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In human cells, nucleic acids adopt several non-canonical structures that regulate key cellular processes. Among
them, G-quadruplexes (G4s) are stable structures that form in guanine-rich regions in vitro and in cells. G4
folded/unfolded state shapes numerous cellular processes, including genome replication, transcription, and
translation. Moreover, G4 folding is involved in genomic instability. G4s have been described to multimerize,
forming high-order structures in both DNA and/or RNA strands. Multimeric G4s can be formed by adjacent
intramolecular G4s joined by stacking interactions or connected by short loops. Multimeric G4s can also originate
from the assembly of guanines embedded on independent DNA or RNA strands. Notably, crucial regions of the
human genome, such as the 3'-terminal overhang of the telomeric DNA as well as the open reading frame of
genes involved in the preservation of neuron viability in the human central and peripheral nervous system are
prone to form multimeric G4s. The biological importance of such structures has been recently described, with
multimeric G4s playing potentially protective or deleterious effects in the pathogenic cascade of various diseases.
Here, we portray the multifaceted scenario of multimeric G4s, in terms of structural properties, biological roles,

and targeting strategies.

1. Introduction

More than forty years before Watson and Crick proposed the double
helix DNA model [1] and Wilkins and Franklin gathered their X-ray
diffraction data and asserted that the DNA must be prone to form sec-
ondary strucures to fulfill its multifaceted biological roles [2-4], the
German chemist Ivar Bang noted that guanylic acid (now known as
guanosine monophosphate) tended to aggregate in solution forming
jelly-like structures [5], Bang's study puzzled the expert in the field for
almost five decades until Gellert and colleagues gathered fiber X-ray
diffraction data on guanylic acid [6], revealing the assembly of tetra-
meric elements into large helical structures, thus explaining the aggre-
gates observed by Bang. Subsequent studies showed that four molecules
of guanylic acid arrange into a planar tetrad in which each of the four
guanines is the donor and acceptor of hydrogen bonds. Bang and Gellert
focused