the T,,, of about 16 °C. The lower thermal stability of the iM
structure can be ascribed to the lower extent of protonation
of the cytosines at higher pH. Conversely, A,zH° appears to
increase with increasing pH.

Three-dimensional melting curves for the iM were also
obtained by recording whole CD spectra as a function of
temperature using a step of 5 °C (Fig. 2 and Fig. S1, S2, ESIY).
Thermodynamic parameters determined from the analysis of
3D melting curves are in perfect agreement with those obtained
at a single wavelength at 0.5 °C min ' heating rate. The Tj,
derived from the 3D melting curves at 288 and 257 nm (Fig. 2D-F
and Fig. S2, ESIt) were identical within experimental error.

Overall, melting and annealing CD experiments showed no
significant hysteresis for the oligonucleotide heating/cooling

This journal is © the Owner Societies 2021

processes and no influence of the scan rate on the T, of the
iM-forming sequence, thus indicating that the folding-unfold-
ing process for the iM is not kinetically controlled, ie., the
thermodynamic equilibrium is achieved during the tempera-
ture changes.

In order to test the two-state transition assumption, the 3D
melting curves were submitted to Principal Component Analysis
(PCA), a decomposition method usually based on singular value
decomposition (SVD). SVD has been extensively employed to
decompose CD spectra of non-canonical DNA structures into
their structural constituents, in particular it is a well-established
method for the analysis of thermal denaturation processes and
folding (pH- or salt-induced) kinetics.**™*!

The PCA decomposition performed on the 3D melting data
of each of the six samples, resulted in two principal components
that fully explain (about 99%) the variance in the data. By way of
example, we report the PCA model computed using the 3D melting
curves of the iM-forming oligonucleotide in K'-containing buffer at
pH 4.5 (Fig. 3). The score plot (Fig. 3A) clearly shows that the first
component (PC1), which explains the 96.29% of the total variance,
reflects the shape of the folded iM, while the PC2 (3.59% of
explained variance) corresponds to the spectrum of the unfolded
species. The PC3 and PC4 (respectively, 0.07% and 0.01% of
explained variance) scores are close to the zero, thus they are
essentially meaningless. The amount by which each of these
components is present in the spectra is shown in the loading plot
(Fig. 3B) as a function of the temperature. Thus, we can infer that
(i) only two species are in equilibrium in solution, and that (ii) the
folded iM structure is mainly present at temperature values
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Fig. 3 (A) Score and (B) loadings plots of the four principal components

(PC1-PC4) obtained from the PCA model computed using the CD spectra
of the iM-forming oligonucleotide as a function of temperature in
K*-containing buffer at pH 4.5.

lower than T;,,, whereas the unfolded species becomes predominant
upon temperature increase. This suggests that, under these experi-
mental conditions, the iM to single strand transition is two-state
and involves only two significant spectral species. The remaining
PCA models generated by the 3D melting data of iM-forming
oligonucleotide in K'-containing buffer at pH 5.0 and 5.5
are reported in Fig. S3 (ESIt), while the ones referred to the
Na'-containing buffer are showed in Fig. S4 (ESIt).

To further exclude the presence of a conformational hetero-
geneity involving equilibrium between monomer and dimer
conformations, we performed native PAGE experiments at pH
4.5, 5.0 and 5.5 (Fig. 4 and Fig. S5, ESIt). The experiments were
conducted starting from iM samples at two different DNA
concentrations, that are those used for CD and DSC measure-
ments (about 20 and 400 pM, respectively). The electrophoretic
mobility of the C-rich oligonucleotide was compared with Ty,
and T,, oligodeoxythymidylates (lane 2). All the samples (lanes
3-6) migrated as a single band, thus excluding the formation of
species with higher molecularity.

DSC melting experiments were carried out to obtain the
complete model-independent thermodynamic characterization
of the iM stability. The DSC profiles for the investigated DNA
are shown in Fig. 5, and the corresponding thermodynamic
parameters for iM formation are listed in Table 2.

Under these experimental conditions, the transitions of iM
were confirmed to be reversible, as demonstrated by the
recovery of the original DSC profile by repeating the thermal
scan of each sample after cooling. The DSC curves showed an
almost symmetric shape with maxima centered at Ty, values
very close to those obtained by CD melting. Since the DNA
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pH 4.5|

pH 5.0

pH 5.5

Fig. 4 Non-denaturing polyacrylamide gel electrophoresis in K*- or Na*-
containing acetate buffer at pH 4.5, 5.0, and 5.5, 4 °C. Lane 1: bromophenol
blue (run marker). Lane 2: mixture of T1o and T, oligodeoxynucleotides
(size markers). Lanes 3-6: d(CCCTAA)sCCCT iM-forming oligonucleotide
from CD (3,5) or DSC (4,6) samples. All DNA samples were diluted to the
final desired strand concentration (0.1 mg mL™?) before loading onto
the gel.

concentrations used in the DSC experiments were approximately
20-fold higher than those used in the CD melting experiments,
the melting temperatures can be considered concentration-
independent, which is consistent with a structure resulting from
unimolecular folding. Moreover, the integration of the DSC peaks
gave Ay H° values in good agreement with A,H° calculated from
CD data. The close correspondence between the calorimetric and
van’t Hoff enthalpies is once again consistent with a two-state
equilibrium in which intermediate states are not significantly
populated and indicates that no aggregation phenomenon occurs
during the transition. Therefore, in the range investigated here,
the pH seems to have no impact on the kinetics of intramolecular
folding. On the other hand, it has been previously reported that
at neutral pH the C-rich telomeric sequence does not melt in a
reversible fashion, indicative of slow folding kinetics at pH close
to 7.0.*

The thermodynamic parameters were calculated taking into
account the relatively small heat capacity changes associated with

DNA (un)folding (ACE). Indeed, base dehydration, among other
compensating contributions, is now well accepted to be a source
of negative heat capacity change in the folding of canonical and
non-canonical DNA structures.™*> The folding AC,, values for
the iM were found in the range —2.0 to —3.7 kJ mol™* K™ *,*

however, due to the high uncertainties associated with these
values, we considered the average value of —2.6 k] mol * K.
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heating rate in (A) K- or (B) Na™-containing solutions at pH 4.5 (black solid
line), 5.0 (red dash-dotted line), and 5.5 (blue dashed line). All experiments
were performed in acetate buffer.

Table 2 Thermodynamic parameters of iM-forming oligonucleotide
d(CCCTAA);CCCT determined by DSC

Tm‘Z AcalHoa Acalsoa Acal G;s OCa
Cation pH (°C) (Kmol™") (mol 'K ') (Kmol ") ncyr
K" 45 60.6 —158.3 —0.474 -11.8 —
5.0 539 -—224.1 —0.685 —16.4 3.1
5.5 43.5 —261.9 —0.825 —13.9 5.0
Na* 4.5 60.8 —145.2 —0.435 —-10.4 —
5.0 55.6 —195.5 —0.594 —14.4 2.4
5.5 45.8 —273.4 —0.857 —16.0 6.1

“ The error in Ty, does not exceed 0.5 °C, while that in A.,H° and A.,S°
amounts to 5%, and that in A.;G° to 10% of reported values.

Inspection of Table 2 shows that the iM folding is accompanied
by a favorable Gibbs free energy change (A.,G°) resulting from the
relatively large compensation of favorable enthalpy (A..H°) and
unfavorable entropy (A.S°) contributions. The favorable enthalpy
terms correspond primarily to the formation of the hemi-
protonated C-C" base pairs, while the unfavorable entropy terms
mainly arise from contributions of the unfavorable ordering of
oligonucleotide and the uptake of protons, and from the putative
marginal uptake of counterions and/or water molecules.

It is interesting to compare the thermodynamic parameters
of the iM-forming oligonucleotide at pH 4.5, 5.0, and 5.5. As a
matter of fact, the calculated A yH° and A.;S° were very
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different. At the lowest pH, the enthalpy of folding was less
negative, and thus less favorable. This was in part compensated by
a less negative, and thus more favorable, entropy of formation. To
explain the enthalpy and entropy dependence on pH, we invoke
differences in oligonucleotide protonation on changing the pH.
Indeed, unfavorable entropy at increased pH is most probably due
to higher proton uptake at those pH values. Moreover, protona-
tion of the C-C" base pairs makes the observed enthalpy changes
dependent on the pH as well as on the buffer used. In particular,
the enthalpy changes relative to the protonation of the buffer
species (ApyeH°) influences the thermodynamic parameters. To
avoid this, we have used acetate buffer, whose A +H® is close to
zero. Therefore, the pH of this buffer is not temperature
dependent, making it appropriate for melting experiments.

At pH = pK, of cytosine (around 4.5), half of the cytosines on
the oligonucleotide (six in this case) are protonated, which
correspond to the optimum number for the formation of C-C*
base pairs, and no further protonation is required (even though
the distribution of protonated cytosines varies). In that case,
being the Ay,¢H® negligible, the measured A, H° correspond to
the enthalpy of iM formation (AyH°), which is AcyH® = ApH".
On the other hand, at pH > pK,, protonation of some of the
cytosines is required. In that case, the measured A.,H° is the
result of the sum of two contributions: AjyH° and the enthalpy
of cytosine protonation (AcyH®), which is AcaH' = nep-AcyH® +
AimH® (Where ncy- is the number of protonated cytosines).

From the difference between the A.,H° values at pH = pK,
and those at pH 5.0 and 5.5, it is possible to determine

A 30
20 4
5 10
E 2
2 04
812-10-' H45
<1 -20 4 —o—zH5:0
T —d—pH 55
L 15 [ e . L
10 20 30 40 50 60 70

Temperature (°C)
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Fig. 6 Temperature dependence of the Gibbs energy change (A.,G°) for
iM formation in (A) K*- or (B) Na*-containing solutions at pH 4.5 (black
line), 5.0 (red line), and 5.5 (blue lines).
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nep+Acy+H®. Mergny and coworkers calculated a value of
—20.9 k] mol ™ for Acyy-H°.3® Knowing this value and the other
terms, we calculated the number of cytosines to be protonated
for the formation of the intramolecular iM at pH 5.0 and 5.5
(ncu+ Table 2). This number was estimated to be 2-3 at pH 5.0
and 5-6 at pH 5.5.

A closer inspection of Table 2 shows that at 25 °C the
enthalpy-entropy compensation results in a slightly more
favorable A.;G° value at pH 5.0 or 5.5 than at pH 4.5. Thus,
the temperature dependence of the Gibbs free energy change
(Aca1G°) for iM formation was evaluated. The profile of the A.;G°
vs. temperature in K'- or Na'-containing buffer at the three
investigated pH are shown in Fig. 6. The overall trend in the
A.G° as a function of temperature in the presence of K' or Na*
ions is similar. Interestingly, despite the small differences
observed, at temperatures below 40 °C the A.,G° values for iM
formation at pH 4.5 are less negative than at pH 5.0 or 5.5, thus
indicating that, at such temperatures, the iM is favored at the
higher pH values investigated here. This result shows that, despite
thermal stabilities are often used as surrogates for thermodynamic
stabilities in analyses of the iM stability, the correlation
between Ty, and A.;G° is not always obvious. Where stability
comparisons are to be made, the relevant thermodynamic
parameter is the Gibbs energy change at a chosen reference
temperature.

Conclusions

We have investigated the energetics of an iM DNA structure in
solution under mildly acidic conditions that promote its for-
mation. We utilized CD spectroscopy and DSC to study the iM
stability at multiple pH values in a buffer containing K or Na*
cations. Folding and unfolding processes of the iM followed
relatively fast kinetics, as expected for intramolecular folding.
In agreement with this observation, analysis of CD and DSC
melting profiles revealed identical melting temperatures for
samples over a range of DNA concentrations, and native PAGE
showed only a single band corresponding to monomeric spe-
cies. Since the melting profiles corresponded to equilibrium
curves (ie., to reversible processes), we were able to provide a
full thermodynamic characterization of iM formation in vitro
under favorable conditions, thus broadening our understand-
ing about the formation and thermodynamic stability of iM
DNA structures. Our results also show that thermodynamic and
thermal stability are related but not identical properties of an
iM and underscore the risk in using thermal stability data in
quantitative analysis of the iM folding stability. This study
should be useful not only for those interested in the biological
functions of this structure, but also for those seeking to exploit
the distinct properties of iMs for the development of
pH-sensitive molecular devices based on such structures.
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Abstract: DNA G-quadruplex (G4) structures, either within gene promoter sequences or at telom-
eres, have been extensively investigated as potential small-molecule therapeutic targets. However,
although G4s forming at the telomeric DNA have been extensively investigated as anticancer targets,
few studies focus on the telomeric repeat-containing RNA (TERRA), transcribed from telomeres,
as potential pharmacological targets. Here, a virtual screening approach to identify a library of
drug-like putative TERRA G4 binders, in tandem with circular dichroism melting assay to study
their TERRA G4-stabilizing properties, led to the identification of a new hit compound. The affinity
of this compound for TERRA RNA and some DNA G4s was analyzed through several biophysical
techniques and its biological activity investigated in terms of antiproliferative effect, DNA damage
response (DDR) activation, and TERRA RNA expression in high vs. low TERRA-expressing human
cancer cells. The selected hit showed good affinity for TERRA G4 and no binding to double-stranded
DNA. In addition, biological assays showed that this compound is endowed with a preferential
cytotoxic effect on high TERRA-expressing cells, where it induces a DDR at telomeres, probably
by displacing TERRA from telomeres. Our studies demonstrate that the identification of TERRA
G4-targeting drugs with potential pharmacological effects is achievable, shedding light on new
perspectives aimed at discovering new anticancer agents targeting these G4 structures.

Keywords: TERRA G-quadruplex; drug discovery; biophysical characterization; conformation-selective
ligand; in vitro biological assays

1. Introduction

G-quadruplexes (G4s) are higher-order noncanonical nucleic acid structures formed
by guanine-rich sequences [1]. These structures exhibit a common stem arrangement of
stacked G-tetrads, where four guanine bases associate through Hoogsteen-type hydrogen
bonding and their oxygen O6 atoms are arranged to coordinate metal cations, such as
potassium or sodium, to give stability to the whole structure [1]. G4s can be intramolecular,
i.e., formed by a single nucleic acid molecule, or intermolecular, i.e., formed by two or
four strands [1]. Generally, potential intramolecular G4s have a consensus sequence of
G>3N;1_7G>3N17G>3N1_7G>3, where N is any nucleotide, even if some non-consensus se-
quences were reported to fold into stable G4s [2,3]. Sequences between G-tracts are variable
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and, depending on their length and composition, determine different loop conformation
and the overall G4 topology, which can be parallel, antiparallel, or hybrid [4,5].

Accumulating evidence shows that DNA and RNA G4 structures are formed in vivo [6-13],
and play pivotal roles in regulating DNA transcription and replication, RNA translation, and
the maintenance of genome integrity [14-18]. Indeed, G4-forming sequences are particularly
enriched in proto-oncogene promoters [19], origins of replication [20], 5'- and 3'-untranslated re-
gions (UTRs) of mRNA of a large number of genes [21], and at the ends of human chromosomes,
the telomeres [22,23].

Telomeres are specialized nucleoprotein structures that protect chromosomal DNA
from progressive degradation and ensure the integrity of linear chromosomes by prevent-
ing the natural ends from being recognized as DNA damage [22,23]. Human telomeres
terminate with a 3’ single-stranded DNA overhang, which is composed of tandem repeats
of the short guanine-rich sequence d(TTAGGG) synthesized by telomerase, a telomere-
specific reverse transcriptase. In normal human cells, telomeres progressively shorten,
leading to growth arrest upon telomere uncapping known as replicative ageing. Conversely,
telomerase is overactive in numerous cancer subtypes, contributing to the ability of these
cells to indefinitely proliferate due to the lack of chromosomal shortening [24]. Mounting
evidence shows that G4s formation and stabilization at telomeres inhibits telomerase ac-
tivity and induces DNA damage response, leading to chromosomal shortening and cell
death [25,26]. Therefore, designing small molecules able to bind and stabilize telomeric
G4s represents a potential avenue for developing novel selective anticancer agents [27-29].

At telomeres, the 3’ single-stranded overhang is preceded by a double-stranded DNA
region that is composed of the repeated sequences d(TTAGGG) on one strand and the
complementary d(CCCTAA) repeats on the other [30]. The transcription of the telomeric
C-rich strand in chromosomes produces telomeric repeat-containing RNA (TERRA), which
has a canonical G-rich motif of sequence r(UUAGGG) [31-33]. As such, TERRA can fold
into G4 structures. Besides regulating telomerase activity and protecting chromosome
ends from telomere degradation, TERRA also takes part in heterochromatin formation and
homologous recombination [34-36]. TERRA G4 structures are potentially more valuable
therapeutic targets than their DNA counterparts, since telomere heterochromatin formation
is required in all cancer cells, even in those that do not require telomerase to elongate their
telomeres (ALT-positive tumors) [37]. These tumors display higher TERRA accumulation
levels that appear to play a direct role in telomere elongation [38]. For this reason, the
design of small molecules targeting TERRA G4s is attracting ever-increasing attention.

Structural analysis showed that TERRA RNA and its corresponding DNA sequences,
which differ only for the presence of thymine instead of uracil bases and for deoxyribose
sugars instead of ribose, can adopt different G4 topologies. For example, the 22-nucleotide-
long telomeric DNA of sequence d[AGGG(TTAGGG)3] adopts an antiparallel-stranded
G4 conformation in Na*-containing solution and a hybrid [3+1] (parallel/antiparallel-
stranded) conformation in K*-containing solution [1,39], while corresponding RNA se-
quence rfAGGG(UUAGGG);] folds into a parallel-stranded G4 structure in both Na* and
K* solutions [40]. Direct evidence for the presence of parallel-stranded TERRA RNA G4s
in living cells was also provided by Xu and coworkers by using a light-switching pyrene
probe [41]. Further confirmation of their existence in vivo came from both optical imaging
investigations performed with other small molecules [7,42,43] as well as with the BG4
antibody [6], and from sequencing-based methods [44,45].

Several studies suggested that RNA G4s are more compact and thermally stable than
their DNA counterparts [46—48] due to the 2/-hydroxyl (2’-OH) group in the ribose sugar
and the networks of water-mediated contacts within the grooves of RNA [49]. The presence
of the 2/-OH group in the ribose also induces guanine bases to adopt the anti conformation
in the G4 structure, which can thereby only be parallel [50,51]. In addition, the presence of
the 2’-OH groups may interfere with the interaction of ligands with the loops of RNA G4
by reducing their depth and width [52], and/or affecting the m—m stacking surface of the
external G-tetrads. Therefore, the presence of 2'-OH groups in RNA G4s could represent
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an important structural feature to be taken into account in the design of selective RNA
G4-targeting ligands [6].

Di Antonio and coworkers showed that selective RNA vs. DNA G4 targeting can
be achieved even by introducing small modifications into a generic G4 binder [53]. In-
deed, pyridostatin is not able to discriminate between RNA and DNA G4s, while the
carboxypyridostatin derivative has high preference for G4 RNA [53].

Herein, we identify new molecular scaffolds able to target TERRA G4 by employing
a strategy of high-throughput in silico screening of a large number of compounds from
a commercially available database, followed by validation of the putative hits through a
combination of experimental techniques. The selected 103 virtual screening-derived hits
were experimentally evaluated for their binding properties by biophysical methodologies,
identifying molecule N-[3-1H-1,3-benzodiazol-2-yl)phenyl]-1H-1,3-benzodiazol-2-amine
(BPBA, Figure 1) as a promising hit compound able to bind and stabilize the G4 structure
adopted by TERRA. The biophysical characterization of the binding profile of BPBA
revealed that this ligand binds to parallel RNA and DNA G4 structures with a slightly
higher affinity for the former, whereas it showed no affinity for double-stranded DNA.

(a) (b)

Figure 1. (a) Bimolecular G4 structure formed by TERRA RNA (guanine, green; adenine, red; uracil,
blue). (b) Chemical structure of compound BPBA.

In addition, the investigation of the biological activity of BPBA showed that it is par-
ticularly effective in high TERRA-expressing human cancer cells by binding and displacing
TERRA from telomeres.

2. Results and Discussion
2.1. Compound Selection

Virtual-screening calculations were performed to identify drug-like molecules capable
of binding to TERRA, using as target the three-dimensional G4 structures formed by the
12-nt r(UAGGGUUAGGGU) sequence (TERRA G4, Figure 1) [50,54]. We employed a
receptor-based virtual-screening approach based on the identification of druggable RNA
hot spots and molecular docking (see Section 3 for details). To improve the efficacy of
the virtual screening, some precalculations to define a potential binding site on the RNA
were performed. Since most true binding sites are cavities or regions that provide a
large surface for favorable interactions, we looked for an accessible area on the target
RNA structures that could form strong polar and nonpolar interactions with a putative
ligand. These areas were detected by performing docking calculations with the AutoDock
Vina [55] tool embedded in Mcule (https://mcule.com, accessed on 15 July 2017) using a
set of small solvent molecules having different polarity [56]. Solvent molecules are used
because, thanks to their small size, they can efficiently fit also in buried cavities. Potential
hot spots were located where the top binding pose of at least three different molecules
were overlapping.

Once RNA hot spot regions that could be targeted by putative ligands were identified,
docking calculations, restricted to the identified binding sites, were carried out with
AutoDock Vina by using a diverse set of 58870 commercially available compounds as a
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screening library. This virtual-screening process resulted in 103 drug-like compounds that
were selected for further experimental investigations and purchased.

2.2. Circular Dichroism Screening

In order to identify true hits, the 103 computationally selected small molecules were
screened for their ability to thermally stabilize TERRA G4 by using circular dichroism (CD)
melting assay. Although CD is not usually used for large-scale screening purposes, it is
widely employed to select nucleic acid-interacting compounds with high reliability [57,58].
Indeed, CD experiments require unmodified oligonucleotides, so changes in CD melting
curves should only be produced by the direct interaction of the putative ligand with the
nucleic acid structure. First, CD spectra were recorded to examine the potential of the
selected compounds to eventually alter the dimeric propeller-type parallel conformation of
TERRA G4 in K* buffer, whose CD spectrum in the absence of any compound resembles
that reported in the literature, exhibiting a positive band at around 265 nm and a negative
one at around 245 nm (Figure 2) [59]. RNA /ligand mixtures were obtained by adding
putative ligands (10 molar equiv) to the folded TERRA G4 structure. No significant
variations of the CD profile were detected upon the addition of any compound (Figure S1),
clearly suggesting they did not modify the parallel conformation adopted by TERRA
G4. Then, the stabilizing properties of the compounds were evaluated by CD melting
experiments measuring the ligand-induced change in the apparent melting temperature
(ATm) of the G4 structure. Melting experiments in the absence and presence of each
compound (10 molar equiv) were recorded by following the CD signal at the wavelength of
the maximal intensity (265 nm) of TERRA G4 (Figure S2). These experiments showed that
1 out of 103 tested compounds, namely, BPBA significantly increased the Ty, of TERRA G4
(ATm =4.5(£0.4) °C, Figure 2 and Table 1). The remaining 102 compounds were unable
to significantly stabilize such structure (AT, < 3 °C) (Table S1), and thus were not further
considered for the biophysical characterization of the interaction with TERRA G4.
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Figure 2. (a) CD spectra of TERRA G4 in the absence (black line) and presence (red line) of 10 molar equiv of BPBA recorded
at 20 and 100 °C (solid and dashed lines, respectively); (b) CD melting profiles of TERRA G4 in the absence and presence
(black and red dots, respectively) of 10 molar equiv of BPBA recorded at 1 °C/min heating rate; (c) CD stabilization curve
for TERRA G4 with BPBA.

Additionally, the investigation of TERRA G4/BPBA interaction was extended by
performing CD melting experiments by using a range of ligand concentrations (Figure S3).
The thermal-shift curves of the ligand followed a dose-response pattern (Figure 2c and
Table S2), suggesting that the interaction of BPBA with G4 is specific.
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Table 1. Analysis of BPBA interaction with the investigated oligonucleotides.

Circular Dichroism (CD) Melting

TERRA G4 c-kit2 G4 c-myc G4 Tely3G4 GSEC G4 Bcl-2 G4 Hrpyo
AT, OCO) 1 4.5 (+0.4) 18.7 (£0.3) 9.4 (+0.3) 0.7 (£0.2) 1.7 (£0.3) 29 (£0.3) 1.0(£0.5)
" Forster resonance energy transfer (FRET) melting
F-TERRA-T F-TERRA-T + Hrpyy (1:30) F-TERRA-T + Hrpyy (1:100)
3.6 (£0.2) 3.7 (£0.2) 3.1(%0.2)
Fluorescent intercalator displacement (FID)—thiazole orange
TERRA G4 c-kit2 G4 c-myc G4 Tely3G4 Hrpyy
2.4 (£0.4) 3.8 (£0.6) n.d.? nd.? 4.1 (£0.5)
DCso (M) Fluorescent intercalator displacement (FID)—ethidium bromide
TERRA G4
1.3 (£0.4)
Microscale thermophoresis (MST)
Kq (M) TERRA G4 c-kit2 G4 c-myc G4 Tely3G4 Hrpag
9.6 (£0.6) 23.5 (£0.6) 47.5 (£0.4) nd.? n.d. 2

1 ATm = Tm (oligonucleotide+10 ligand equiv) — Tm (oligonucleotide)- Tm values in the absence of hgand are TERRA G4 = 74.3 (iOl) OC,'
c-kit2 G4 = 59.7 (£0.1) °C; c-myc G4 = 75.5 (£0.1) °C; Telp3 G4 = 53.7 (£0.1) °C; GSEC G4 = 78.8 (£0.1) °C; Bcl-2 G4 = 74.7 (£0.2) °C;
Hrpyy = 65.5 (£0.2) °C; F-TERRA-T =73.5 (£0.1) °C. All experiments were performed in duplicate, and reported values are the average of
two measurements. 2 n.d. = not determinable.

2.3. BPBA Is a Selective G4 Binder That Exhibits Preference for Parallel G4 Conformations

Once a G4 ligand is validated, its selectivity towards a certain nucleic acid structure
must be assessed. Under physiological conditions, most DNA is in the B form. Since
binding to B-DNA duplex can cause undesired toxicity effects, it is crucial to determine
the selectivity of the ligand towards G4 vs. duplex structures before proceeding with a
more in-depth characterization of its binding properties. Here, a 20-mer hairpin-forming
sequence (Hrpyp) was chosen as a suitable duplex model. The CD spectrum of the hairpin
in the presence of K* was characterized by a positive band at around 280 nm and a negative
one at 250 nm, confirming duplex formation (Figure S4). These bands were not modified
upon the addition of compound BPBA (10 molar equiv; Figure 54). Next, CD melting
experiments of the hairpin were recorded both in the absence and presence of ligand
following variations in CD signal intensity at 280 nm. No significant change of T, was
observed in this case (Figure 54 and Table 1), suggesting that BPBA selectively stabilizes
the G4 over duplex DNA conformation.

The RNA G4 stabilizing properties of BPBA were further investigated by Forster reso-
nance energy transfer (FRET) melting assay using a G4-forming telomeric RNA sequence
dually labeled with donor FAM and acceptor TAMRA at the 5" and 3’ ends, respectively (F-
TERRA-T) [60]. FRET melting curves (Figure 3) confirmed that BPBA is able to stabilize the
G4 structure formed by telomeric RNA (AT, = 3.4 (£0.1) °C). Moreover, to further confirm
the selectivity of BPBA for G4 over the duplex, a competition FRET melting experiment
was carried out in the presence of a large excess of a duplex model, i.e., a 27-mer hairpin
duplex-forming DNA (Hrpyy) [61-64]. The results of this experiment clearly showed that
the stabilizing effect of BPBA on TERRA G4 was not affected by the presence of the duplex
competitor (Table 1), meaning that this compound preferably binds to G4s.
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Figure 3. (a) Fluorescence emission spectra recorded at 15 °C (solid lines) and 90 °C (dashed lines);
(b) FRET melting experiments for F-TERRA-T (0.2 uM) in the absence (black) and presence (red) of
BPBA (2.0 uM). Experiments in the presence of BPBA were also performed by adding a large excess
of Hrpy; duplex competitor (6.0 uM, blue; and 20.0 uM, green).

Since BPBA was selected for its ability to interact with TERRA G4, which adopts a
parallel propeller-type conformation, we examined if BPBA also interacts with analogous
parallel G4 structures formed by DNA and RNA G-rich sequences, and if it is potentially ca-
pable of discriminating between parallel and antiparallel G4 conformations. To this aim, we
used three different G4-forming DNA sequences derived from the nuclease hypersensitive
region of the c-KIT (c-kit2 G4) and c-MYC (c-myc G4) gene promoters, which form parallel
propeller-type G4 structures in K*-containing buffer, and from the human telomeric DNA
sequence, particularly the 23-mer truncation (Tely3 G4), which rather folds in an antiparallel
(3 + 1) hybrid G4 conformation in the same buffer conditions [65-68]. To obtain information
about the ability of BPBA to interact with other parallel RNA G4 structures, two additional
G4-forming RNA sequences derived from the GSEC IncRNA (GSEC G4) and the 5'-UTR
of Bcl-2 mRNA (Bcl-2 G4) were also investigated [69-71]. The proper folding adopted by
each of these G4-forming sequences was first confirmed by CD spectra. As expected, c-kit2
G4, c-myc G4, GSEC G4, and Bcl-2 G4 displayed a positive band at around 265 nm and
a negative one around 240 nm in the CD spectrum (Figures S5 and S6). These bands are
characteristic of parallel-stranded G4 topologies [59]. On the other hand, Tely3 G4 showed a
positive band at 289 nm with a shoulder at ca. 268 nm and a weak negative band at around
240 nm (Figures S5 and 56), which are consistent with the presence of a (3+1) hybrid G4
as major conformation [59]. As already done for the other nucleic acid molecules, CD
experiments were also performed to examine the potential of BPBA to alter the native
folding topology of these G4s. No significant variations in CD signal were observed for any
of these G4 structures (Figures S5 and S6), suggesting an overall preservation of their G4
architectures upon addition of the ligand (10 molar equiv). Hence, the stabilizing properties
of BPBA on these G4s were evaluated by CD melting experiments (Figures S5 and S6).
Results of these experiments clearly indicate the ligand ability to bind and stabilize c-kit2
G4 and c-myc G4 (AT = 18.7 (£1.0) and 9.4 (£0.5) °C, respectively), both having parallel
G4 conformations with a negligible effect (AT = 0.7 (£0.2) °C) on the Telys G4 hybrid
structure (Table 1). No relevant ligand-induced thermal shift was observed in the case of
both GSEC and Bcl-2 G4s (ATm < 3 °C), suggesting that BPBA could preferentially stabilize
TERRA G4 over other RNA G4s.

However, since the stabilization imparted by the ligand would naturally be more
pronounced in intrinsically less stable oligonucleotides [72], the direct comparison of ATy
values cannot provide straightforward information on the binding affinity.

2.4. Analysis of Ligand Binding Affinity by Fluorescent Intercalator Displacement Assay

To gain insight into the binding affinity of BPBA for the different RNA/DNA Gd4s,
fluorescent intercalator displacement (FID) experiments were carried out. This assay is
based on the competitive displacement of a light-up fluorescent probe, in this case, thi-
azole orange (TO), from the DNA upon addition of increasing amounts of a candidate
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ligand [73-75]. TO is almost nonfluorescent when free in solution, while it is strongly fluo-
rescent when bound to DNA [75]. Ligand-induced TO displacement decreases fluorescence,
thus allowing for the determination of their relative binding affinity for the structure under
examination. Here, TO displacement by BPBA was investigated for TERRA G4, c-kit2 G4,
c-myc G4, Tely3 G4, and Hrp,;. BPBA concentrations required to give 50% TO displacement
(DCsq values) were calculated from dose-response curves fitted to these data (Figure 4).
As far as TERRA G4 is concerned, the BPBA concentration at which 50% displacement was
achieved was 2.4 (£0.4) uM, indicating good affinity for this G4 motif. On the other hand,
a DCgyg value of 3.8 (+0.6) and 4.1 (+0.5) uM was obtained for the interaction of BPBA
with c-kit2 G4 and Hrpyy, respectively, suggesting a lower affinity than that for TERRA G4.
In the case of c-myc G4 and Tely; G4, it was not possible to reach a 50% displacement of
TO even after addition of a large excess of the binder (20 molar equiv), clearly suggesting
weaker ligand interactions.
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£.80004 5—10 s o = 1:0 s < 1:0
o o a
2 @ 26000+ o 26000+ &
6000+ E: 2 z 5 ]
g & $ S g e
£ 4000+ o120 £4000+ & 120 £4000- 58 120
€ 50004 € 2000~ £2000-
] @ @
(] [ o
= 0 = 0 ] 0
o T T o T T o T T
3 500 550 600 650 3 500 550 600 650 3 500 550 600 650
w Wavelength (nm) w Wavelength (nm) w Wavelength (nm)
() (b) (c)
3 3 100 4
$8000- o —1:0 88000+ o 10 £ L Vo TERRA
o] i) ° vs. c-myc
2 a 2 e g 80+ vs. c-kit2
% 6000+ < % 6000 Z g * Vs Tel,
& E B 120 2 %. 1:20 s vs. Hrpy
: Q.
£ 40004 40004 @
] 8 e
§2ooo- §2ooo- e
@ I X
[} (]
= 0 = = 0
[=] T T =] T T
3 500 550 600 650 3 500 550 600 650 o 1 2 3 4
b Wavelength (nm) = Wavelength (nm) [BPBA] (uM)
(d) (e) ®

Figure 4. TO displacement titrations for (a) TERRA G4, (b) c-kit2 G4, (c) c-myc G4, (d) Telp3 G4, and (e) Hrp,7 upon addition
of increasing amounts of BPBA; (f) Dose-response curves from FID experiments.

2.5. Study of Interaction between BPBA and TERRA G4 by Ethidium Bromide
Displacement Assay

To obtain information on the binding mode of BPBA to TERRA G4, an ethidium
bromide (EB) displacement assay was performed using fluorescence spectroscopy. EB
binds to duplex DNA through intercalation, and to G4 DNA through 7— stacking on the
external G-tetrads [76]. In the absence of DNA, EB emits weak fluorescence at 595 nm,
while its fluorescence is strongly enhanced upon association with G4s as a consequence
of the hydrophobic environment experienced by EB upon binding to the nucleic acid [77].
Therefore, the addition of a G4 ligand decreases EB fluorescence intensity if it binds to G4
via end-stacking mode. Displacement titrations performed by adding increasing amounts
of BPBA to the TERRA G4/EB complex showed a substantial decrease in the fluorescence
intensity of EB (Figure 5), thus suggesting an end-stacking binding mode for this ligand to
TERRA G4[78,79]. In addition, the concentration of BPBA required to give the 50% decrease
in EB fluorescence (DCs value) was calculated from dose-response curves obtained by
plotting the percentage of EB displacement against ligand concentration. A DCsq value



Int. J. Mol. Sci. 2021, 22, 10315

8 0of 20

of 1.3 (£0.4) uM was determined, confirming once again the strong interaction between
BPBA and this G4 motif.
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Figure 5. (a) Fluorescence spectra for ethidium bromide displacement from TERRA G4 in the presence
of increasing concentrations of BPBA; (b) Dose-response curves from FID experiments.

2.6. Determination of BPBA Affinity for RNA and DNA G4s

To obtain quantitative data on the binding affinity of BPBA for the investigated G4s,
and to confirm ligand selectivity for G4 over the duplex, microscale thermophoresis (MST)
experiments were carried out. MST is a rapid and easy methodology to measure the
affinity of a small molecule for a nucleic acid target in solution [80-82]. This technique is
based on thermophoresis, the directed motion of molecules in small temperature gradients.
Thermophoresis is highly sensitive to all types of binding-induced changes of molecular
properties, be it in size, charge, hydration shell, or conformation. Thus, if the ligand binding
to the investigated molecule alters at least one of these parameters, it also changes the
thermophoretic behavior of the target. This effect can be used to evaluate equilibrium
dissociation constant K. To this purpose, serial dilutions of BPBA were prepared, mixed
with a constant concentration of Cy5.5-labeled oligonucleotides (TERRA G4, c-kit2 G4,
c-myc G4, Telpz G4, or Hrpyg), loaded into capillaries, and analyzed by MST. Results of MST
binding curves (Figure 6 and Figure S7, Table 1) indicated that BPBA was able to bind to
the parallel-stranded G4 structures, showing the lower Ky for TERRA G4 (9.6 (£0.6) M),
followed by c-kit2 G4 and c-myc G4 (Kq = 23.5 (£0.6) uM and 47.5 (£0.4) uM, respectively)
(Table 1). On the other hand, no significant change in the thermophoretic signal was
observed for Telys G4 and Hrpy hairpin-duplex (Figure S7), clearly indicating the absence
of a significant interaction in these cases.
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Figure 6. MST measurements on the interaction of compound BPBA with TERRA G4. (a) Time traces
recorded by incubating increasing concentrations of BPBA with the labeled G4; (b) the corresponding
binding curves.

These results agree with those obtained with other techniques and confirm the pref-
erential binding of BPBA to parallel over antiparallel-stranded G4 topologies, and its
selectivity for the G4 over duplex conformation. Additionally, although BPBA showed
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propensity to bind both TERRA G4 and the parallel G4s c-myc G4 and c-kit2 G4, it showed
higher binding affinity for TERRA.

2.7. Antiproliferative Effect of BPBA in Low vs. High TERRA-Expressing Human Cancer Cells

G4 binders have an established antiproliferative effect in cancer cells depending
on their ability to induce DNA damage response (DDR) or to inhibit the expression of
cellular oncogenes. Since BPBA showed a high affinity to TERRA G4, we assessed the
antiproliferative effect of this compound in correlation with TERRA expression. To this aim,
we employed human cervix cancer cells (HeLa) characterized by telomerase activity and
low TERRA expression, as well as human osteosarcoma cells (U20S) lacking telomerase
activity and expressing high levels of TERRA [83,84]. In those cell lines, TERRA expression
was measured by RT qPCR assay with primers against some of the most active TERRA
promoters located at subtelomeres of chromosomes 10q, XqYq, and XpYp, showing a huge
difference of expression between the two cell lines (Figure 7a). Then, the viability of cells
exposed to BPBA concentration ranging from 50 nM to 10 uM was assessed by crystal
violet assay. As shown in Figure 7b, U20S cells were significantly more sensitive to BPBA
(ICs50 = 8.1 (£1.0) pM) with respect to HeLa (ICsp >> 10 pM).

~ 0.0006 - 150 -

3 W Hela =) —e—HelLa —a—U20S

< g
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Figure 7. Differential effect of BPBA on viability of high vs. low TERRA expressing cells. (a) RT
qPCR showing relative expression of specific TERRA RNA at different subtelomeric loci (10q, XpYp,
XqYq) of HeLa, and U20S cells; (b) HeLa and U20S exposed to indicated doses of BPBA and, after
6 days, analyzed by crystal violet assay to determine the fraction of surviving cells. Percentages of
surviving cells relative to untreated samples and mean of three independent experiments are shown.
Error bars are SD.

2.8. BPBA Stabilizes TERRA Levels in U20S Cells

To gain insight into the mechanism underlying the differential biological effect of
BPBA on high vs. low TERRA-expressing cells, we assessed the ability of BPBA to bind
and stabilize TERRA in cellulo by RT qPCR analysis of relative TERRA expression upon
treatment. To this aim, both HeLa and U20S cell lines were exposed to different concentra-
tions of BPBA; after 72 h, RNA was extracted and processed for TERRA analysis. Relative
TERRA expression reported in Figure 8 clearly shows that BPBA induced a stabilization
of TERRA expression in U20S that led to an accumulation of the RNA within the cell.
This effect reached a saturation point at 5 tM, when presumably all TERRA molecules
were bound by the ligand and sequestered from the degradation complexes binding that
regulate the physiological turnover of the IncRNA. We did not observe the same effect in
HelLa, depending on the low abundance of TERRA.
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Figure 8. Effect of BPBA on TERRA expression. RT qPCR showing relative expression of specific TERRA RNA at different
subtelomeric loci of HeLa and U20S cells treated with the vehicle or indicated doses (1, 5, or 10 uM) of BPBA for 72 h.
Mean of three independent experiments is shown. Error bars are SD; * =p < 0.5; * =p <0.1.

2.9. BPBA Induces Persistent DDR Activation in U20S Cells

TERRA displacement from telomeres is supposed to induce telomere dysfunction [85].
To better understand the mechanisms underlying the cytotoxicity of BPBA in U20S cells,
we investigated the possibility that TERRA stabilization by BPBA could induce a DDR
at telomeres (a marker for telomere dysfunction) leading to cell death. To this aim, both
U20S and Hel a cells were exposed to the compound for 24 or 72 h, and DDR activation
was measured as the percentage of cells displaying YH2AX histone phosphorylation, a
marker of DDR. As shown in Figure 9, HeLa treated with 5 or 10 uM BPBA showed a
negligible DDR induction both in the first 24 h of treatment and in the following 72 h.
Conversely, compared to the control, both 5 and 10 uM BPBA were able to induce DDR in
a significant fraction of U20S cells in the first 24 h (Figure 9b). However, while the 5 uM
dose-induced DDR was rescued in the following 72 h, DDR was persistent at 72 h in 50%
of the U20S cells treated with 10 uM BPBA, in agreement with the calculated ICs5y dose
(Figure 7b). Lastly, to ascertain if the activated DDR coincided with telomeric loci, telomere-
dysfunction-induced foci (TIF) activation was measured in U20S cells treated with 10 uM
BPBA for 72 h (Figure 9c¢). TIF positive cells (defined as cells displaying at least 4 of Cy3-
conjugated telomere PNA probe/phosphorylated YH2AX histone colocalizing spots) were
significantly increased in treated samples compared to in the control (Figure 9d).
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Figure 9. TERRA binding by BPBA triggers persistent DDR and telomere dysfunction in U20S cells. HeLa and U20S cells
treated with indicated doses of BPBA. At each endpoint, cells were fixed and processed for immunofluorescence with the

antiphosphorylated YH2AX mAb primary antibody, followed by goat—antimouse 488 secondary antibody (a,b) alone or

(¢,d) in combination with FISH using the telomere-specific (TTAGGG)»-Cy3 PNA probe. Fluorescence signals acquired with

a Leica DMIRE deconvolution microscope (representative images at 72 h shown in (a)) or a Zeiss LMS confocal scanner
(b) at 63 x magnification. Percentage of cells displaying YH2AX signals or TIFs (>4 (TTAGGG),-Cy3/vyH2AX colocalizing
spots) was scored and reported in histograms ((b,d), respectively). Histograms report the mean of at least 6 different fields

per sample (n > 150). Error bars are SD; * = p < 0.5; ** = p < 0.1, *** = p < 0.05.

3. Materials and Methods
3.1. Materials

CPG supports, (2’-OTBDMS)-RNA and DNA phosphoramidites, and all reagents
for oligonucleotide synthesis were purchased from Link Technologies (Bellshill, UK). All
other reagents and solvents were from Sigma-Aldrich (Merck KGaA, Darmstadt, Germany)
and used without further purification. All buffers were produced from highly purified
Milli-Q water and sterilized before use with diethylpirocarbonate (DEPC, from Merck
KGaA, Darmstadt, Germany) and/or autocleavage. Putative ligands were purchased from
Mcule (mcule.com Kft. Budapest, Hungary).

3.2. Virtual Screening

The 3D coordinates of the TERRA G4 structures formed by the r(UAGGGUUAGGGU)
sequence determined by NMR (PDB code: 2KBP) [54] and by X-ray diffraction (PDB
code: 3IBK) [50] were downloaded from the Protein Data Bank website. PDB structures
were prepared for docking using AutoDockTools by retaining nonstandard residues. Co-
crystallized water molecules and counterions were removed from the X-ray structure.

A set of small organic solvent molecules, used as probes for hot spot mapping the
binding surface of G4s [56], were gathered and prepared for docking in Mcule. Solvent
molecules were docked to each target by using the Docking workflow step in Mcule
(exhaustiveness: 8), which utilizes the Vina docking algorithm [55]. Binding sites were
defined as cubes with 100 A length in each direction to ensure that poses were evaluated
on the surface of the whole RNA structures. Potential hot spots were located where the top
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binding pose of at least three different solvent molecules were overlapping. The centers of
the hot spots were determined as the average of the X, Y, and Z coordinates of all atoms of
the overlapping solvent molecules.

To analyze whether the proximity of the identified hot spots (hot spot regions) could
be targeted by larger but still small molecules, a diverse set of 300 compounds were selected
from the Mcule database containing 5.2 M compounds at the time of the selection. The
selection included the following property filters: 150 < mass < 300; 0 < logP < 3; H-bond
acceptors < 3; H-bond donors < 3; rings > 1; rotatable bonds < 3; heavy atoms > 15. Rapid
elimination of swill (REOS) [86] filter was also applied to eliminate compounds containing
unwanted motifs. Lastly, the ‘diversity selection” workflow step was used to select the
most diverse (dissimilar) molecules by eliminating the closest analogs, thus maximizing
the coverage of the chemical space. The resulting 300 compounds were docked by the
Docking Vina workflow step in Mcule to binding sites defined around the center of each of
the previously identified hot spots (cubes, length in each direction: 22 A). Docking scores
of the compounds were analyzed for each hot spot region.

Then, a diverse set of commercially available compounds was prepared as a screen-
ing library. We started our selection from the Mcule database containing millions of
purchasable compounds. The following property filters were applied: mass > 200 Da;
logP > 0; rule-of-five violations = 0; rings > 1; rotatable bonds < 4; heavy atoms > 15.
Subsequently, the REOS filter was applied to eliminate compounds with toxic or non
drug-like substructures [86]. Lastly, a diverse set of a maximum of 0.7 Tanimoto coefficient
was created on the basis of the OpenBabel linear fingerprint. These filters resulted in
a screening library of 58870 compounds. The most relevant protonation state of these
compounds at pH 7.4 was generated by OpenBabel 2.3.1. The generated screening library
was docked into each identified binding site of each RNA structure. Calculations were run
on Mcule using the Docking Vina workflow step with default settings. All compounds
were ranked on the basis of their docking score. The distribution of the docking scores for
each virtual screening was analyzed to ensure that the docking method could distinguish
between different ligands, i.e., the scores of the top hits significantly differ from those at
the end of the ranked screening database. After this step, 103 compounds were selected
and purchased for further analysis. Stock solutions of these compounds were prepared at
10 mM in DMSO. No solubility problems were encountered for the putative ligands at any
of the concentrations used in the various experiments.

3.3. Oligonucleotide Synthesis and Sample Preparation

RNA /DNA sequences were synthesized on an ABI 394 DNA /RNA synthesizer (Ap-
plied Biosystem, Foster City, CA, USA) using standard {3-cyanoethyl phosphoramidite
solid phase chemistry at 1 pmol synthesis scale. Regarding RNA synthesis, 5-benzylthio-1-
H-tetrazole (BTT) instead of 4,5-dicyanoimidazole (DCI) was used as activator reagent, and
coupling steps were prolonged of 5 min. Another difference concerned the deprotection of
bases and phosphates. A concentrated NH,;OH/EtOH (3:1, v/v) solution was used in the
case of RNA, and the reaction was left at r.t. for 12 h. For DNA sequences, deprotection
and detachment were performed by using a concentrated NH4OH aqueous solution at
55 °C for 12 h. Both RNA and DNA sequences were purified by high-performance liquid
chromatography (HPLC) on a Nucleogel SAX column (1000-8/46, Macherey-Nagel, GmbH
& Co. KG, Dueren, Germany), as previously reported [87]. The fractions of the oligomers
were collected and successively desalted by Sep-Pak cartridges (C-18). Lastly, 2’-TBDMS
groups in RNA were removed by Et3N-3HF/DMEF (1:3, v/v) at r.t. for 12 h. The reaction was
quenched with 0.1 M TEAA buffer (pH 7.0) and again desalted on a Sep-pak (C-18) cartridge.
All oligonucleotides were proven to be >98% pure by NMR. The following oligonucleotides
were synthesized: the 12-mer truncation of the human telomeric repeat-containing RNA
sequence r((UAGGGUAAGGGU) (TERRA G4); the G4-forming sequence from GSEC long
noncoding RNA r(GGGGUGGAGGAGGGGGAAGGGCGGGGG) (GSEC G4); the G-rich
sequence of the 5'-UTR of Bcl-2 mRNA (GGGCCGUGGGGUGGGAGCUGGG) (Bcl-2 G4);
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the c-Kit2 sequence from the c-Kit oncogene promoter d(CGGGCGGGCGCTAGGGAGGGT)
(c-kit2 G4); c-Myc promoter sequence d(TGAGGGTGGGTAGGGTGGGTAA) (c-myc G4); the
23-mer truncation of the human telomeric sequence d(TAGGGTTAGGGTTAGGGTTAGGG)
(Telps G4); the 20-mer hairpin duplex-forming sequence d(CGAATTCGTTTTCGAATTCG)
(Hrpyo); and the 27-mer hairpin duplex-forming sequence d(CGCGAATTCGCGTTTCGCGA
ATTCGCG) (Hrpyy). Oligonucleotides were prepared in the appropriate buffer, and their
concentration was measured by UV adsorption at 90 °C using the appropriate molar
extinction coefficient values, ¢ (A = 260 nm), calculated by the nearest-neighbor model [88].

3.4. Circular Dichroism (CD) Experiments

CD experiments were performed on a Jasco J-815 spectropolarimeter (Jasco, Easton,
MD, USA) equipped with a PTC-4235/15 Peltier temperature controller. All spectra were
recorded at 20 and 100 °C in the wavelength range of 230-320 nm, and averaged over
three scans. A scan rate of 100 nm/min with a 1 s response time and 1 nm bandwidth
were used. The buffer baseline was subtracted from each spectrum. Concentrations
of 2 uM for G4s and 4 pM for Hrpyy were used. RNA G4s were prepared in 20 mM
KH,PO4/K;HPO, buffer (pH 7.0) containing 70 mM KCl, while a buffer solution consisting
of 5 mM KH,PO,/K;HPO4 (pH 7.0) containing 20 mM KCI was used for all DNA samples.
All oligonucleotide samples were annealed by heating at 90 °C for 5 min, followed by
a slow cooling to room temperature overnight. CD spectra of oligonucleotide/ligand
mixtures were obtained by adding 10 molar equiv of ligand (stock solutions of ligands were
10 mM in DMSO). CD melting experiments were carried out in the 20-100 °C temperature
range at a 1 °C/min heating rate by following changes of the CD signal at the wavelengths
of the maximal CD intensity (i.e., 264 nm for TERRA G4, GSEC G4, Bcl-2 G4, c-kit2 G4, and
c-myc G4; 287 nm for Telpz3 G4; 280 nm for Hrpyg). CD melting experiments were performed
in the absence and presence of ligands (10 molar equiv) added to the folded nucleic acid
structures. The apparent melting temperatures (Tr,) were determined from a curve fit
using Origin 7.0 software (OriginLab Corp., Northampton, MA, USA). AT, values were
determined as the difference in the Tp, values of the nucleic acid structures in the presence
and absence of ligands. All experiments were performed in triplicate, and the reported
values are the average of the three measurements.

3.5. FRET Melting Experiments

Measurements were carried out on a FP-8300 spectrofluorometer (Jasco, Easton, MD,
USA) equipped with a Peltier temperature controller system (Jasco PCT-818) using the dual-
labeled G4-forming telomeric RNA sequence FAM-[r(GGGUAAGGGUAAGGGUAAGGG)]-
TAMRA (F-TERRA-T), provided from Biomers (Ulm, Germany). The oligonucleotide was
dissolved in water at 1 mM, diluted at 1 uM using 5 mM potassium phosphate buffer
(pH 7.0) containing 20 mM KCl, and lastly annealed by heating to 90 °C for 5 min, fol-
lowed by cooling to room temperature overnight and storage at 4 °C for 24 h before data
acquisition. Experiments were performed in sealed quartz cuvettes with a path length of
1 cm by using 0.2 uM of prefolded F-TERRA-T G4 target, the ligand at 2 uM, and the Hrp,y
duplex competitor at 0, 6, and 20 uM final concentrations [61-64]. In addition, a blank
with no compound or competitor was also analyzed. Fluorescence spectra were acquired
before (at 15 °C) and after (at 90 °C) melting assay. The dual-labeled oligonucleotide was
excited at 492 nm, and emission spectra were recorded between 500 and 650 nm by using
100 nm/s scan speed. Excitation and emission slit widths were both set at 5 nm. FRET
melting was performed by monitoring the emission of FAM at 522 nm (upon excitation at
492 nm), using a heating gradient of 1 °C/min over the range 15-90 °C. Emission of FAM
was normalized between 0 and 1. Final analysis of the data was carried out using Origin
7.0 software (OriginLab Corp., Northampton, MA, USA).
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3.6. Fluorescent Intercalator Displacement (FID) Assay with Thiazole Orange (TO)

A solution containing 0.25 uM of prefolded RNA (TERRA G4) or DNA G4 target and
0.5 uM of TO in 20 mM KH,PO;4 (pH 7.0) and 70 mM KCl was prepared in a 1 cm path-
length cell, and the corresponding fluorescence spectrum was acquired in the absence and
presence of increasing concentrations of BPBA (10 mM stock solution in pure DMSO). Each
ligand addition (from 0.5 to 20 molar equiv) was followed by a 3 min equilibration time
before spectrum acquisition. The FID experiment was extended to a duplex DNA model
(Hrpo7), in this case, three equivalents of TO (0.75 pM) were added to an oligonucleotide
solution (0.25 uM). Measurements were run at 20 °C on a FP-8300 spectrofluorometer (Jasco,
Easton, MD, USA) equipped with a Peltier cell holder (Jasco PCT-818), using an excitation
wavelength of 485 nm and recording the emission in the 500-650 nm wavelength range.
Both excitation and emission slits were set at 5 nm. The percentage of TO displacement was
calculated as TO displacement (%) = 100 — [(F/ Fg) x 100], where F is the fluorescence in
the absence of ligand and F the fluorescence after each ligand addition. The percentage of
displacement was then plotted as a function of the ligand concentration, and DCsj was
calculated as the required concentration to displace 50% TO from each investigated DNA.
Each titration was repeated at least in triplicate.

3.7. Fluorescent Intercalator Displacement (FID) Assay with Ethidium Bromide (EB)

A solution containing 10 uM of prefolded TERRA G4 and 5 pM of EB in 20 mM
potassium buffer (pH 7.0) containing 70 mM KCl was prepared in a 1 cm path-length cell.
The fluorescence spectrum of the EB/TERRA G4 complex in the absence of ligand was
first recorded. Then, increasing concentrations of BPBA (10 mM stock solution in pure
DMSO) were mixed to this EB/TERRA G4 complex, and spectra were recorded 3 min after
each ligand addition. Measurements were run at 20 °C on a FP-8300 spectrofluorometer
(Jasco, Easton, MD, USA) equipped with a Peltier cell holder (Jasco PCT-818), using an
excitation wavelength of 510 nm, and recording the emission in the 550-700 nm wavelength
range. Both excitation and emission slits were set at 5 nm. Experiments were performed
in duplicate.

3.8. MicroScale Thermophoresis (MST) Experiments

MST measurements were performed on a Monolith NT.115 (Nanotemper Technologies,
Munich, Germany). The Cy5.5-fluorescently labelled oligonucleotides (from Biomers, Ulm,
Germany) were prepared at 10-20 uM in 20 mM KH, PO, buffer (pH 7.0) containing 70 mM
KCl and annealed as described above. Nucleic acid samples were then diluted using the
same phosphate buffer supplemented with 0.1% Tween. Ligand stock solution was 2 mM
in pure DMSO. For the MST experiments, the concentration of the labelled G4s was kept
constant at 50 nM, while a serial dilution of the ligand (1:2 from 0.4 mM) in the same buffer
supplemented with 20% DMSO, was prepared and mixed with the oligonucleotide solution
with a volume ratio of 1:1. All samples containing 10% DMSO as the final concentration
were loaded into standard capillaries (NanoTemper Technologies, Munich, Germany).
Measurements were performed at 20 °C using autotune LED power and medium MST
power. MST data analysis was performed by employing the MO. Affinity Analysis software
(v2.3) provided with the instrument.

3.9. Cells and Viability Assay (Crystal Violet)

HeLa and U20S cells were purchased from ATCC and maintained according to the
purchaser’s instructions. Cells were seeded in 24 wells; after 24 h, cells were exposed to
BPBA concentrations ranging from 1.25 to 10 uM for 6 days. Then, cells were washed
twice in DPBS and fixed with 4% formaldehyde for 15 min at r.t. After washing with DPBS,
300 uL of crystal violet staining solution (Sigma-Aldrich, St. Louis, MO, USA) was added
to each well and incubated for 30 min at r.t. Lastly, plates were rinsed twice with water,
air-dried at r.t., and cell pellets were dissolved in 400 uL of acetic acid. The optical density
of each well in triplicate was measured at 570 nm (ODsyg) with a 96-well plate in an ELISA
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reader (Falcon, Corning, NY, USA). The average absorbance in each condition was used
to calculate the survival expressed as percent of treated vs. untreated condition. ICsq (the
necessary dose to reduce survival of 50%) was calculated by Calcusyn software (Biosoft,
Cambridge, UK).

3.10. Immunofluorescence/FISH

HeLa and U20S cells were seeded and treated with BPBA. At each endpoint, cells
were fixed in 2% formaldehyde, permeabilized in 0.25% Triton X-100 in PBS for 5 min at
r.t.,, and incubated with the mouse mAb anti-yH2AX (Millipore, Burlington, MA, USA)
followed by the secondary Alexa 488 goat antimouse antibody. Lastly, nuclei were counter-
stained with DAPI (Sigma-Aldrich, St. Louis, MO, USA). For combined FISH experiments,
after immunofluorescence, samples were refixed in 2% formaldehyde and dehydrated
by ethanol series. Then, slices were hybridized with telomere-specific (TTAGGG),-Cy3
PNA probe (Panagene, Daejeon, South Korea) according to the manufacturer’s instruction.
Lastly, samples were counterstained with DAPI (Sigma-Aldrich, St. Louis, MO, USA).
Fluorescence signals were recorded by using a Leica DMIRE2 microscope equipped with
a Leica DFC 350FX camera and elaborated by a Leica FW4000 deconvolution software
(Leica, Solms, Germany) at 63 x magnification. TIFs images were acquired with a Zeiss
LSM confocal laser scanner (Zeiss, Jena, Germany) at 63 x magnification.

3.11. TERRA Real-Time gPCR

Real-time qPCR analysis of TERRA was performed as described [89]. Briefly, RNA
was extracted from cells with an RNAeasy mini kit (Quiagen, Hilden, Germany) and
accurately digested with the RNase-free DNase set (Quiagen, Hilden, Germany). Then,
RNA quality was checked on FA gel electrophoresis and amplified in real-time PCR assay
with subtelomere specific primers with a 7900HT Fast Real Time PCR System (Applied
Biosystem, Waltham, MA, USA).

4. Conclusions

Targeting noncanonical nucleic acid structures such as G4s is an appealing opportunity
for drug intervention in anticancer therapy. Indeed, these unusual arrangements, and in
particular their structural conversions, appear to play roles in regulating some important
disease-related biological processes. Low-molecular-weight compounds affecting nucleic
acid conformational equilibria by preferentially binding to a given form could, therefore,
represent a real chance for therapeutic applications. Besides regulating telomerase ac-
tivity and protecting chromosome ends from telomere degradation, G4-forming TERRA
RNA also takes part in heterochromatin formation and homologous recombination, thus
representing a valuable therapeutic target. Herein, the application of a virtual screening
approach in tandem with experimental screening via CD melting assay succeeded in the
identification of a new hit compound (BPBA) as a binder of TERRA G4. The in vitro G4
binding properties of this compound were characterized by several biophysical assays
(CD, FRET, FID, and MST). CD and FRET melting assays, as well as MST experiments,
revealed that BPBA features high selectivity toward G4s, being its binding to duplex DNA
negligible. Furthermore, TO-FID and MST experiments showed that BPBA has enhanced
binding affinity towards TERRA G4 vs. other G4-forming DNA sequences present along
the human genome. The examination of the molecular structure of BPBA compared to
other screened compounds suggests that its preferable binding properties may be due to
the presence of two benzoimidazole units connected by an aniline residue. This molecular
arrangement, which is present only in this compound, gives the molecule extensive pla-
narity, and probably also allows for the optimal distribution of polar groups for interaction
with TERRA G4.

Biological characterization demonstrated that BPBA can bind and stabilize in cellulo
TERRA IncRNAs, probably by sequestering them from the physiological turnover cell
machinery. Moreover, TERRA stabilization induced a DDR, putatively by displacing
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TERRA from telomeric DNA. Indeed, TERRA physically interacts with telomeric chromatin
by forming DNA:RNA hybrids that are required for telomere homeostasis, especially in
ALT cells such as U20S, where TERRA downregulation causes the formation of TIFs [85].
In agreement with this, DDR activation prevalently occurs in U20S cells, where BPBA also
has the highest cytotoxic effect.

Overall, this study demonstrates that it is possible to identify TERRA G4 binders
with potential pharmacological effects, thus paving the way for the search of new RNA-
targeting drug candidates. A relevant percentage of human tumors (around 15%) possess
ALT mechanisms for telomere elongation that correlate with high TERRA expression. These
tumors are prevalently of mesenchymal origin. They are characterized by high genetic
instability, and, in many histotypes, ALT positivity is associated with worse prognosis [90].
In this regard, TERRA G4 ligands could represent an effective pharmacological strategy to
hit this class of tumors.
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ALT Alternative lengthening of telomeres
CD Circular dichroism

DDR DNA damage response

EB Ethidium bromide

FID Fluorescent intercalator displacement
FISH Fluorescence in situ hybridization
FRET Forster resonance energy transfer
G4 G-quadruplex

LncRNAs  Long noncoding RNAs

MST Microscale thermophoresis

TERRA Telomere repeat containing RNA
TIF Telomere dysfunction-induced foci

TO Thiazole orange
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ABSTRACT: G-quadruplex (G4) ligands are investigated to discover new anticancer [ Hydrazone derivatives G-quadruplex
drugs with increased cell-killing potency. These ligands can induce genome instability - &%

and activate innate immune genes at non-cytotoxic doses, opening the discovery of HQNQQT‘F@NZI - N S rwa Pol I
cytostatic immune-stimulating ligands. However, the interplay of G4 affinity/selectivity S PRVA
with cytotoxicity and immune gene activation is not well-understood. We investigated ! R loop i

a series of closely related hydrazone derivatives to define the molecular bases of
immune-stimulation activity. Although they are closely related to each other, such
derivatives differ in G4 affinity, cytotoxicity, genome instability, and immune gene
activation. Our findings show that G4 affinity of ligands is a critical feature for immune | o -
gene activation, whereas a high cytotoxic potency interferes with it. The balance of G4 | [/ /" — o
stabilization versus cytotoxicity can determine the level of immune gene activation in B
cancer cells. Thus, we propose a new rationale based on low cell-killing potency and \ '

J

!

~
cancer cells

Interferon B

v
micronucleus

high immune stimulation to discover effective anticancer G4 ligands.

B INTRODUCTION

G-quadruplex (G4) ligands are actively investigated to discover
new effective anticancer drugs as G4s, non-canonical DNA
structures, are considered promising targets.'”* Despite the
large number of specific ligands developed, none has however
shown efficacy in cancer patients and very few have reached
early phases of clinical trials.”° In line with the standard drug
discovery rationale, several laboratories have previously
searched for G4 binders with a high cell-killing potency.' ™
Interestingly, we have recently demonstrated that the G4
binders pyridostatin (PDS) and PhenDC3 can effectively elicit
an innate immune gene response [activation of interferon f
(IFN-B) gene and IFN-B-dependent pathways] in human
cancer cells, mediated by micronuclei accumulation at non-
cytotoxic concentrations.” As recent advances clearly point to
the potential of harnessing innate immunity for cancer
immunotherapy,”™'> non-cytotoxic immune-modulators may
optimize immunotherapy in unresponsive cancers while having
a marginal toxicity against proliferating normal cells. Thus, our
recent findings” indicate that G4 ligands may be exploited as
cytostatic immune-stimulating agents for anticancer immune-
therapeutic combinations.” In particular, G4 binders can
increase micronuclei,”'>'* which can be a source of
cytoplasmic DNA that is able to induce the cGAS—STING
pathway and activate innate immune genes.7’15’16 However, the
relationships among G4 affinity/selectivity, cell-killing potency,

© 2022 The Authors. Published by
American Chemical Society

7 ACS Publications

and genome instability determining a high level of immune
gene activation by G4 ligands remains to be established.
Here, to answer this question, we have focused on a highly
homogenous series of new compounds able to selectively
target G4s. In 2010, some of us identified FG (Chart 1), a bis-
guanylhydrazone derivative of diimidazo[1,2-a:1,2-c]-
pyrimidine, as a potent and selective G4 stabilizer.'” Then,
we identified highly selective analogues with a preference for
parallel G4 topology and ability to stabilize G4s in living cancer

Chart 1. Chemical Structures of the Lead Compounds FG
and FIM (1 and 3 by Amato et al.,'® respectively)

%&@ % W)

HN-N
FIM
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Chart 2. Chemical Structures of New FG and FIM Derivatives Synthesized in This Study

Ry
Ry { 51\ /{:
6 1-20
Phe = @ MePhe = OCHs ClPhe = OCI TioPhe = —@
NH N
Gua = VN\NJ\NHZ Imidaz = VN\NJI\} Formyl = Ao HydroxyMe = ~OH
H H H
Comp Ri R: Rs R4
1 Phe Gua MePhe Gua
2 Phe Imidaz MePhe Imidaz
3 MePhe Gua Phe Gua
4 MePhe Imidaz Phe Imidaz
5 MePhe Gua MePhe Gua
6 MePhe Imidaz MePhe Imidaz
7 Phe Gua CIPhe Gua
8 Phe Imidaz CIPhe Imidaz
9 CIPhe Gua Phe Gua
10 ClPhe Imidaz Phe Imidaz
11 CIPhe Gua CIPhe Gua
12 CIPhe Imidaz CIPhe Imidaz
13 TioPhe Imidaz TioPhe Imidaz
14 MePhe Formyl MePhe Imidaz
15 Phe Formyl Phe Gua
16 TioPhe Formyl TioPhe Gua
17 MePhe Formyl Phe Gua
18 MePhe Formyl MePhe Gua
19 Phe HydroxyMe Phe Imidaz
20 Phe HydroxyMe Phe Gua
cells,"” including FG and FIM (compounds 1 and 3 by Amato B RESULTS

et al,'® respectively, Chart 1). The results established the
diimidazo[1,2-a:1,2-c]pyrimidine core as a scaffold of selective
G#4 ligands and showed that both the iminoguanidine (Gua)
and hydrazinoimidazoline (Imidaz) nitrogen chains are
effective in achieving G4 binding properties. Then, FG was
shown to induce DNA damage and micronuclei in human
osteosarcoma U208 cells in an R loop-dependent manner."

As these agents are specific and effective G4 binders, we
have now synthesized new close derivatives of FG and FIM to
investigate the structural features eliciting a high immune gene
activation relative to the cell-killing potency. The findings show
that a proper balance between G4 affinity/selectivity and
cytotoxicity is critical for immune gene activation in cancer
cells.

Design of New Hydrazone-Based Compounds. In
order to improve affinity and selectivity toward G4 structures
and finely tune the biological effects of close FG and FIM
analogues, we designed and synthesized a new series of
molecules having different electron distribution and similar
steric hindrance. For this purpose, the diimidazo[1,2-a:1,2-
c]pyrimidine core was maintained unaltered and a chlorine or a
methyl group was inserted at the para position of one or both
the pending phenyl rings. In fact, chlorine and methyl have
almost the same steric hindrance but opposite inductive effects,
methyl being an electron donor group while chlorine has an
electron withdrawing inductive effect. Both Gua and Imidaz
moieties were considered as positively charged chains, either to
obtain FG analogues (compounds 1—12, Chart 2) or FIM

https://doi.org/10.1021/acs.jmedchem.2c00772
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Table 1. Compound-Induced Thermal Stabilization of G4 and haipin structures Measured by CD Melting Experiments

AT, (°C)*

Comp tel,g c-kitl c-kit2
FG’ —4.5 >15.0 >20

1 4.8 (0.2) 182 (£0.2) >307

2 5.3 (£0.2) 152 (£0.2) >307

3 6.3 (+0.4) 25.2 (£0.5) >30¢

4 6.2 (+0.2) 21.4 (+0.4) >307

5 5.5 (+0.2) 18.5 (+0.3) >307

6 4.5 (+0.3) 17.1 (+0.2) 26.5 (+0.4)
7 5.0 (+0.2) 214 (+0.4) >307

8 6.3 (+0.2) 15.5 (+0.3) 22.0 (+0.3)
9 8.3 (+0.2) 20.1 (+0.3) >307

10 6.6 (+0.2) 17.7 (£0.3) 19.2 (£0.3)
11 4.1 (£0.4) 111 (£0.2) >307

12 3.3 (£0.2) 9.6 (+0.2) 13.7 (£0.3)
13 3.8 (+0.3) 10.3 (+0.2) 14.9 (+0.3)
FIM” -3.0 2.7 9.5

14 1.3 (+0.2) 3.8 (+0.2) 6.8 (+0.2)
15 43 (+0.2) 11.2 (+0.2) 24.2 (+0.4)
16 4.8 (+0.3) 16.1 (£0.2) 25.2 (+0.3)
17 3.8 (+0.2) 6.6 (+0.3) 20.8 (£0.5)
18 2.1 (+0.2) 6.1 (+0.2) 16.2 (+0.2)
19 2.0 (£0.2) 7.1 (£0.2) 14.7 (+0.3)
20 1.8 (+0.3) 9.7 (£0.2) 18.6 (+0.4)

c-myc hairpin no. of positive charges
>20 0.1° 2
16.9 (+0.2) 1.3 (+0.3) 2
9.1 (+0.3) 1.1 (+£04) 2
16.9 (+£0.4) 3.2 (+0.3) 2
13.1 (+0.6) 22 (+0.2) 2
15.6 (£0.2) 4.1 (+0.3) 2
8.5 (+0.2) 24 (+0.2) 2
17.6 (£0.4) 2.3 (+0.2) 2
7.4 (+0.3) 1.2 (+0.4) 2
14.3 (£0.2) 2.6 (+0.2) 2
10.6 (£0.3) 1.2 (+£0.3) 2
11.4 (+0.2) 2.9 (£0.2) 2
5.5 (+0.2) 3.5 (+0.2) 2
4.7 (x0.2) 2.0 (£0.2) 2
>20 —0.8° 1
1.5 (+0.2) 0.0 (+0.3) 1
5.8 (£0.3) 1.7 (x0.2) 1
9.1 (+0.3) 2.7 (+0.2) 1
3.1 (+0.2) 1.2 (+0.2) 1
4.6 (£0.2) 2.3 (£0.3) 1
1.7 (x0.2) 1.3 (+0.2) 1
2.8 (+0.2) 2.3 (+0.3) 1

“AT), , represents the difference in melting temperature [AT, , = T, ,, (DNA + 2 ligand equiv) — T/, (DNA)]. The T, values of DNA alone are:
c-kitl = 54.0 + 0.5 °C, c-kit2 = 61.5 & 0.5 °C, c-myc = 72.0 + 0.5 °C, tel,s = 47.9 + 0.5 °C, and hairpin = 75.4 + 0.2 °C. All experiments were
performed in duplicate, and the reported values are the average of two measurements. ®Data from ref 18. ‘A self-complementary 12-mer duplex-
forming sequence was used as a duplex model. 9AT1/2 could not be accurately determined as the compound increases hugely the thermal stability

of c-kit2.

analogues (compounds 14—18, Chart 2). In addition, since an
FG analogue bearing thiophenes instead of phenyl groups
proved to be a good G4 binder,"® we also considered this kind
of modification along with the replacement of the Gua chains
with the Imidaz ones (compound 13, Chart 2). Finally, the
formyl group of FIM was replaced with a primary alcohol
group, which is able to either accept or donate hydrogen bonds
(compounds 19 and 20, Chart 2). The complete synthesis of
the derivatives is described in Supporting Information
(Scheme S1 and Table S1).

Circular Dichroism Experiments. The stabilizing effects
of compounds 1—20 on G4 structures formed by the G-rich
DNA sequences from the nuclease hypersensitive region of the
c-KIT (c-kitl and c-kit2) and c-MYC (c-myc) gene promoters
as well as from the human telomeric sequence (tel,;) were
analyzed by circular dichroism (CD) melting experiments.
These DNA sequences were chosen for their ability to adopt
different G4 topologies, characterized by parallel (c-kitl, c-kit2,
and ¢-myc) or hybrid (tel,;) arrangements.”~>" Consistently,
CD spectra of c-kitl, c-kit2, and c-myc displayed a positive band
at 264 nm and a negative one around 240 nm (Figure S1),
which are characteristics of parallel-stranded G4 topologies.””
On the other hand, tel,; showed a positive band at 290 with a
shoulder at ca. 268 nm and a weak negative band at around
240 nm (Figure S1), confirming the presence of a hybrid
structure as the main conformation. A 27 residue-long hairpin-
forming oligonucleotide (hairpin) was also used to evaluate the
selectivity of the new analogues for G4s over a duplex. CD
spectra of hairpin showed a positive band at around 280 nm
and a negative one at ~250 nm, confirming the formation of a
duplex (Figure S1). Additional CD spectra were recorded to

12057

examine the potential of compounds 1—20 to modify the
native folding topology of these G4s. DNA/ligand mixtures
were prepared by adding each ligand (2 molar equiv) to folded
G4 or hairpin structures. No significant variations in the CD
signal were observed for any of the analyzed DNA structures
(Figures S2—S6), suggesting no G4 topology changes upon
addition of compounds. Then, their ability to bind and
stabilize the DNA structures was evaluated by CD melting
experiments measuring the compound-induced change in the
apparent melting temperature (AT,,) of G4 and duplex
structures. CD melting curves of DNA with and without each
ligand were obtained by following the variations of the
intensity of the CD signals at 264, 290, and 252 nm for parallel
Gé4s, hybrid G4, and duplex, respectively (Figures S7—S11).
The results show that all compounds are good G4 stabilizers
(with one exception, 14) showing a higher preference for
parallel than hybrid G4s (Table 1). In addition, as expected for
ligands having the same core but different numbers of positive
charges, the greater the charge number, the stronger the
stabilizing effect on G4s (Table 1). However, compound
interactions with dsDNA (hairpin) were also slightly increased
by positive charges (Table 1). Thus, to assess the selectivity for
G4 structures of this series of compounds, we selected the
analogues showing a strong stabilizing effect on at least two
G#4s and a negligible effect (AT,/, < 2.0 °C) on the hairpin,
that is, compounds 1, 2, 8, and 10 among those with two
positively charged side chains and 15, 19, and 20 among those
with a positive charge only.

FRET Melting Experiments. The Forster resonance
energy transfer (FRET) methodology™ was used to further
evaluate G4-stabilizing properties and G4 versus duplex

https://doi.org/10.1021/acs.jmedchem.2c00772
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selectivity of 1, 2, 8, 10, 15, 19, and 20. In this assay, the G4-
forming c-kitl oligonucleotide labeled with FAM (F) and
TAMRA (T) at the 5" and 3’ ends, respectively, was employed
(F-c-kitl-T) since, among the G4s more stabilized by these
ligands, c-kitl is the one that has the lowest T/, value, thus
allowing to better estimate the stabilizing properties of
different ligands and evaluate their ability to discriminate
between G4 and duplex structures. Indeed, as the target G4
was the only labeled molecule, it was possible to evaluate the
ligand selectivity by adding a large excess of the hairpin
oligonucleotide (unlabeled competitor). Therefore, the ability
of the investigated compounds to selectively stabilize the G4
was evaluated by measuring the effect of the presence of
various concentrations of the competitor on the AT, of the
G4 in the presence of 2 molar equiv of each ligand. Results of
these experiments (Figure S12 and Table 2) confirm that the

Table 2. G4 Selectivity of the Selected Compounds”

ATy, (°C)°
F-c-kitl-T + hairpin F-ckit]-T + hairpin
Comp  F-c-kitl-T (1:15) (1:50)
1 25.4 (+0.5) 22.2 (£0.5) 19.2 (+0.5)
2 22.4 (£0.5) 21.4 (£0.5) 20.2 (£0.5)
8 24.6 (+0.5) 21.4 (£0.5) 19.6 (£0.5)
10 26.6 (0.5) 24.8 (£0.5) 23.8 (+0.5)
15 220 (%1.0) 21.6 (+1.0) 222 (£1.0)
19 8.0 (+0.4) 7.8 (+£0.4) 8.4 (+0.4)
20 10.0 (+0.4) 11.1 (£0.5) 12.1 (x0.5)

“G4/dsDNA competition determined by ligand-induced thermal
stabilization of F-c-kit1-T G4 measured by FRET. AT, values are the
differences between the T/, of F-c-kitl-T in the presence (2 molar
equiv) and absence of the ligands, without or with large excess of
unlabeled hairpin (15 and 50 molar equiv with respect to G4). “The
T, , of F-ckit1-T is 57.4 (+0.2) °C. All experiments were performed at
least in duplicate, and the reported values are the average of the
measurements. The differences between results of CD and FRET
melting experiments could be explained with different DNA
sequences and/or experimental conditions.

selected compounds are efficient G4 stabilizers. However, in
the case of compounds 1, 2, 8, and 10 (carrying two positively
charged side chains), G4/ ligand interaction turned out to be
somewhat challenged by the hairpin sequence being added in
excess. This does not happen for 15, 19, and 20, meaning that
these compounds are more selective for G4 than the former.
Fluorescence Intercalator Displacement Assay. To
gain insight into the affinity of the selected compounds for
G#s, fluorescence intercalator displacement (G4-FID) experi-
ments were performed by using the light-up fluorescent probe
thiazole orange (TO), which binds to the DNA structure of
interest.”* The competitive displacement of TO from DNA by
candidate ligands was monitored, thus enabling the determi-
nation of their relative binding affinity to the structures under
examination, namely, c-kitl, c-kit2, and c-myc G4s, which were
selected as they turned out to be those most stabilized by the
ligands. Dose—response curves were obtained by plotting the
percentage of TO displacement versus the concentration of
each compound (Figure S13), and the concentrations at which
50% displacement was achieved (DCs,) were calculated. The
lower the DCy, value, the higher should be the affinity of the
compound for the DNA structure. Results of G4-FID assay
(Table 3) indicate a good TO displacement ability for
compounds 1, 2, 8, and 10. These ligands exhibited almost

Table 3. Ligand DCg, Values for c-kitl, c-kit2, and c-myc G4s
Determined with G4-FID Assay

DCs, (M)
Comp c-kitl c-kit2 c-myc
1 14 14 1.6
2 13 12 13
8 2.7 1.7 1.8
10 1.2 1.4 13

“The error in DCg, values is +5%.

similar results for the investigated parallel G4s, suggesting that
ligand/G4 interaction is not sequence-specific. On the other
hand, compounds 15, 19, and 20 were not able to reach 50%
displacement in any case, suggesting that FIM derivatives have
a lower affinity for G4s than FG ones. Therefore, the TO-
displacing ability seems to be in direct correlation with the
number of positive charges on the ligands: the highly cationic
molecules are the most efficient TO displacers. As for 185, the
apparent discrepancy between the results of G4-FID assay and
melting experiments (CD and FRET) could also be explained
considering that this ligand may bind to G4s without strictly
competing with the TO.*

Microscale Thermophoresis Assay. Quantitative data on
the binding affinity of 1, 2, 8, 10, 15, 19, and 20 for the
selected G4s were obtained by microscale thermophoresis
(MST), which is a powerful method for the quantitative
analysis of the interactions between small molecules and
nucleic acids in solution.”® To perform MST experiments, one
of the binding partners must be fluorescent (either intrinsically
fluorescent or conjugated to a given fluorophore). Therefore,
serial dilutions of ligands were prepared, mixed with a constant
concentration of CyS.5-labeled G4s (c-kitl, c-kit2, and c-myc),
and analyzed by MST. Results of the binding curves showed
that the compounds bind to G4s with different affinity (Table
4 and Figures S14—S16). In particular, compounds showed

Table 4. Equilibrium Dissociation Constants for the
Binding of the Ligands to c-kitl, c-kit2, and c-myc G4s
Obtained by MST Experiments”

Ky (uM)

Comp c-kitl c-kit2 c-myc
1 0.03 + 0.01 0.04 £+ 0.01 1.5 £ 04
2 0.12 + 0.02 0.13 + 0.02 n.d.
8 0.38 + 0.09 0.49 + 0.09 3.0+ 1.0
10 0.07 = 0.02 0.50 + 0.04 1.2 + 04
15 0.30 + 0.04 0.37 £ 0.03 7.0 £ 1.0
19 8.0 +£ 2.0 25 +03 371
20 2.0 £ 02 1.3 £02 8.0+ 3.1

“Dissociation constant values were obtained with MST experiments.
Comp, compound. n.d,, not determined.

higher affinity values for c-kitl and c-kit2 than for c-myc, and a
slight preference for c-kitl over c-kit2, except for 19 and 20.
Noteworthy, compound 1 turned out to be the strongest G4
binder of the series, showing Kj values in the nanomolar range
for the interaction with c-kitl and c-kit2 [K; = 0.03 and 0.04
UM, respectively], while 19 and 20 turned out to be the worst
of the series in terms of affinity for G4s.

Cytotoxicity of Selected Hydrazone Derivatives. Next,
we determined the cytotoxic potencies of compounds with two
(FG, 1, 2, and 8) or one (FIM, 15, 19, and 20) positively
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charged chain in human osteosarcoma U20S and murine
fibrosarcoma MNMCALI cells following 24 h of treatments by
using PDS as a reference compound (Table 5). We selected

Table 5. Cytotoxic Potency of Selected Hydrazone
Derivatives”

Comp human U208 murine MNMCA1

FG 159 + 1.2° nd.

1 46.8 + 12.7 385+ 5.8
108.3 + 35.4 28.6 + 8.4

8 202 + 1.0 23.5 + 5.1

FIM 4.0 + 033 2.3 + 092

15 2.6 + 0.87 1.9 + 0.33

19 245+ 12 121 + 2.5

20 143 + 9.3 35.7 + 0.67

PDS >50° 27.0 + 16.0

“Data are IC, (4M, concentration inhibiting 50% of cell growth) of
each compound in human osteosarcoma U20S cells and murine
fibrosarcoma MNMCAL cells. Treatments were for 24 h in
exponentially growing cells. Cell survival was evaluated with the
MTT test after 48 h of cell recovery in drug-free medium. ICs, values
are means + SEM of two independent experiments performed in
L b .
triplicate. “See ref 13. n.d., not determined.

these two lines as the former has been used in several G4
studies, included ours,"*'*'® and the latter murine line is
known to produce high levels of IFN-B.>” The results show
that FIM and 15, both bearing an aldehyde moiety, are the
most cytotoxic compounds among those analyzed (Table ).
In particular, they exhibited ICg, values around 6-fold and 5—
18-fold higher than those of 19 and 20, respectively, indicating
that an aldehyde moiety confers a greater cytotoxicity than an
alcohol group. Among the FG analogues, 8 is more cytotoxic
than 1 and 2. The compounds have similar ICy, in both the
two lines; however, imino-guanidine chains confer around
twofold higher cytotoxic activity than 2-hydrazino-2-imidazo-
line chains in humans but not in murine cells (compare 1 vs 2,
and 20 vs 19, Table S). To better define the interplay among
G4 affinity/selectivity, G4 stabilization in cells, induction of
genome instability and activation of IFN-B, FG and FIM
analogues were discussed separately. The tested analogues
show similar cytotoxic potency in normal human MRCS
fibroblasts (Table S2) as expected for a cell assay which
measures cell-killing effects against proliferative cells.

G4 Stabilization and DNA Damage by Hydrazone
Derivatives with Two Side Chains. Next, we have evaluated
cellular effects of closely related analogues starting with
compounds 1, 2, and 8, which have two positively charged
side chains (Figure 1). We used an immunofluorescence (IF)
assay to determine their ability to stabilize G4 structures in
U208 cells usinSg the BG4 antibody, which specifically binds to
G4 structures,"”*® and PDS as the positive control.'” The
results (Figure 1A) show that 1 and 2 can stabilize G4
structures (around 2.4-fold increase) in living cells whereas
compound 8 was ineffective (0.77-fold change). Analogues 1
and 2 showed a G4 stabilization in vivo similar to that of PDS
(Figure 1A) and much higher than that of 8, suggesting that
the latter has other or additional cytotoxic mechanisms.
Overall, these results agree with a higher ligand-induced G4
thermal stabilization observed for analogues 1 and 2 than that
for 8, particularly for c-kit2 and c-myc G4s (Tables 1 and 3).
The complete lack of G4 stabilization with 8 in nuclei suggests

that G4 binding in living cells may be affected by interactions
with other cellular components.

Next, we determined DNA damage induced by 1, 2, and 8
by evaluating the levels of S139-phosphorylated histone H2AX
(yH2AX) (Figure 1B). We treated U20S cancer cells with
compounds for 24 h, at equal cytotoxic concentrations. PDS
(10 M) was used a reference compound.'’ The results show
that 2 and 8 increased yH2AX foci levels (1.45- and 1.37-fold
increase, respectively) whereas 1 did not. Thus, as 8 can induce
DNA damage (Figure 1B) even without stabilizing G4s in cell
(Figure 1A), while compound 2 induces G4 stabilization, it is
reasonable to speculate that the cytotoxicity mechanism is
likely different between the two compounds. On the other
hand, G4 stabilization may lead to different levels of DNA
damage, likely depending on in vivo G4 targeting. In contrast to
2, compound 1 stabilizes G4 structures in cells (Figure 1A) but
does not promote DNA damage (Figure 1B).

Micronuclei and IFN-B Activation by Hydrazone
Derivatives with Two Side Chains. As non-cytotoxic
doses of G4 binders, PDS and PhenDC3, can activate IFN-
B-dependent pathways through micronuclei induction in
human cancer cells,” we next ask if the new analogues can
also affect immune gene expression in cancer cells. First, we
determined the induction of micronuclei. 1, 2, and 8 at similar
cytotoxic concentrations (15 M, corresponding to 0.4—0.65
of their ICys) can induce almost the same micronuclei levels
in MNMCAL1 cells but less than those of PDS (Figure 1C).
Then, we measured the amount of IFN-B secreted by murine
MNMCAL1 cells into the medium with ELISA assay. In
agreement with experimental conditions reported for PDS
previously,” murine cells were treated for 24 h with two
concentrations (15 and 30 yuM) of compounds and then
allowed to recover for 2 days in fresh medium (Figure 1D).
The results show that PDS induced higher IFN-B levels than
the tested analogues, consistently with higher numbers of PDS-
stimulated micronuclei. Among the studied analogues, 1 was
more effective in the induction of IFN-B than 2, whereas 8 was
completely ineffective (Figure 1D). In particular, 1 induced
IEN-B production at higher levels at non-cytotoxic concen-
trations (15 uM) and 8 was ineffective even at concentrations
higher (30 uM) than the IC;, (Figure 1D and Table $). Thus,
compound 1, which induces in vivo G4 stabilization without
promoting DNA damage, can activate IFN-B gene expression
at non-cytotoxic concentrations.

G4 Stabilization and DNA Damage by Hydrazone
Derivatives with One Side Chain. Next, we have evaluated
cellular effects of closely related analogues with one positively
charged side chain, FIM, 15, 19, and 20. Although these
analogues showed a markedly decreased affinity for the tested
G4 structures with respect to two positively charged analogues
(Tables 1—3), their cytotoxic potencies are equal or higher
than those of the latter (Table 5). Therefore, we asked whether
FIM analogues could trigger G4 stabilization and DNA
damage similar to FG analogues. The results show that they
are all good G#4 stabilizers in living cells (Figure 2A). 15 and
20 induced a somewhat higher stabilization (2.32—2.45-fold
change) than FIM and 19 (1.55—1.91-fold change), indicating
that the Gua moiety favors G4—ligand interactions better than
the 2-hydrazino-2-imidazoline group (see also Table 1)
probably due to its higher flexibility. Then, we investigated
the ability of these analogues to induce DNA damage under
the experimental conditions described above for FG analogues.
The results show that these analogues increased yH2AX levels
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Figure 1. G4 stabilization, DNA damage, and IFN-B stimulation induced by FG derivatives. (A) Quantification of fluorescence signals of BG4 foci
in U20S cells being treated for 10 min with PDS or FG derivatives (compounds 1, 2, and 8) at 10 #M concentration. The graph shows the fold
increase reported as the mean + SEM of three biological replicates, and the IF representative images are reported (left). (B) Quantification of
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Figure 1. continued

fluorescence signals of yH2AX in U20S cells being treated with PDS (10 uM) and FG derivatives at ICy, concentrations (46, 100, and 20 yM for
1, 2, and 8, respectively) for 24 h of treatment. The graph shows the fold increase reported as the median + SEM of two biological replicates and
the IF representative images are reported (left). (C) Micronuclei quantification by DAPI staining in MNMCAL cells treated (15 4M) after 24 h of
treatment followed by 24 h of drug-free recovery. PDS (10 uM)-treated cells are also shown. The graph shows the mean + SEM of two biological
replicates, and the IF representative images are reported (left). Above the bar chart, the p-value are reported. The scale bar is 10 ym. (D)
Quantification of IFN-B produced by MNMCAL cells treated with FG derivatives at different concentrations (15 and 30 uM). PDS (10 uM)-
treated cells are also shown. The IFN-B detection was performed with ELISA assay after 24 h of compounds treatment followed by 48 h of
recovery. The bar chart reports the mean + SEM of three biological replicates. Significance in all the graph was calculated by Mann—Witney test

(*p < 0.05, **p > 0.01, ***p > 0.001, and **¥¥p < 0.0001).

at similar levels in cancer cells, even though 15 was somewhat
less effective (Figure 2B). As FIM and 15 were more cytotoxic
than 19 and 20, DNA damage features of the former are likely
more lethal than those of the latter.

Micronuclei and IFN-B Activation by Hydrazone
Derivatives with One Side Chain. Similar to FG analogues
(Figure 1), we then tested the FIM analogues for the induction
of micronuclei and the activation of IFN-B genes in murine
MNMCAL cells by using sub-cytotoxic concentrations (Figure
2C,D). The results show that FIM, 15, 19, and 20 induced a
2.5—4.0-fold increase in micronuclei levels in comparison to
untreated cells with little difference among them (Figure 2C).
Overall, the FIM analogues did not affect significantly IFN-B
expression, showing a low, if any, with a maximum of less than
twofold change for FIM (Figure 2D). No difference was
observed between derivatives bearing Gua or 2-hydrazino-2-
imidazoline groups as chains. Overall, the results indicate that
analogues with one positively charged side chain were less
effective in activating the IFN-B gene expression than the two
positively charged analogues (Figure 1). The effect on gene
expression was thus correlated with G4 affinity of the studied
analogues.

B DISCUSSION

Hydrazone-based compounds, including FG and FIM (Chart
1), are known to have a high selectivity for G4 structures
relative to duplex DNA and to induce DNA damage and
genome instability.'”'”'® Here, we provide evidence that these
agents can activate IFN-B gene expression in cancer cells at
non-cytotoxic doses, therefore pointing to the exploitation of
hydrazone-based G4 ligands as immunomodulating agents. In
particular, 1 can be considered as a core structure for further
analyses aiming at establishing a hit ligand with immune-
stimulating anticancer activity.

In vivo G4 selectivity of structurally different G4 ligands is
substantially unknown as the number and types of G4
structures in a living cell can be very high.”™ In addition, a
ligand can have more molecular interactions affecting its
biological outcome, in particular the cell-killing potency. Thus,
our present investigation has been focused on very closely
related analogues to minimize putative variations of unpredict-
able molecular interactions. In particular, a new series of FG
and FIM having different electron distribution and similar
steric hindrance were designed and synthesized. For this
purpose, the diimidazo[1,2-a:1,2-c]pyrimidine core was
maintained unaltered and a chlorine or a methyl group was
inserted at the para-position of one or both the pending phenyl
rings. In fact, chlorine and methyl have almost the same steric
hindrance but opposite inductive effects, methyl being an
electron donor group while chlorine has an electron-with-
drawing inductive effect. Both Gua and Imidaz moieties were

considered as positively charged chains, either to obtain FG
analogues (compounds 1—12, Chart 2) or FIM analogues
(compounds 14—18). In addition, since an FG analogue
bearing thiophenes instead of the phenyl groups proved to be a
good G4 binder,'* we also considered this kind of modification
along with the replacement of the Gua chains with Imidaz ones
(compound 13). Finally, the formyl group of FIM was
replaced with a primary alcohol group, which is able to either
accept or donate hydrogen bonds (compounds 19 and 20).

The G4 binding properties of 1—20 in terms of either G4
stabilization, affinity, and selectivity over the duplex structure
were measured by means of several biophysical techniques,
including CD, G4-FID, MST, and competition FRET-melting.
We used the results of CD melting experiments to select the
best binders from FG and FIM series. In particular, the ligands
were chosen on the basis of their selectivity for G4 over the
duplex, that is, those compounds showing the most negligible
effects on the hairpin—duplex model (compounds 1, 2, 8, and
10 belonging to the FG series; 15 and 17 belonging to the
FIM series and exhibiting the formyl group; and 19 and 20 in
which the formyl group of FIM is reduced to the
corresponding hydroxyl group). Next, among these com-
pounds, we selected, within each series, those that showed the
greatest stabilizing effects on at least two G4s and differed in
the presence of Gua or Imidaz pendant groups, that is,
compounds 1 and 2 as FG analogues (with Gua and Imidaz
substituents, respectively), compound 15 among the FIM
derivatives (with a formyl group in R, and a Gua substituent in
R,), and compounds 19 and 20 among the hydroxyl group-
containing FIM derivatives (carrying a Gua and an Imidaz
pendant group in R,, respectively). Since compounds 8 and 10
belonging to the FG series also showed good stabilizing
properties on the investigated G4s, we decided to include them
in further biophysical assays aimed at assessing the selectivity
of the ligands (FRET) and their affinity for G4s (G4-FID
assay).

The results of these studies confirmed that compounds 1, 2,
8, 10, and 15 are stronger G4 stabilizers than 19 and 20, and
revealed that compounds with one positively charged side
chain (ie, 15, 19, and 20) have less affinity for G4s but are
more selective binders compared to those having two
positively charged side chains (1, 2, 8, and 10), with
compounds 1, 2, and 10 being the most efficient TO
displacers. Despite the high chemical similarity between 8
and 10 (they differ in the inversion of the Phe and ClPhe
substituents in R, and R;), only compound 10 performed
similarly to 1 and 2, while compound 8 showed a slightly lower
G4 affinity. These results were also confirmed by MST
experiments, which allowed to evaluate the affinity of the
ligands for the G4s. Indeed, compound 1 turned out to be the
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Figure 2. G4 stabilization, DNA damage, and IFN-B stimulation induced by FIM derivatives. (A) Quantification of fluorescence signals of BG4 foci
in U20S cells treated for 10 min with PDS or FIM derivatives at 10 M concentration. Graphs show the fold increase reported as the mean + SEM
of three biological replicates. The images are representative of IF assays performed at reported concentrations (left). (B) Quantification of
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Figure 2. continued

fluorescence signals of yH2AX in U20S cells treated with PDS (10 M) and FIM derivatives at ICy, concentrations (4, 2.5, 24, and 14 uM for
FIM, 15, 19, and 20, respectively). The graph shows the fold increase reported as the median + SEM of two biological replicates, and the IF
representative images are reported (left). (C) Micronuclei quantification by DAPI staining in MNMCAL1 cells treated with 1 uM of compounds
FIM and 15 and S M for the analogues 19 and 20. PDS (10 uM)-treated cells are also shown. Left, the graph shows the mean + SEM of two
biological replicates; right, representative cell images. The scale bar is 10 ym. Above the bar chart, the p-value are reported. (D) Quantification of
IFN-B stimulated at the reported concentration has been detected after 24 h of treatment followed by 48 h of recovery. PDS (10 uM)-treated cells
are also shown. The IFN-B protein levels were detected with ELISA assay. The bar chart reports the mean + SEM of two biological replicates.
Significance in all the graphs was calculated by Mann—Whitney test (¥p < 0.05, **p > 0.01, ***p > 0.001, and ****p < 0.0001).

strongest G4 binder, followed by 2 and 10, while 19 and 20
were the worst of the series.

Based on the whole set of biophysical data, the compounds
were classified according to their affinity for G4s: strong
binders in the case of 1, 2, and 10; moderate binders for 8 and
15; and modest binders for 19 and 20.

Therefore, aimed at defining the interplay between G4
affinity, stabilization in cells, cytotoxicity, and immune-
stimulation activity of these hydrazone-based compounds,
derivatives 1, 2, 8, 15, 19, and 20, having different affinity for
G4s, were selected for the biological investigations.

Interestingly, despite the minimal structural differences
among the FG analogues 1, 2 and 8, they showed interesting
differences in cytotoxic potency, in-cell G4 stabilization, and
IFN-B gene activation. Compound 8 is more cytotoxic than 1
and 2 (Table 5); however, it minimally stabilizes G4 in nuclei
(Figure 1A) and it does not trigger IFN-B production (Figure
1D). On the contrary, 1 shows a high G4 stabilization in vivo
(Figure 1A) and the least cytotoxic potency in murine cells
(Table S), where it triggers a good activation of IFN-B genes
(Figure 1D).

Conversely, FIM analogues bearing the chemically reactive
aldehyde group (FIM and 15) or the hydroxymethyl group
(19 and 20) exhibit a greater cytotoxic potency than FG
derivatives (Table S), with compounds FIM and 15 being the
most cytotoxic compounds of the series. In addition, they are
able to stabilize G4 in cells (Figure 2A) but not able to trigger
IFN-B activation. These data clearly show that a high cytotoxic
ability interferes with the ability of a G4 ligand to activate the
expression of IFN-B genes. Overall, FG analogues, charac-
terized by two side chains, exhibit a markedly higher G4
affinity than that of FIM analogues (Tables 1 and 3), albeit
with a reduction of G4 selectivity (Table 2). As FIM analogues
overall do not activate IFN-B genes (Figure 2D), whereas the
FG analogue 1 does (Figure 1D), we speculate that a high
ligand affinity for G4 may be required for immune gene
activation. FG and FIM analogues can stabilize G4s at similar
levels in nuclear chromatin; however, we do not know whether
G4 structures stabilized by each analogue are the same or not.
Our data indicate that the specific pattern of stabilized G4s
and, likely, the specific time and location may affect the
molecular response to G4 ligand activity.

An important observation was that IFN-B activation was
independent of the level of induced micronuclei (Figures 1 and
2, panels C and D), suggesting that cytosolic DNA from
micronuclei was necessary but not sufficient for immune gene
expression.””*’ Even though the definition of the mechanism
likely needs future investigations, however, the activation of
other cytoplasmic signaling pathways may affect the recog-
nition of micronuclei and activation of the STING path-
way.>*”*" Autophagic processes are known to be activated by
G4 binders™*"** and can regulate the STING pathway through

recyclin§ micronuclei and DNA by forming autophago-
3534 . .

somes. Interestingly, autophagic gene pathways were not
activated at high levels in MCF-7 cells treated with PDS, which
can activate at very high levels the IFN-B gene and other genes
stimulated by IFN-B.” Therefore, differences in autophagic
pathway activation might explain differences in IFN-B
production between analogue 1 and other studied derivatives.

B CONCLUSIONS

Comparing very closely related G4 binders has allowed us to
demonstrate that a proper balance between G4 affinity/
selectivity and cytotoxicity is critical for immune gene
activation, in particular a high G4 aflinity and a relatively
low cytotoxic potency are necessary for a G4 ligand to activate
IFN-B genes in cancer cells (Figure 3). Thus, we propose a
new rationale, based on low cell-killing potency and high G4
affinity, to discover effective anticancer G4 ligands with
immune-stimulation activity.
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Figure 3. Schematic representation of cellular effects of hydrazone
derivatives.

B EXPERIMENTAL SECTION

Compound Synthesis and Materials. The synthesis and NMR
spectra of FG and FIM analogues are reported in Supporting
Information. All compounds are >95% pure by elemental analysis (see
Supporting Information). Controlled pore glass supports, DNA
phosphoramidites, all reagents for oligonucleotide synthesis and
purification, and all other reagents and solvents were purchased from
Merck KGaA (Darmstadt, Germany) and used without further
purification. Dual-labeled FAM/TAMRA oligonucleotides and CyS5.5-
labeled oligonucleotides were purchased from Biomers (Ulm,
Germany).

Oligonucleotide Synthesis and Sample Preparation. The
following deoxyribonucleotide sequences were used in this study:
d(AGG GAG GGC GCT GGG AGG AGG G) (c-kitl), d(CGG
GCG GGC GCT AGG GAG GGT) (c-kit2), d(TGA GGG TGG
GTA GGG TGG GTA A) (c-myc), d(TTA GGG TTA GGG TTA
GGG TTA GGG TT) (tel,s), and d(CGC GAA TTC GCG TTT
CGC GAA TTC GCG) (hairpin). These oligonucleotides were
chemically synthesized on the 1 pmol scale on an ABI 394 DNA/
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RNA synthesizer (Applied Biosystems, CA, USA) by using the
standard p-cyanoethyl phosphoramidite solid-phase chemistry, as
described elsewhere.>” After synthesis, oligonucleotides were detached
from the support and deprotected by treating with an aqueous
solution of concentrated ammonia at 55 °C, for 17 h. The filtrates and
washings, after being combined and concentrated under reduced
pressure, were solubilized in water and purified using a high-
performance liquid chromatography system equipped with a
Nucleogel SAX column (Macherey-Nagel, 1000-8/46), using a 30
min linear gradient from 100% buffer A to 100% buffer B at a flow
rate of 1 mL/min, with buffer A consisting of a 20 mM KH,PO,/
K,HPO, aqueous solution (pH 7.0) and buffer B consisting of 1.0 M
KCl and 20 mM KH,PO,/K,HPO, aqueous solution (pH 7.0). Both
buffer A and B also contained 20% (v/v) CH;CN. The purified
fractions were then desalted by means of C-18 cartridges (Sep-Pak).
The purity of the isolated oligomers was checked by NMR and proved
to be higher than 98%. All oligonucleotides were dissolved in a buffer
solution consisting of S mM KH,PO,/K,HPO, (pH 7.0) and 20 mM
KCI (or LiCl in the case of c-myc because of its high thermal stability).
The concentration of each oligonucleotide was verified by measuring
the UV absorption at 90 °C, considering the appropriate molar
extinction coefficient values & (4 = 260 nm) calculated using the
nearest-neighbor model. > Finally, to achieve the correct folding of
the DNA sequences, oligonucleotide solutions were annealed by
heating at 95 °C for S min followed by a slow cooling to room
temperature and storage overnight at 4 °C.

CD Experiments. CD experiments were performed on a Jasco J-
815 spectropolarimeter equipped with a PTC-423S/1S Peltier
temperature controller. All the spectra were recorded at 20 and 100
°C in the wavelength range of 230—320 nm and averaged over three
scans. A scan rate of 100 nm/min, with a 0.5 s response time and 1
nm bandwidth, was used. The buffer baseline was subtracted from
each spectrum. For the CD experiments, 10 uM G4 and 15 uM
duplex DNA in the absence or presence of 2 molar equiv of ligand
were used. CD spectra were recorded 10 min after ligand addition.
Ligand stock solutions were 10 mM in DMSO. CD melting
experiments were carried out in the 20—100 °C temperature range
at a 1 °C/min heating rate by following the changes in the CD signal
at the wavelengths of the maximum CD intensity (263 nm) for c-kitl,
c-kit2, c-myc, and (287 nm) tel,s G4s, or minimum CD intensity (252
nm) for the hairpin. CD melting experiments were recorded both in
the absence and presence of compounds (2 molar equiv) added to the
folded nucleic acid structures. The apparent melting temperatures
(T,/,) were determined from a curve fit using OriginPro 2021
software (OriginLab Corp., MA, USA). AT, values were determined
as the difference in the T, values of the nucleic acid structures in the
presence and absence of the compounds. Normalization of melting
curves between 0 and 1 was performed to better compare the results.
In cases where the melting process was not completed even at 100 °C
due to an exceptional ligand-induced G4 thermal stabilization, the
relative melting curves were normalized by dividing only by the
maximum.

FRET Melting Experiments. Measurements were carried out on a
Jasco FP-8300 spectrofluorometer equipped with a Peltier temper-
ature controller system (PCT-818) using a dual-labeled G4-forming
sequence FAM-[d(CGG GCG GGC GCT AGG GAG GGT)]-
TAMRA (F-c-kit1-T). The oligonucleotide was dissolved in water at 1
mM, diluted at 1 M using S mM KH,PO,/K,HPO, (pH 7.0)
containing 20 mM KCI, and annealed by heating to 90 °C for S min,
followed by slow cooling to room temperature overnight and storage
at 4 °C for 24 h before data acquisition. Experiments were performed
in sealed quartz cuvettes with a path length of 1 ¢m by using 0.2 M
prefolded F-c-kitI-T target, in the absence and presence of 2 molar
equiv of the ligand and of the duplex competitor at 3 and 10 yM final
concentrations. In addition, an experiment in the absence of
compounds and competitors was also performed. Fluorescence
spectra were acquired before and after melting assay (1S5 and 90
°C, respectively). The dual-labeled oligonucleotide was excited at 492
nm, and emission spectra were recorded between 500 and 650 nm by
using a 100 nm/s scan speed. Excitation and emission slit widths were

both set to 5 nm. FRET melting experiments were performed by
monitoring the emission of FAM at 520 nm (upon excitation at 492
nm), using a heating gradient of 0.2 °C/min over the range 15—90
°C. Emission of FAM was normalized between 0 and 1. Final analysis
of the data was carried out using OriginPro 2021 software.

Fluorescent Intercalator Displacement (G4-FID) Assay. A
solution containing 0.25 uM G4 DNA (c-kit1, c-kit2, or c-myc) and 0.5
M TO in S mM KH,PO,/K,HPO, buffer (pH 7.0) containing 20
mM KCI (or LiCl in the case of c-myc) was prepared in a 1 cm-path
length cell, and the corresponding fluorescence spectrum was
acquired in the absence and presence of increasing concentrations
of selected compounds (1 mM stock solution in DMSO). Each ligand
addition (from 0.5 to 20 molar equiv) was followed by a 3 min
equilibration time before spectrum acquisition. Measurements were
run at 20 °C on a Jasco FP-8300 spectrofluorometer equipped with a
Peltier cell holder (PCT-818), using an excitation wavelength of 485
nm and recording the emission in the 500—650 nm wavelength range.
Both excitation and emission slits were set at S nm. Final analysis of
the data was carried out using OriginPro 2021 software. The
percentage of TO displacement was calculated as follows: TO
displacement (%) = 100 — [(F/F,) X 100], where F, is the
fluorescence in the absence of a ligand and F is the fluorescence after
each ligand addition. The percentage of displacement was then
plotted as a function of the ligand concentration, and DCs, was
calculated as the required concentration to displace 50% TO. Each
titration was performed in duplicate.

Microscale Thermophoresis. MST measurements were per-
formed using a Monolith NT.11S instrument (NanoTemper
Technologies). The CyS.S fluorescently labeled oligonucleotides (c-
kitl, c-kit2, and c-myc) were prepared at 1 uM in S mM KH,PO,/
K,HPO, buffer (pH 7.0) containing 20 mM KCl and annealed as
described above. DNA samples were then diluted using the same
phosphate buffer supplemented with 0.1% Tween. For the MST
experiments, the concentration of the labeled oligonucleotides was
kept constant at 20 nM, while a serial dilution of the ligand (1:2 from
5.0, 40, 160, or 400 uM ligand stock solution) in the same buffer used
for DNAs was prepared and mixed with the oligonucleotide solution
with a volume ratio of 1:1. All the samples, containing 20% DMSO as
the final concentration, were loaded into standard capillaries
(NanoTemper Technologies). Measurements were performed and
analyzed as previously reported.’”

Cell Lines and Treatments. Human osteosarcoma U20S and
murine fibrosarcoma MNMCAL cell lines were grown in monolayer
cultures in Dulbecco’s modified Eagle medium (DMEM) supple-
mented with 10% fetal bovine serum (FBS) (Gibco) and 1% L-
glutamine (Gibco). Human fibroblast lung MRCS cells were grown in
a monolayer culture in DMEM, supplemented with Ham’s F-10
nutrient mix (1:1), 10% FBS, and Pen/Strep 100 pug/mL. All cell lines
were grown in a humidified incubator at 37 °C and 5% of CO,. Cell
line identity was routinely checked by genotyping (BMR Genomics).
Compounds were dissolved in dimethyl sulfoxide (Sigma-Aldrich
#472301) at 10 mM concentration, stored in aliquots at —20 °C, and
diluted to final concentrations immediately prior to use.

MTT Cell Proliferation Assay. U20S, MNMCA1, and MRCS
cells (3 x 10*) were seeded in 24 wells. 24 h after seeding, cells were
treated with increasing concentrations of compounds for 24 h. Then,
compounds were removed, and the cells were grown in complete
drug-free medium for 48 h. Then, thiazolyl blue tetrazolium bromide
(MTT) (Merck #2128) solution (0.4S pg/mL) was added to each
well and incubated for 1 h at 37 °C. After incubation, the medium was
removed and 300 yL of dimethyl sulfoxide was added and incubated
for 1 h at room temperature. Then, 100 uL of the solution was put in
96 wells, and absorbance at 540 nm was measured using a multiplate
reader. The linear regression parameters were determined to calculate
the ICg, (GraphPad Prism 4.0, Graph Pad Software Inc.).

IF Microscopy. U20S cells (3.5 X 10°) were seeded in 35 mm
dish on coverslips. The BG4 fluorescence signal was determined after
10 min of treatment at the reported concentrations. The BG4
antibody was purified as described.'® Briefly, BG4 was isolated from
Escherichia coli extracts by using silica-based resin (Thermo #89964)
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precharged with Co?" ions and eluted with 250 M imidazole/PBS
pH 8.0. The eluted antibody was concentrated in Pierce 30k MWCO
tubes (Pierce #88529), and imidazole was finally removed by buffer
exchange with intracellular cell salt buffer in Pierce 30k MWCO tubes.
For BG4 staining, cells were pre-fixed with cell culture medium and fix
solution (1:1) and then incubated with the fix solution composed of
methanol and acetic acid (3:1) for 10 min at RT. The cells were
permeabilized with 0.1% of Triton X-100 in PBS and blocked in 2%
non-fat milk for 1 h at RT under gentle shaking. Next, cells were
stained with 0.5 pug of BG4 for 2 h at room temperature. Next, cells
were incubated with the anti-FLAG antibody (dilution 1/800) (Cell
Signaling Technology #2368) for 1 h and then stained with the Alexa
Fluor 488 anti-rabbit IgG (Life technologies #A11008). For S139-
phosphorylated histone H2AX, yH2AX cells were treated with
compounds at the reported concentrations for 24 h. Then, cells
were fixed with 4% formaldehyde for 10 min, permeabilized with 0.5%
Triton X-100 in PBS for 15, and then incubated with 8% BSA in PBS
for 30 min at RT. Next, cells were stained with anti-yH2AX antibodies
(#05-636, Millipore) diluted to 1:500 and next incubated for 1 h with
Alexa Fluor 594 anti-mouse IgG (#A11032, Life Technologies). For
DNA staining, cells were incubated with 2 pg/uL DAPI for 20 min.
The cover glasses were mounted with Mowiol 488. The slides were
visualized at room temperature by using a fluorescence microscope
(Eclipse TE 2000-S, Nikon) equipped with an AxioCam MRm
(Zeiss) digital camera. The fluorescence signal was quantified by using
Image] software and reported as a fold increase of the non-treated
sample. Graphs were prepared with GraphPad Prism 8.

IFN-B ELISA Assay. MNMCAL cells (8 X 10°%) were seeded in a
10 mm dish. IFN-B protein levels were measured in cell medium
supernatants. Culture medium of untreated and treated MNMCAIL
cells was collected after 24 h of treatment followed by 48 h of drug
recovery. Supernatants were added with protease inhibitors (1 mg/
mL pepstatin, leupeptin, and aprotinin, 2 mM DTT, and 0.5 mM
PMSF) and then concentrated around 25-fold by using a Pierce
Protein Concentrator PES, 3k MWCO, 5—20 mL (#88525, Thermo
Fisher). IFN-B protein levels were quantified with a human IFN-B
Quantikine ELISA kit (MIFNBO, R&D Systems) following
manufacturer’s instructions. IFN-B levels were normalized over the
cell number.
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Ligand-based drug repurposing strategy identified
SARS-CoV-2 RNA G-quadruplex binders

A ligand-based pharmacophore virtual screening strategy
and multiple biophysical technigues were employed to identify
some FDA-approved drugs that bind to SARS-CoV-2
G-quadruplex RNA. This work demonstrates that the
methodological approach employed is effective in finding
existing therapeutic molecules capable of targeting viral
RNA secondary structures.
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The single-stranded RNA genome of SARS-CoV-2 contains some
G-quadruplex-forming G-rich elements which are putative drug
targets. Here, we performed a ligand-based pharmacophore virtual
screening of FDA approved drugs to find candidates targeting such
RNA structures. Further in silico and in vitro assays identified three
drugs as emerging SARS-CoV-2 RNA G-quadruplex binders.

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
is the highly contagious virus responsible for the ongoing
COVID-19 pandemic.' Although the SARS-CoV-2 vaccination
campaign is showing its positive effect,”* this pandemic
remains a global emergency and the search for drugs to treat
the viral infection is still an urgent task. However, traditional
drug discovery is a long-cycle process with low success rates.*

In this context, repurposing of already approved drugs is
currently one of the most attractive propositions because it
involves the use of de-risked compounds, with potentially lower
development costs and shorter development timelines.*® A
widely used approach to drug repurposing starts with virtual
screening (VS) of existing drugs employing computational
methods which are fast, low-cost screening processes. Many
drugs are already being successfully repurposed to treat various
diseases, including viral infections.” Thus, with the aim of
boosting the arsenal against COVID-19, scientists also began
to explore repurposed therapeutic molecules.®™®

So far, almost all new antiviral therapeutic strategies focus
on targeting proteins.®® However, the threat posed by SARS-
CoV-2 infection requires exploring also plausible alternative
approaches, such as targeting viral RNA and, in particular, its
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secondary structures.'®'’ Indeed, the folding of specific
regions of the viral genomic RNA into certain secondary struc-
tures may hinder the viral genome expression and replication
by acting as roadblocks for viral RNA transcription and/or as
hallmarks for the attachment of RNA processing machinery.

Among these structures are the G-quadruplexes (G4s), four-
stranded structures that can be formed by the folding on itself
of single-stranded guanine-rich DNA or RNA sequences.u“'b A
G4 structure is characterized by the stacking of two or more
planar arrangements of four guanines (G-tetrads) stabilized by
Hoogsteen hydrogen bonds and cation coordination. These
structures may occur in sequences with at least four contiguous
tracts of two or more guanines interspersed with sequences
forming the so-called loops.

Critical roles for G4s have been described
viruses,">'* including single-stranded RNA viruses, and some
G4-targeting compounds have shown antiviral activity,"® thus
suggesting G4 specific compounds as potential antiviral agents.
Recent reports have identified a number of putative G4-forming
sequences in the genome of SARS-CoV-2, and some of them
were demonstrated to form G4s in vitro.' %%

Here, by using ligand-based VS (LBVS) of FDA approved
drugs and multiple biophysical techniques, we identified ther-
apeutic molecules able to bind and stabilize SARS-CoV-2
G4-forming RNA and also provided a plausible mechanism of
action of such molecules at the molecular level.

Molecules with similar structures tend to have similar
properties and functions. Therefore, in LBVS, a pharmacophore
model could be derived to define the structural features
required to bind a target and exert biological activity.'® Following
this approach, drugs matching the structural and geometrical
features of typical G4 binders should have analogous G4-binding
properties. Thus, starting from known active RNA G4 ligands
from the literature (¢training set, Table S1, ESIt), 3D pharmaco-
phore models were generated and validated before performing
the drug repurposing LBVS (for details on training set generation,
see the Experimental section, ESIT). 3D ligand-based pharma-
cophores were built on the 2D Fingerprint clustered ¢raining set,
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Fig. 1 Ligand-based 3D pharmacophore models. (A—E) Hyl, Hy3, Hyb5,
Hy8, and Hy9 overlapping the reference ligands PDP, 19, 4a-10, 1ZCZ-3,
and NMM-IX, respectively (Table S1, ESI). (F-J) Pharmacophore hypotheses
and distances between the pharmacophoric sites (dashed lines). Aromatic
rings, H-bond donor, and positive ionizable groups are labelled as R, D, and
P, respectively. The tolerance radius of each feature was set to 2 A.

generating further 50 conformers to increase the chances that
ligands matched the pharmacophores of the known G4 binders.
A library of decoys was used as a benchmark test set to validate
the predictive power of each hypothesis, leading to five best
performing pharmacophore models (Fig. 1). All five models
showed some typical features of G4 binders, namely three
aromatic rings and a hydrogen bond donor or a positive
ionisable group, which however are placed in different 3D
spatial arrangements, as highlighted by their distances and by
the different directionality of the vectors D (Fig. 1F-]), allowing
us to retrieve different RNA G4 binders from the training set
(Table S2, ESIf). Thus, the five pharmacophore models were
employed to screen a library of ~3000 FDA-approved drugs,
considering the fitness score of the training set as a cut-off value
to choose the best-matching drugs. The best hits, along with
their original use, are listed in Table S3 (ESIT). Of note, 5 of the
15 putative G4 ligands (Table S4, ESIf) have already been
evaluated as possible anti COVID-19 agents.

1914 | Chem. Commun., 2022, 58, 11913-11916
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To investigate their G4-binding properties, we employed
three biologically relevant G-rich sequences of SARS-CoV-2
(G4-1, G4-2, and G4-3, ESIf) found in the coding sequence
regions of nucleocapsid protein, non-structural protein 10, and
non-structural protein 3, as potential targets. Such sequences
have already been shown to form stable G4s.""'® First, the ability
of the drugs to bind those G4s was assessed by fluorescent
intercalator displacement (G4-FID) assay, which relies on a
light-up fluorescent probe (thiazole orange, TO) that binds to
the G4 structures and can be competitively displaced by candi-
date ligands, thus enabling the determination of their relative
affinity.*® Pyridostatin (PDS), a well-known G4 binder, was used
as a positive control. The results of G4-FID assay (Fig. S1 and
Table S5, ESIt) showed that only Netarsudil and Quercetin (along
with PDS) were able to effectively displace TO from all three G4
structures. Pranlukast turned out to be a very good TO competitor
in the case of G4-1, while Ledipasvir and Osimertinib exhibited a
certain degree of TO displacement only from G4-1 and G4-3,
respectively. Based on DCs, values, the drugs were ranked as
follows: (i) drugs with low to null affinity for G4s (DCs, >
10.0 pM), (ii) drugs with moderate affinity (5.0 < DCs, <
10.0 pM) (Ledipasvir for G4-1, Osimertinib and Quercetin for
G4-3), and (iii) good G4 binders (DCsy < 5.0 uM) (Netarsudil,
Pranlukast for G4-1, Quercetin for G4-1 and G4-2).

To study the G4-stabilizing effect of ligands showing at least
moderate affinity for those targets, circular dichroism (CD)
melting experiments were performed. First, the structures
adopted by G4-1, G4-2 and G4-3 were verified by recording
the relative CD spectra, which showed a maximum around
266 nm and a minimum at 240 nm (Fig. S2, ESIT) indicating the
presence of parallel-stranded G4s. Melting and annealing pro-
files of G4s (recorded at 1.0 and 0.5 °C min ') were then
collected by following the changes in CD signal at 266 nm
(Fig. S3, ESIt). As for G4-1, melting and annealing curves were
superimposable, showing that the unfolding and folding pro-
cesses are at thermodynamic equilibrium and the T;, can be
accurately determined. Conversely, hysteresis was observed for
G4-2 and G4-3, indicating that they are affected by the kinetics
of the process (which prevents reproducible measurements)
and suggesting the presence of intermolecular G4 species or
higher order structures through self-association between G4
units.'® Therefore, in subsequent studies, we decided to focus
only on G4-1. The selected drugs significantly increased the
thermal stability of G4-1 (Fig. S4, ESIt). Interestingly, the best
effects were found for drugs that showed higher affinity for
G4-1 in the G4-FID assay (Netarsudil, Pranlukast, and Quercetin).
Upon interacting with Ledipasvir, Osimertinib, and Quercetin, no
significant variations in the CD spectrum of G4-1 were detected
(Fig. S4, ESIY), implying that it kept its parallel G4 structure.
Conversely, Netarsudil and Pranlukast seem to alter the native
conformation of G4-1. Actually, these two drugs exhibit CD signal
in the wavelength region of G4 (Fig. S5, ESIt). However, at the
wavelength at which the melting experiments were recorded, the
signal of both is close to zero, thus not significantly affecting the
results. On the other hand, the experimental spectra of the two
G4/drug mixtures differ sizeably from the corresponding spectra

This journal is © The Royal Society of Chemistry 2022
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resulting from the arithmetic sum of the single spectra (Fig. S6,
ESIt), highlighting once again their interaction.

To evaluate the affinity of Netarsudil, Pranlukast, and
Quercetin for G4-1, fluorescence titration experiments were per-
formed. Fluorescence emission spectra of drugs in the absence
and presence of increasing amounts of G4 were recorded (Fig. S7,
ESIt). On addition of RNA, fluorescence quenching and enhance-
ment were observed for Netarsudil and Quercetin, respectively.
Conversely, no relevant change in fluorescence intensity was
observed for the intrinsically weakly fluorescent Pranlukast, not
allowing us to quantify its affinity. Thus, binding isotherms were
obtained by plotting fluorescence changes with G4 concentration
(Fig. S7, ESIf), and the curves were fitted giving dissociation
constants (Kq) of 0.8 (+0.2) and 13 (£5) uM for Netarsudil and
Quercetin, respectively.

To get some information on the selectivity of the drugs, we
evaluated their ability to stabilize the G4s derived from the
5" untranslated region of BCL-2 (BCL2-G4) and the long non-
coding RNA GSEC (GSEC-G4) (Fig. S8 and S9, ESIt). CD melting
data show that they do not significantly increase the thermal
stability of GSEC-G4 (AT, < 2 °C). Conversely, while Netarsudil
stabilizes BCL2-G4 marginally (AT, = 2.6 °C), Pranlukast and
Quercetin show a moderate stabilizing capacity (AT, of 5.3 and
5.4 °C, respectively), even if lower than that found for G4-1.

UV resonance Raman (UVRR) spectroscopy was then employed
to get insights into the binding mode of drugs to G4-1.>" UVRR
spectra of G4-1, ligands, and corresponding complexes, all recorded
at 266 nm and processed following standard procedures,”' are
shown in Fig. 2. In each panel of Fig. 2, the difference between

Netarsudil Pranlukast Quercetin
1334 L b
(A) A
(A) 1(5;:)0 M 1230 4483 1544 1493
(U) (P)
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Fig. 2 UVRR spectra to study the binding of Netarsudil (N), Pranlukast (P), and
Quercetin (Q) to G4-1 RNA. From bottom to top: RNA (blue); drug (green);
RNA/drug complex (black); arithmetic sum of RNA and drug spectra (red);
normalized difference between the spectra of the complex and the arithmetic
sum (diff.). Spectra were normalized with the RNA spectrum intensity.
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the spectrum of the complex and that corresponding to the
arithmetic sum of constituents (see ESIt) is shown to emphasize
the spectral perturbations induced by the interaction. A change
in the intensity and/or position of the bands (Fig. S10-513,
ESIt) indicates that an interaction is occurring and suggests the
structural moieties involved. This analysis is not straightfor-
ward for Netarsudil, as most of its bands overlap those of RNA,
precluding the possibility of obtaining clear information on the
drug-binding regions of RNA. The only exceptions are the
spectral variations at 1334, 1480, 1510, and 1579 cm™ ', which
are associated to the adenine ring vibrations. Compared to the sum,
the experimental spectrum of the RNA/Netarsudil complex shows
an intensity increase of these bands, indicating that adenine
residues of loop are involved in drug binding. Noteworthy, Netarsu-
dil’s strong spectral contribution allowed us to evaluate the parts of
the drug involved in the interaction. The positive 1646 and negative
1657 cm™ ' peaks clearly indicate a shift of the peak at 1652 cm ™,
which is attributed to stretching of the rA and rB rings of the drug
(Table S6 and Fig. S11, ESIf). Similarly, the positive 1408 and
negative 1417 cm ™" peaks reflect a downshift of the peak at 1414
em™, which is mainly associated with the C-C/C-N stretching
modes of the rA and 1B rings. Conversely, no significant change
in the peak at 1612 cm™ ' was observed, corresponding to the
stretching modes of rC and 1D rings of the drug. These data suggest
that rA and 1B rings should be primarily involved in RNA binding.

Pranlukast and Quercetin showed negligible UVRR spectral
contributions compared to G4-1, so binding-induced spectral
perturbations could be easily correlated with the band changes
of nucleotides. Upon RNA/Quercetin interaction, a decrease in
intensity of the difference spectrum at 1231, 1293, 1393, 1530
and 1625 cm ', related to bands of U and C residues (Fig. 2),
was observed, suggesting their involvement in the interaction.
Noteworthy, the presence of a minimum and a maximum at
1476 and 1493 cm ™', respectively, due to a shift of the band at
1483 cm ™" which is mainly related to guanines,*! indicate that
these residues take part in the interaction. This is confirmed by
the intensity increase and redshift of the band at 1606 cm™*
which could be due to both changes in the guanine normal
modes and a downshift of the Quercetin peak (ring stretching
vibration) from 1620 to 1604 cm ' (Table S7, ESIt), overall
suggesting that end-stacking is the favoured binding mode for
this drug. As for Pranlukast, the difference spectrum shows
changes associated to A, G, and U, although of lower intensity
than those observed for Quercetin. Interestingly, a clear variation
of the peak at 1642 cm ™" is observed, which corresponds mainly
to C=02 and C—O04 stretching vibrations of the drug in combi-
nation with N1-H and C26-H bending (Table S8, ESIt). Although
it is a clear indication that Pranlukast binds to G4-1, this is not
enough to obtain precise information on the molecular regions
involved in the interaction.

To elucidate the binding poses of the three drugs to G4-1,
docking and molecular dynamics simulations (MDs) were
performed. The best docking poses showed that, as suggested
by experimental data, Quercetin and Pranlukast preferentially
bind to the 5-end G-tetrad via stacking interactions with G11 and
G14 and H-bonds with U4 and C13 (Fig. S14, ESIt). Conversely,
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Fig. 3 Fold change in reverse transcription of the G4-1 region over a non-
G4-forming control region from a synthetic SARS-CoV-2 RNA in the
presence of the drugs. Untreated conditions were used as a control.

Netarsudil was found to interact with the loop on the 3’-end side, in
agreement with UVRR results. To further verify the docking results
and the geometrical stability of G4-1 upon binding, each complex
was submitted to 500 ns of MDs. The most populated poses
extracted after MDs are shown in Fig. S15 (ESIT). Root Mean Square
Deviation (RMSD) analysis revealed that Quercetin adopts a stable
binding pose (Fig. S16A, ESIT), keeping the H-bonds with U4 and
C13 for ~62% of MDs (Table S9, ESIt). As for Pranlukast, despite its
chromen moiety is anchored by an H-bond with U4 for ~82% of
MDs (Table S9, ESIt), the flexibility of the phenylbutoxy group
induces a slight change in the binding mode (Fig. S16B, ESIt). On
the other hand, Netarsudil undergoes a deeper change of its binding
mode during MDs (Fig. S16C and Movie S1, ESIT). This is mainly
due to the CAAU loop, which fluctuates more than in the other
complexes (Fig. S17, ESIT). The binding arrangements of Netarsudil
are well highlighted by the analysis of solvent-accessible surface area
(Fig. S18, ESIT), which decreases mainly for Netarsudil, A9 and U10
residues following the establishment of n-n stacking interactions
between the isoquinoline and the phenyl moieties of the drug and
the two RNA residues (Fig. S15C, ESIT). This explains the slightly
higher RMSD values for G4-1 in the RNA/Netarsudil complex with
respect to the G4-1 free state, contrarily to the Quercetin and
Pranlukast effects (Fig. S19, ESIf). Nonetheless, the 2dRMSD
matrices show the high tendency of Netarsudil to stabilize the G4-
1 (Fig. S20, ESIt) as observed in the other experiments. Overall,
these results fully agree with the band changes in the UVRR data
induced by ligand binding. Changes in the G4-1 RNA geometry were
also analysed by calculating some basic G4 parameters, ie. the
rotation (twist) angle between the two G-tetrads, their planarity, and
gyration radii of the G-tetrads and whole G4 (Fig. S21, ESIt).** No
significant changes in the position and planarity of G-tetrads and in
G4 structural integrity were observed (Fig. S22-S24, ESIf), again
indicating no major structural rearrangements in G4-1.

To evaluate if these drugs could interfere with biological
functions such as viral RNA replication, we investigated
whether their binding to G4 affected reverse transcription. A
synthetic SARS-CoV-2 genomic RNA template was reverse tran-
scribed using specific primers flanking the G4-1 or a non-G4-
forming control region in the presence of growing concentra-
tions of drugs. Then, G4-1 or the control region were used for
quantitative RT-PCR to assay the levels of reverse transcription.
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As shown in Fig. 3, the drugs significantly reduced G4-1 reverse
transcription compared to untreated samples, when normal-
ized with the control region, thus showing that they may be
able to interfere with viral replication.

In conclusion, three FDA approved drugs were identified as
effective SARS-CoV-2 G4 binders through a ligand-based drug repur-
posing strategy. Our results lay the basis for further studies aiming to
evaluate the antiviral activity of such drugs, while the methodological
approach employed will certainly impact medicinal chemistry
approaches for targeting of viral RNA G4s, even beyond SARS-CoV-2.
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ABSTRACT

G-quadruplexes are non-canonical DNA secondary structures formed within guanine-rich strands that play
important roles in various biological processes, including gene regulation, telomere maintenance and DNA
replication. The biological functions and formation of these DNA structures are strictly controlled by several
proteins that bind and stabilize or resolve them. Many G-quadruplex-binding proteins feature an arginine and
glycine-rich motif known as the RGG or RG-rich motif. Although this motif plays a crucial role in the recognition
of such non-canonical structures, their interaction is still poorly understood. Here, we employed a combination of
several biophysical techniques to provide valuable insights into the interaction between a peptide containing an
RGG motif shared by numerous human G-quadruplex-binding proteins (NIQI) and various biologically relevant
G-quadruplex DNA structures with different topologies. We also shed light on the key amino acids involved in the
binding process. Our findings contribute to lay the basis for the development of a new class of peptide-based G-
quadruplex ligands as an alternative to small molecules. These ligands may serve as valid tools for interfering in

DNA-protein interactions, with potential therapeutic applications.

1. Introduction

Protein-DNA interactions play pivotal roles in almost all cellular
processes, including regulation of transcription, replication, recombi-
nation, repair, chromatin organization, and more. Among the exten-
sively investigated proteins are transcription factors, which bind to
specific DNA sequences and modulate gene transcription by either
activating or inhibiting it [1]. Besides proteins that recognize specific
DNA sequences [2], some proteins bind to specific DNA structures, such
as triplex, cruciform, or G-quadruplex (G4) structures [3-6]. Therefore,
the formation of certain DNA structures is a crucial determinant for the
effective binding of proteins involved in specific processes, such as
tumorigenesis. An example is provided by the tumor suppressor protein
p53: the imbalance of mutant p53 binding to target sites due to binding
to other DNA structural motifs, such as G4s, appears to play a critical
role in human tumor progression [7].

G4s are non-canonical nucleic acid secondary structures formed
within DNA or RNA guanine (G)-rich strands, characterized by the
presence of two or more G-tetrads, i.e. cyclic planar arrays of four

* Corresponding authors.

guanines held together by Hoogsteen hydrogen bonds, which stack one
each other by n-r interactions, and further stabilized by the presence of
monovalent cations, usually K™ or Na© (Fig. 1) [8,9]. G4s are charac-
terized by high structural polymorphism, in fact they can adopt a wide
variety of structures depending on the molecularity, the strand(s) di-
rection, as well as the length and composition of the loops [10]. Ac-
cording to the molecularity, G4 structures can be distinguished as
intramolecular or intermolecular, while considering the direction of the
strands, they can be classified as parallel, antiparallel, or hybrid (Fig. 1).
Interestingly, the topologies of G4s have an important influence on their
stability, recognition by proteins or drugs, and in general on G4-related
biological functions [10-13].

The genome-wide prevalence of G4s has also been demonstrated.
Bioinformatics studies revealed that putative intramolecular G4-forming
sequences are prevalent in the human genome [14,15] and are signifi-
cantly enriched in oncogene promoters [16]. These findings were
greatly supported by the experimental detection of G4s [17,18]. Even
though the number of G4 structures found in human chromatin is sub-
stantially lower than predicted by computations, thus showing that not
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Fig. 1. (Top) Chemical structure of a G-tetrad showing the Hoogsteen hydrogen
bonding between guanines and a central monovalent cation (M) that stabilizes
the G4 structure, and (bottom) examples of representative topologies
commonly found in G4 structures. The vertical arrows indicate the direction of
the part of the strand involved in G-tetrad formation.

all sequences with G4-forming potential form these structures in a
cellular context, they are particularly enriched in cancer-related genes
and regions predisposed to amplification in cancer [18]. These data
strongly support the potential of the G4 structural motif as a molecular
target for therapeutic intervention.

G4s have been observed to adopt folded conformations under certain
conditions, as a result of specific stimuli, during particular cell cycle
phases, or in a cell type-specific manner [19]. Moreover, the formation
of these DNA structures is strictly controlled by several proteins that
bind and stabilize or resolve them [5,20,21].

Protein specificity for different G4 structures may arise from G4
strand orientation, loop features, groove dimensions, G4-duplex junc-
tions, and/or a combination of these characteristics [5]. Several studies
suggest that human G4-binding proteins should be considered a specific
group of nucleic acid-binding proteins since they differ from other
proteins for the significant enrichment of glycine (G) and arginine (R)
residues [22,23]. Indeed, G4-binding proteins are particularly abundant
in RGG domains/RG-rich motifs and exhibit depletion of LL-rich
sequences.

By comparing the amino acid sequences of 77 human G4-binding
proteins available at the time of analysis, Brazda et al. identified a
common 20 amino acid-long RG-rich motif of sequence
RGRGRGRGGGSGGSGGRGRG, named NIQI (Novel Interesting Quad-
ruplex Interaction motif), [23]. Interestingly, the NIQI motif consists
almost exclusively of R and G residues with a few serine (S) alternations.
Both arginine and glycine are well known disorder-promoting amino
acids, and they exhibit a relatively high level of flexibility (particularly
glycine residues) [24]. From this point of view, NIQI is supposed to be
inherently flexible to enable arginine and serine residues to interact,
possibly by forming hydrogen bonds, with DNA in a wide range of G4
structures (parallel, antiparallel, or hybrid types).

The interaction of RGG domains with G4s has sparked great interest,
and the importance of elucidating RGG-mediated G4 recognition is
underlined by the observation that this domain is indispensable for
protein function [25-27]. On the other hand, besides computational
predictions, the interaction of NIQI with various G4s has never been
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thoroughly investigated experimentally.

Gaining a comprehensive understanding of the true nature and
specificity of NIQI's recognition of different G4 structures is essential,
not only to shed light on the G4-protein interaction processes but also for
the design of peptide-based G4 ligands potentially capable of targeting
DNA-protein interactions to control oncogene expression [28,29]. This
strategy is particularly attractive, especially considering that the equi-
libria between different DNA secondary structures are regulated by
different proteins, and that formation and resolution of G4s appear to
serve as a regulatory mechanism in gene transcription within cancer
cells [30-32].

Investigating the binding of NIQI to different G4s and how this
recognition happens is definitely worth exploring. Herein, we have
characterized the interaction of the peptide with biologically relevant
DNA G4s with different topologies (parallel, antiparallel, or hybrid) by
using a combination of biophysical techniques, including circular di-
chroism (CD) spectroscopy and microscale thermophoresis (MST). The
interaction between NIQI and the most promising G4 targets has been
further studied from both a thermodynamic and structural point of view
through isothermal titration calorimetry (ITC) and nuclear magnetic
resonance (NMR) experiments. To further detail the interactions, key
amino acids in the G4-binding peptide were determined by introducing
point mutations. Overall, this study aims at providing new insights into
the interaction between RG-rich peptides and G4 structures, contrib-
uting to paving the way for the design and application of a novel class of
peptide-based G4 ligands.

2. Materials and methods
2.1. Materials

N*-Fmoc-protected amino acids [Fmoc-Gly, Fmoc-Ser(tBu), Fmoc-
Arg(Pbf)], coupling reagents, [N,N,N,N-tetramethyl-O-(1H-benzo-
triazol-1-yl) uranium hexafluorophosphate (HBTU), 1-hydroxybenzo-
triazole (HOBt)], and the Rink amide resin (0.72 mmol/g of loading
substitution) were purchased from GL Biochem Ltd. (Shanghai, China).
N,N-diisopropylethylamine (DIPEA), piperidine, triethylamine (EtsN),
Fmoc-8-amino-3,6-dioxaoctanoic acid (Fmoc-O,0c-OH) and trifluoro-
acetic acid (TFA) were purchased from Iris-Biotech GmbH (Mark-
tredwitz, Germany). Fluorescein isothiocyanate isomer I (FITC) was
obtained from Merck KGaA (Darmstadt, Germany). Solvents used for
peptide synthesis and purification [N,N-dimethylformamide (DMF),
dichloromethane (DCM), diethyl ether (Et20), water, and acetonitrile
(ACN)] were obtained from Merck KGaA and used without further pu-
rification. CPG supports, DNA phosphoramidites, and all reagents and
solvents for oligonucleotide synthesis and purification were purchased
from Merck KGaA and used without further purification. All buffers
were produced from highly purified Milli-Q water and filtered before
use.

2.2. Peptide synthesis

The peptide sequences of NIQI (RGRGRGRGGGSGGSGGRGRG) and
its Ala derivatives were assembled by using the ultrasound-assisted
solid-phase peptide synthesis (US-SPPS) protocol, integrated with the
Fmoc/tBu orthogonal protection strategy [33]. Peptide elongation was
performed on the Fmoc Rink amide resin as solid support (0.1 mmol
from 0.72 mmol/g as loading, 100-200 mesh as particle size) to obtain
amidated C-terminus. The resin was placed into a 10 mL polypropylene
tube, equipped with a filter, stopper, and top cap, and swollen in DMF on
an automated shaker for 30 min at rt. First, the Fmoc group was removed
from the Rink amide linker by treatment with 20 % piperidine in DMF
solution and using ultrasonic irradiation (0.5 + 1 min). After each step,
filtering and washings of the resin were executed (3 x 2 mL of DMF; 3 x
2 mL of DCM). Then, coupling reactions were performed by adding a
solution of N*-Fmoc-amino acid, HBTU, HOBt (3 equiv), and DIEA (6
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equiv) in DMF to the resin, and exposing the resin to ultrasound irra-
diation for 10 min. Fmoc deprotection and coupling reactions were
monitored by performing the colorimetric Kaiser test. Once completed
the elongation of the sequences, the N-terminal Fmoc group was
removed, and peptides were released from the resin and deprotected.
The fluorescein labelling of NIQI peptide (FITC-O20c-
RGRGRGRGGGSGGSGGRGRG, FITC-NIQI) was obtained as described
elsewhere [34]. All peptides were cleaved from the support and
deprotected by treating with a mixture of TFA/TIS/H50 (95:2.5:2.5, v/
v/v), at rt for 3 h. All peptides were purified by HPLC (Shimadzu Pre-
parative Liquid Chromatography LC-8A) equipped with a preparative
column (Phenomenex Kinetex C18 column, 5 pm, 100 ;\, 150 x 21.2
mm) by using a linear gradient of ACN (0.1 % TFA) in water (0.1 % TFA)
from 5 to 60 % over 30 min, with a flow rate of 10 mL/min, and UV
detection at 210 nm. Final products were obtained by lyophilization of
the appropriate fractions after removal of the ACN by rotary evapora-
tion. Each peptide was ascertained to be of purity >95 % by analytical
UHPLC (Shimadzu Nexera Liquid Chromatograph LC-30 AD) equipped
with a Phenomenex Kinetex reverse-phase column (C18, 5 pm, 100 ;\,
150 x 4.6 mm) with a flow rate of 1 mL/min by using a gradient of ACN
(0.1 % TFA) in water (0.1 % TFA), from 0 to 60 % over 20 min, and the
UV detection set at 210 nm (Table S1). Peptides were confirmed by high-
resolution mass spectrometry (HRMS) (LTQ Orbitrap) (Table S1).

2.3. Oligonucleotide synthesis and sample preparation

DNA sequences listed in Table 1 were synthesized on an ABI 394
DNA/RNA synthesizer (Applied Biosystem) at 5-pmol scale by using
standard p-cyanoethylphosphoramidite solid phase chemistry. DNA
detachment from support and its deprotection were carried out by
means of an aqueous solution of concentrated ammonia at 55 °C for 17
h. The filtrates and the washings were combined and concentrated under
reduced pressure, solubilized in water, and then purified by high-

Table 1

List of DNA sequences employed in the study, NIQI-induced thermal stabiliza-
tion (ATy,) for G4 and duplex DNA structures measured by CD melting experi-
ments, and equilibrium dissociation constants (Kq) for the binding of NIQI to
DNAs obtained by MST experiments.

DNA Sequence (5' — 3) AT, (°C)" Kq (nM)
Parallel G4s
c-Kitl AGGGAGGGCGCTGGGAGGAGGG (6;:30. 2 63 (£11)
c-Kit2 CGGGCGGGCGCTAGGGAGGGT (lj'(iz) 10 (£6)
c-Myc TGAGGGTGGGTAGGGTGGGTAA (7.i90. 2 60 (+10)
Antiparallel G4s
HRAS1 TCGGGTTGCGGGCGCAGGGCACGGGCG 1.6 1000
(+£0.4) (+£100)
LWDLN1 GGGTTTGGGTTTTGGGAGGG ;f (')‘22) 460 (+60)
Hybrid G4s
Bcl-2 GGGCGCGGGAGGAATTGGGCGGG 2252) 27 (£9)
m-Telz4 TTGGGTTAGGGTTAGGGTTAGGGA :(17& 5 200 (+30)
Duplex
dsze CAATCGGATCGAATTCGATCCGATTG (2~i00. 5 >20,000

@ AT, represents the difference in melting temperature [AT,, = Ty, (DNA + 3
peptide equiv) - T, (DNA)]. The Ty, values of DNA alone are: c-Kitl = 55.8 + 0.1
°C, ¢-Kit2 = 62.1 + 0.1 °C, c-Myc = 68.0 + 0.2 °C, HRASI = 53.1 + 0.2 °C,
LWDLNI = 49.6 + 0.1 °C, Bcl-2 = 60.5 + 0.1 °C, m-Telys = 54.1 + 0.2 °C, dsz6 =
63.7 + 0.2 °C. All experiments were performed in 5 mM KH,PO,4/K,HPO, buffer
(pH 7.0) containing 20 mM KCl (or 20 mM LiCl in the case of c-Myc, because of
its high thermal stability in KCl containing buffer). All experiments were per-
formed in triplicate, and the reported values are the average of three
measurements.
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performance liquid chromatography (HPLC) equipped with a Nucleo-
gel SAX column (Macherey-Nagel, 1000-8/46) using a 30 min linear
gradient going from 100 % buffer A to 100 % buffer B with a flow rate of
1 mL/min [buffer A: 20 mM KH,PO4/K;HPO,4 aqueous solution (pH
7.0), containing 20 % (v/v) ACN; buffer B: 1 M KCl, KH,PO4/K;HPO4
aqueous solution (pH 7.0), containing 20 % (v/v) ACN]. The purified
fractions of the oligomers were then desalted by using C-18 cartridges
(Sep-pak). The purity of the isolated oligomer was evaluated by NMR,
and it turned out to be higher than 98 %. Next, oligonucleotides were
lyophilized and then resuspended in 5 mM KHyPO4/KoHPO4 aqueous
solution (pH 7.0), containing 20 mM KCl (or LiCl in the case of c-Myc)
and their concentration was established by measuring the UV absorption
at 90 °C considering the molar extinction coefficient values € (A = 260
nm) determined by the nearest neighbor model [35]. DNA samples were
heated at 90 °C for 5 min, then gradually cooled to room temperature
overnight, and finally stored at 4 °C for 24 h before use.

2.4. Circular dichroism (CD) spectroscopy

CD experiments were carried out on a Jasco J-815 spec-
tropolarimeter equipped with a PTC- 423S/15 Peltier temperature
controller. G4-forming oligonucleotides, as well as the duplex-forming
DNA (dszs), were prepared at a concentration of 2 pM in 5 mM
KH3PO4/KoHPO4 (pH 7.0) containing 20 mM KCl, then annealed by
heating at 90 °C for 5 min followed by slow cooling to room temperature
overnight. CD spectra of DNA/peptide mixtures were obtained by add-
ing 3 mol equiv of NIQI (stock solutions of peptide were 10 mM in H;0)
with respect to the oligonucleotide. Spectra of DNA molecules in the
absence and presence of NIQI were recorded at 20 and 100 °C in the
wavelength range of 220-320 nm using a scan rate of 100 nm/min, with
a 1 s response time and 1 nm bandwidth. CD spectra of NIQI in the
absence and presence of c-Kit2 G4 were also recorded at 20 °C in the
200-250 nm wavelength range using a scan rate of 20 nm/min, with a 4
s response time and 1 nm bandwidth. All spectra were baseline sub-
tracted and averaged over three scans. Subtraction of c-Kit2 G4 spectrum
from that of G4/peptide mixture was performed to have information
about the spectrum of NIQI in the presence of G4. The percentage of
secondary structures adopted by the peptide in the absence and presence
of the G4 was estimated by using the BeStSel software [36]. CD melting
experiments were carried out in the 20-100 °C temperature range at
1 °C/min heating rate by following CD signal changes at the wave-
lengths of the maximum CD intensity (264 nm for c-Kit1, c-Kit2, c-Myc,
and Bcl-2; 290 nm for m-Tely4, HRAS1, and LWLDN1; 252 nm for dszg).
CD melting experiments were performed in the absence and presence of
the peptide (3 mol equiv) added to the folded DNA structures. The
apparent melting temperatures (Ty,) were determined from a curve fit
using Origin 7.0 software, and the ATy, values calculated as the differ-
ence in the Ty, values of the DNA structures in the presence and absence
of the peptide. All experiments were performed in triplicate, and the
reported values are the average of the three measurements.

2.5. Microscale thermophoresis (MST)

MST measurements were performed on a Monolith NT.115 (Nano-
temper Technologies, Munich, Germany). Experiments were performed
at 25 °C, using auto-tune LED power and medium MST power. The
fluorescein isothiocyanate labelled peptide (FITC-NIQI) was prepared at
1 pM in H0, then diluted to 100 nM with the 5 mM KHPO4/KoHPO4
buffer (pH 7.0), containing 20 mM KCI and supplemented with 0.1 %
Tween and 5 % DMSO. Oligonucleotides were prepared at 1 mM con-
centration in 5 mM KHyPO4/KoHPO4 buffer (pH 7.0), containing 20 mM
KCl, and annealed as described above. For the MST experiments, the
final concentration of the labelled peptide was kept constant at 50 nM,
while a serial dilution of the DNAs (1:2 from 2 or 40 mM) in the buffer
supplemented with 0.1 % Tween and 5 % DMSO, was prepared and
mixed with the peptide solution in a 1:1 volume ratio. All the samples
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were loaded into standard capillaries (NanoTemper Technologies). MST
data analysis was performed by employing the MO.Affinity Analysis
software (v2.3) provided with the instrument.

2.6. Isothermal titration calorimetry (ITC)

ITC measurements were performed at 25 °C using a nano-ITC Low
Volume calorimeter (TA instruments, Lindon, UT, USA). DNA and pep-
tide solutions were all prepared with the same batch of buffer (5 mM
KH3PO4/KoHPO4 buffer, pH 7.0, containing 20 mM KCl), to minimize
the differences in buffer composition and pH. In each titration, volumes
of 2 pL of peptide solution (200-400 pM) were injected, using a
computer-controlled 50 pL syringe, into the calorimetric vessel (170 pL)
containing the oligonucleotide (16-20 pM) with a spacing of 300 s be-
tween each injection to allow the system to reach the equilibrium. Heat
produced by peptide dilution was evaluated in a control experiment by
injecting the peptide solution into the buffer alone. The interaction heat
for each injection was calculated after correction for the heat of peptide
dilution. The corrected heat values were plotted as a function of the
molar ratio, to give the corresponding binding isotherms, which were
fitted with a multiple-sites binding model by means of the NanoAnalyze
software (TA instruments) supplied with the instrument, to give the
binding enthalpy (AH°), equilibrium binding constant (K,), and stoi-
chiometry of interaction (n). The Gibbs free-energy change and the en-
tropy change were derived using the following relationships: AG° = —RT
InK, (R =8.314Jmol ' K1, T = 208 K) and TAS® = AH° - AG°. All
measurements were performed in triplicate.

2.7. Nuclear magnetic resonance (NMR) spectroscopy

1D 'H NMR experiments were carried out on a Bruker AVANCE NEO
NMR spectrometer, operating at 600 MHz (*H Larmor frequency),
equipped with a SampleJet autosampler and a 5 mm QCI H-P/C/N-D-5-Z
CryoProbe, optimized for 'H sensitivity. Experiments were carried out
using 20 pM of c-Kit2 or Bcl-2 G4s in 5 mM KHPO4/KoHPO4 buffer, pH
7.0, containing 20 mM KCl and 10 % D50, in the absence and presence of
different amounts of NIQI. Spectra were recorded at 298 K, using 512
scans per spectrum with a recovery delay of 1.5 s, and suppressing water
signal using the excitation sculpting with gradients [37]. Spectra were
phase-adjusted, baseline-corrected, and calibrated with respect to the
water frequency. Processing and analysis were performed using the
software package Bruker TOPSPIN 4.0.7.

3. Results and discussion
3.1. Research design

A series of G4-forming sequences found in human oncogene pro-
moter regions (Bcl-2, c-Kit1, c-Kit2, c-Myc, Her2, HRAS1, and LWDLN1)
as well as the telomeric sequence (m-Tel4), which are capable of
adopting different G4 topologies (parallel, antiparallel, and hybrid),
were selected for this study (Table 1). These sequences were used to
investigate  the binding ability of the peptide NIQI
(RGRGRGRGGGSGGSGGRGRG) and its capacity to discriminate be-
tween various G4 topologies. In addition, a 26-nucleotide duplex-
forming sequence (dszs) was also included to assess the selectivity of
the peptide for G4 structures over duplex DNA.

3.2. Circular dichroism experiments

CD spectroscopy is a valuable technique for determining the sec-
ondary structures assumed by peptides and nucleic acids in solution. CD
spectra in the wavelength range from 250 to around 190 nm provide
information on the presence of different types of secondary structures in
peptides. For instance, a-helical peptides exhibit two negative bands at
208 and 222 nm, along with a positive one at 193 nm, and peptides with
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well-defined antiparallel p-sheets show a negative band at 218 nm and a
positive one at 195 nm. On the other hand, disordered peptides exhibit
very low ellipticity above 210 nm and negative bands near 195 nm [38].
The CD spectrum of NIQI, recorded in 5 mM KH3PO4/K2HPO4 aqueous
buffer containing 20 mM KCI (pH 7.0), shows that it is essentially in a
random conformation under these experimental conditions (Fig. 2A)
[39]. The presence of a high content of glycine residues, known to
introduce flexibility in the peptide backbone [40], prevents the forma-
tion of an ordered structure for this peptide in an aqueous buffer. This
observation is in agreement with the results obtained from peptide
structure prediction using AlphaFold2 [41] and PEP-FOLD3.5 [42]
tools, which suggest that NIQI tends to adopt a random coil structure
(Fig. S1).

CD spectroscopy is also a valuable tool for analyzing the secondary
structure of oligonucleotides, particularly in the range of 220-320 nm,
which is diagnostic of the G4 motifs [43,44]. Specifically, a parallel G4
structure is identified by a positive band around 264 nm and a negative
band at 240 nm, whereas an antiparallel G4 structure shows a positive
band at 295 nm and a negative one at 260 nm. Hybrid (or [3 + 1])
structures instead display two positive bands at around 290 and 264 nm,
and a negative band at 240 nm. The CD spectra of c¢-Kitl, c-Kit2, and c-
Myc exhibit the characteristic pattern associated with parallel-stranded
G4s, indicating that all three sequences adopt this conformation
(Fig. S2). On the other hand, HRAS1 and LWDLN]1 display the charac-
teristic CD profile indicative of antiparallel G4 structures, while Bcl-2
and m-Tely4 exhibit the typical profile associated with hybrid G4
structures.

Additional CD experiments were performed to verify the capability
of NIQI to alter the native folding topology of these G4s. Thus, DNA/
NIQI mixtures were prepared by adding the peptide (3 mol equiv) to the
folded G4 structures in solution. The results of this analysis (Fig. S2)
indicate that NIQI influenced the CD spectra of the G4-forming se-
quences to different extents, with more pronounced effects observed in
the case of the parallel G4s. In particular, NIQI induced a redshift of both
positive and negative bands at 264 and 240 nm, respectively, in the CD
spectra of all parallel G4s, together with a decrease in the intensity of the
maximum and an increase in the depth of the minimum in the case of c-
Kit1 and c-Kit2, while a slight increase of the maximum was observed for
c-Myc. Despite no considerable variations, the spectra of DNA in the
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Fig. 2. (A) CD spectra of NIQI (6 pM) recorded at 20 °C in 5 mM KHyPOy4/
Ko.HPO, buffer (pH 7.0) containing 20 mM KCl in the absence (black line) and
presence of c-Kit2 G4 (blue line). To enable the detection of conformational
changes in the peptide upon G4-binding, subtraction of the G4 signal was
carried out. (B) Secondary structure content estimation for NIQI derived from
the CD spectra using BeStSel.
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presence of the peptide differ to some extent from those in its absence,
thus suggesting DNA-peptide interaction. Different effects after the
addition of the peptide were also observed for the hybrid G4s Bcl-2 and
m-Tely4. Noticeable intensity variations of both the positive bands (at
265 and 290 nm) and the negative one (240 nm) occurred in the case of
Bcl-2. In particular, the concomitant decrease in the intensity of the two
positive bands, more pronounced for the one at 265 nm compared to
290 nm, may indicate a structural rearrangement of the G4 upon peptide
interaction. Conversely, only very small changes in the CD profile were
observed for m-Tely4 upon peptide addition, as well as for the HRAS1 and
LWDLN]1 antiparallel G4 structures. Altogether, these results may sug-
gest a slightly different binding behavior of NIQI to the investigated G4
structures.

The stabilizing properties of NIQI were then evaluated by CD melting
experiments measuring the peptide-induced changes in the melting
temperature (ATp) of the G4s. Results of these experiments, shown in
Fig. S3 and summarized in Table 1, indicate that NIQI induces thermal
stabilization in most of the G4s, except for HRASI and LWDLN1 (both
belonging to the antiparallel G4 group). However, NIQI does not exhibit
inherent selectivity for a particular G4 topology. Indeed, the highest
thermal stabilization effects were observed for c-Kit2 (parallel G4, AT,
= 12.6 °C), followed by Bcl-2 (hybrid G4, AT, = 10.5 °C), c-Myc and c-
Kitl G4s (both parallel G4s, AT, = 7.9 and 6.3 °C, respectively).
Conversely, the peptide displayed weak stabilization of m-Tely4 (hybrid
G4, AT, = 3.7 °C) and almost no effects on HRAS1 (antiparallel G4,
ATy = 1.6 °C). On the other hand, NIQI showed a slight destabilizing
effect on LWDLN1 G4 (antiparallel G4, ATy, = —3.2 °C), which might be
attributed to a possible distortion of this G4 upon peptide interaction.

Additionally, with the aim of evaluating NIQI selectivity for G4
structures over double-stranded DNA, CD experiments were also per-
formed by using dsz¢ as a representative duplex model. The CD spectrum
of dsy¢ typically shows a positive band at around 280 nm and a negative
one at around 250 nm (Fig. S2). These bands were not significantly
altered after the addition of the peptide. Moreover, duplex thermal
stability was not significantly affected by the peptide (AT, = 2.0 °C),
indicating the preference of NIQI for G4 over duplex DNA (Fig. S3 and
Table 1).

Finally, to investigate the conformational changes of NIQI upon G4
binding, an analysis of the CD spectrum of the peptide in the presence of
c-Kit2 in the 200-250 nm wavelength range was performed. c-Kit2 was
selected as it was the most stabilized G4 among those investigated. By
subtracting the CD signal of the c-Kit2 G4 from the spectrum of the G4/
peptide mixture, it was possible to detect any conformational changes in
NIQI upon interaction with G4 (Fig. S4). Interestingly, while NIQI
exhibited an unstructured conformation in solution, the CD spectrum
revealed the appearance of an a-helical signal in the presence of the G4
(Fig. 2A), displaying an increase in the estimated helical content from
0to 17.5 % (Fig. 2B).

3.3. Studies on the interaction of NIQI with G4 structures by MST assay

To obtain quantitative data on the binding affinity of NIQI for the
investigated G4 structures and to verify its selectivity for G4 over duplex
DNA, MST was employed. Basically, MST enables the monitoring of the
thermophoretic behavior of the target molecule in small temperature
gradients, which is sensitive to ligand-induced alterations in size,
charge, and/or hydration shell of the target [45]. Consequently, changes
in the thermophoretic behavior of the target can be used to determine
the equilibrium dissociation constant, K4. For MST experiments, serial
dilutions of DNA molecules were prepared and mixed with a constant
concentration of FITC-labelled peptide, loaded into capillaries, and
analyzed at 25 °C. The binding curves obtained from these experiments
validated the binding of NIQI to all G4 structures, and notably, revealed
a strong binding affinity of the peptide to certain G4s, with measured Kq4
values in the two-digit nanomolar range (Table 1 and Fig. S5).

Indeed, NIQI exhibited the highest affinity for c-Kit2 (Kq = 10 nM),
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followed by Bcl-2 (K4 = 27 nM), c-Myc (Kq = 60 nM), and c¢-Kit1 (Kq = 63
nM). NIQI also exhibited a good affinity towards m-Tely4 and LWDLN1
(Kqg = 200 and 460 nM, respectively), while displaying significantly
lower affinity for HRASI G4 (Kq = 1000 nM). Interestingly, NIQI dis-
played negligible binding to the dsys duplex (Kq > 20 puM), clearly
indicating its selectivity for G4s over duplex DNA. These findings are in
complete agreement with the results of CD-melting experiments and
identify c-Kit2 and Bcl-2 as the best G4 targets of this series for NIQL.

3.4. Thermodynamic data for the binding of NIQI to c-Kit2 and Bcl-2 G4s
by ITC experiments

In order to gain a deeper understanding of the binding of NIQI to c-
Kit2 and Bcl-2 G4s, a thorough calorimetric analysis was performed by
using ITC. ITC is a highly accurate method for determining the ther-
modynamic parameters of ligand binding to G4 DNA [46,47]. It is the
only technique capable of quantifying both the enthalpic and entropic
components of an interaction, thereby elucidating the thermodynamic
driving forces involved in molecular recognition.

The results of these experiments are presented in Fig. 3 and sum-
marized in Table 2 (raw ITC data for control experiment performed by
injecting the peptide into the buffer are shown in Fig. S6). Specifically,
panels A and B of Fig. 3 show the binding isotherms for the interaction of
NIQI with c-Kit2 and Bcl-2 G4s, respectively, while the insets represent
the corresponding raw ITC data.

The thermodynamic characterization reveals some interesting
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Fig. 3. Raw ITC data (insets) and binding isotherms for titration of (A) c-Kit2
and (B) Bcl-2 G4s with NIQI peptide obtained at 25 °C. The black dots represent
the experimental data obtained by integrating the raw ITC data and subtracting
the heat of peptide dilution into the buffer. The red lines represent the best fit
obtained by multiple binding sites model.
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Table 2

International Journal of Biological Macromolecules 253 (2023) 126749

Thermodynamic parameters for the interaction of NIQI with c-Kit2 and Bcl-2 G4s obtained by ITC at 25 °C.

DNA No. of events n K, (M) AG® (kJ mol 1) AH® (kJ mol ™) TAS® (kJ mol 1)
c-Kit2 2 1 1.7 x 108 —47.0 —74.7 -27.7

2 6.9 x 10° -33.3 —-56.9 -23.6
Bcl-2 2 2 1.1 x 108 —45.9 -14.8 31.1

2 2.8 x 10° —36.8 —25.9 10.9

features about the binding processes. Interestingly, both titrations result
in binding isotherms revealing two-event binding processes, but with
different features from each other.

Regarding c-Kit2 G4, the binding isotherm exhibits a characteristic
profile of a system wherein the binding site with higher affinity is
accompanied by a more exothermic enthalpy change [48-50]. Indeed,
the solid line (in red) drawn through the data points for c-Kit2, which
represents the best fit to the data by a two-event model, allowed the
estimation of two equilibrium constants, K, of 1.7 x 10% and 6.9 x 10°
M~ ! for the first and second event, respectively. Consequently, the first
binding event was estimated to be >200-fold stronger than the second
one. The overall stoichiometry for the binding of NIQI to c-Kit2 was
determined to be three peptides per G4 DNA, with one peptide involved
in the first event and two peptides in the second one. The thermody-
namic signatures of the two binding events (Table 2) indicate that the
interaction of NIQI is enthalpically driven. Indeed, both binding events
were characterized by unfavorable entropic contributions. The binding
enthalpies (AH®) for the two events were determined to be —74.7 and —
56.9 kJ mol~! for the first and second event, respectively. These data
clearly indicate that the driving force behind the binding process is the
formation of new interactions between the ligand and the DNA. On the
other hand, the opposing entropic contribution suggests that the
resulting complex is more rigid compared to the free molecules.

Noteworthy, the thermodynamic characterization for the binding of
NIQI to Bcl-2 G4 reveals again a two-event binding process but with
features different from that observed for c-Kit2. In this case, the binding
isotherm has the typical trend of a system wherein the higher binding
affinity site demonstrates a smaller exothermic enthalpy change than
the lower binding affinity site [48], as confirmed by the AH® values
(Table 2). The analysis reveals that the first event (K = 1.1 x 108
is about 40-fold stronger than the second one (K, = 2.8 x 10°M™1). The
stoichiometry indicates that one G4 equiv can bind up to four equiv of
NIQIL The thermodynamic signature of the two binding events suggests
that the interaction is both enthalpically and entropically driven.
Indeed, the favorable enthalpic contribution (AH"), despite smaller than
that observed for c-Kit2, acts synergistically with the entropic one
(TAS®). Such a smaller enthalpic contribution clearly indicates that the
driving force of the binding process is only partially represented by the
formation of peptide-DNA interactions, but it may be also due to a
relaxation of the G4 structure upon binding and/or to the displacement
of water molecules, as suggested by the positive entropic contribution to
the binding. The peptide-induced changes in the structural features of
Bcl-2 G4, as evidenced by the CD results (Fig. S2), also lend some support
to this hypothesis.

Overall, ITC data indicate that the binding of NIQI to these G4 targets
is driven by different thermodynamic contributions and suggest that the
interactions could occur by distinct mechanisms, probably involving
different regions of the G4 structures.

3.5. Studies on the interaction of NIQI with c-Kit2 and Bcl-2 G4s by NMR
spectroscopy

To gain further information on the binding mode of NIQI to c-Kit2
and Bcl-2 G4s, 'H NMR titration experiments were performed. Accord-
ing to the literature, under the experimental conditions used, c-Kit2 and
Bcl-2 sequences form a single G4 conformation characterized by 12 well-
resolved imino proton peaks, corresponding to the 12 guanines involved

in the three G-tetrad planes (Fig. 4) [51,52]. The investigated oligonu-
cleotides were titrated with NIQI up to a 4:1 peptide/G4 ratio. Upon
addition of increasing amounts of NIQI, a decrease in signal intensity
was observed in both the imino (Fig. 4) and aromatic (Fig. S7) proton
regions of the spectra of the two G4s, indicating a strong binding of the
peptide to the tested G4 structures. The drop in signals turned out to be
more intense in the case of c-Kit2 for which the titration was virtually
completed at the 3:1 peptide/G4 ratio, while for Bcl-2 some signals are
still visible in the spectrum at the 4:1 peptide/G4 ratio. Interestingly, the
differences observed for the imino proton resonances of guanines clearly
suggest a different peptide binding behavior to the stem of c-Kit2 and
Bcl-2 G4s.

In the case of c-Kit2 G4, the imino proton signals most affected upon
the addition of 1-2 mol equiv of NIQI were those belonging to the
external G-tetrads, especially those of the 5' end G-tetrad. This suggests
the formation of some stacking interactions between these G-tetrads and
the peptide, probably based on the large dipole moment associated with
the amide group of the peptide and the prospect of dispersion involving
amide n-electrons [53]. This in turn would allow the peptide to arrange
in a conformation that leads the arginine residues to approach and
interact with specific phosphate groups of the G4 through electrostatic
interactions, while the serine residues may form H-bonds with them.
Conversely, in the case of Bcl-2 G4, all guanines, including those of the
central G-tetrad, displayed similar changes in their imino proton signals
upon the addition of NIQI, suggesting a possible peptide interaction in
the grooves of the G4.

Overall, these results indicate a different binding mode of the peptide
to the two G4s, in agreement with the differences observed by ITC.
Indeed, the interaction of the peptide within the G4 grooves could result
in the displacement of a larger number of water molecules compared to
stacking on G-tetrads. This could explain the favorable entropic contri-
bution observed in the case of NIQI binding to Bcl-2, while it appears
unfavorable in the case of c-Kit2, which adopts a parallel topology where
the grooves are occupied by loops. On the other hand, the formation of
stacking interactions between NIQI and c-Kit2 could explain the more
favorable enthalpy changes observed by ITC in this case.

3.6. Alanine scanning to evaluate the role of individual amino acids in G4
binding

To further detail the interactions and determine the key amino acids
involved in the binding of NIQI to c-Kit2 and Bcl-2 G4s, a mutagenesis
analysis was performed. This analysis consisted in replacing one at a
time the arginine and serine residues of the NIQI sequence with the non-
bulky and chemically inert alanine residue. Glycine was not mutated
since it has no sidechain and acts only as a flexible spacer. Therefore, a
small library of eight peptides, each differing from NIQI by a single
amino acid, was synthesized (Table 3) and their effects on c-Kit2 and Bcl-
2 G4s were assessed by CD spectroscopy (Fig. S8-S11).

In particular, CD melting experiments allowed us to evaluate the
individual contributions of specific arginine and serine residues to G4
binding and stabilization of NIQI. Interestingly, the results of these ex-
periments (Figs. S9, S11, and Table 3) show that the arginine residues at
positions 3 and 7 have limited involvement in the interaction with c-Kit2
G4. Indeed, replacing them with alanine had minimal impact on the
peptide's ability to stabilize this G4 (the difference in peptide-induced
G4 stabilization for Ala® and Ala’ derivatives compared to NIQI was
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suggesting an important role for them in the recognition and binding of

the c-Kit2 G4 structure.

<2.5 °C). On the other hand, substituting the other arginine residues in
the peptide sequence resulted in a significant decrease in the G4-

induced G4 stabi-

lization was observed upon substitution of arginine 3 and 7 (Ala® and

As for Bcl-2, a significant decrease in the peptide-

stabilizing properties of the corresponding Ala-modified peptides

(NIQI-Ala!, NIQI-Ala®, NIQI-Ala'’, and NIQI-Ala'®). These modified

as well as serine 14 (Ala'* derivative)
(Fig. S11), suggesting a key role of these amino acids in the interaction

Ala’ derivatives, respectively),

peptides induced a stabilization of c-Kit2 G4 that was at least 5 °C lower

than that induced by NIQ]I, indicating their greater involvement in the

with the Bcl-2 G4. In contrast, negligible differences (around 1-1.5 °C)
were observed when arginine 1 and 17 (Ala' and Ala'” derivatives,

and NIQI-Ala'* peptides),

11

interaction with this G4. The same observation was made when

substituting the serine residues (NIQI-Ala
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Table 3
List of Ala derivatives of NIQI and their induced thermal stabilization (AT,,) for
c-Kit2 and Bcl-2 G4 structures obtained by CD melting experiments.

Peptide Sequence AT, (°C)*
c-Kit2 Bcl-2

NIQI RGRGRGRGGGSGGSGGRGRG 12.6 (+0.2) 10.5 (+0.2)
NIQI-Ala! AGRGRGRGGGSGGSGGRGRG 6.2 (+£0.3) 9.5 (£0.2)
NIQI-Ala3 RGAGRGRGGGSGGSGGRGRG 10.1 (£0.3) 6.1 (+0.3)
NIQI-Ala® RGRGAGRGGGSGGSGGRGRG 7.6 (+£0.4) 8.3 (+£0.4)
NIQI-Ala’ RGRGRGAGGGSGGSGGRGRG 10.3 (£0.3) 5.1 (+0.2)
NIQI-Ala'? RGRGRGRGGGAGGSGGRGRG 6.9 (+£0.3) 9.5 (£0.2)
NIQI-Ala14 RGRGRGRGGGSGGAGGRGRG 7.9 (£0.5) 7.0 (£0.2)
NIQI-Ala'” RGRGRGRGGGSGGSGGAGRG 6.9 (+0.3) 9.2 (+0.4)
NIQI-Ala'® RGRGRGRGGGSGGSGGRGAG 6.0 (£0.4) 8.4 (£0.4)

# ATy, represents the difference in melting temperature [ATy, = T, (DNA + 3
peptide equiv) - Ty, (DNA)]. The T, values of DNA alone are: c-Kit2 = 62.1 +
0.1 °C; Bcl-2 = 60.5 4 0.1 °C. All experiments were performed in 5 mM KH,PO,4/
KoHPO, buffer (pH 7.0) containing 20 mM KCl. All experiments were performed
in triplicate, and the reported values are the average of three measurements.

respectively) and serine 11 (Alan) were mutated, as well as only small
variations (around 2-2.5 °C) were detected for the replacement of
arginine 5 and 19 (Ala® and Alal® derivatives). These results indicate
either minimal to no involvement of these amino acids in the binding to
Bcl-2 G4 or that their substitution with alanine may be compensated by
other amino acids present in the peptide sequence.

Overall, the alanine scanning analysis showed that the key amino
acids of NIQI involved in the interaction with the two G4s are not
identical. The involvement of fewer amino acids in the case of Bcl-2
compared to c-Kit2, also agrees with ITC data, which indicate a lower
binding enthalpy for the interaction with the former than the latter G4.

4. Conclusions

In this study, we analyzed the interaction between NIQI, a peptide
containing an RGG motif shared by 77 human G4-binding proteins, and
various biologically relevant G4 DNA structures with different topol-
ogies. CD experiments showed that NIQI induces some spectral changes
in both parallel G4s and the hybrid G4 Bcl-2. These spectral variations
are consistent with the peptide's ability to stabilize the G4 structures as
well as with the affinity binding constants determined by MST experi-
ments, which also indicated c-Kit2 and Bcl-2 as the best targets for this
peptide.

Furthermore, the very weak interaction observed between NIQI and
the duplex model dsz6 confirmed that the binding of the RG-rich peptide
to DNA is not only mediated by electrostatic interactions. It also sug-
gested that there is a specific affinity for G4 structures, which is
consistent with the fact that NIQI sequence originates from proteins that
selectively bind to G4.

ITC and NMR experiments allowed us to elucidate the thermody-
namics and gain insights into the binding mode of NIQI to the c-Kit2 and
Bcl-2 G4 structures. The results of these experiments clearly indicate a
different binding mode of the peptide to the two G4s. In particular, H
NMR spectra showed that NIQI affected the external G-tetrads of c-Kit2
G4, particularly the 5" end G-tetrad, thus suggesting the formation of
stacking interactions, which would in turn allow the peptide to adopt a
conformation enabling specific arginine residues to approach and
interact with phosphate groups of the G4 through electrostatic in-
teractions, while serine residues may form H-bonds with them.
Remarkably, upon binding to c-Kit2, the peptide undergoes a transition
from a completely random conformation to a structure containing 17.5
% helical content. On the other hand, in the case of Bcl-2 G4, all G-tet-
rads were similarly affected by NIQI, suggesting a probable interaction
of the peptide in the grooves of the G4 structure (Fig. 5). The NMR re-
sults are also corroborated by ITC data, which showed notable differ-
ences in the enthalpic and entropic contributions of NIQI binding to the
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Fig. 5. Schematic representation of possible binding modes for the strongest
interactions of the NIQI peptide (in red) to c-Kit2 and Bcl-2 G4s.

two G4s, probably resulting from the distinct binding modes.

Finally, by adopting the alanine scanning approach, we systemati-
cally evaluated the impact of each arginine and serine residue on the
binding to c-Kit2 and Bcl-2 G4s, thus identifying the key and less relevant
amino acids in the interaction with these DNA molecules. The results
obtained will undoubtedly help the development of other derivatives
with the aim of further improving the peptide affinity and selectivity for
G4 structures.

In conclusion, this study provides new insights into the interaction
between peptides and G4 structures, thereby contributing to laying the
groundwork for the design and use of a new class of peptide-based G4
ligands as an alternative to small molecules. Indeed, due to their larger
size and bulkiness compared to small molecules, we strongly believe that
peptides could serve as more effective tools to interfere in G4-protein
interactions and potentially exert significant effects in modulating
oncogene expression.
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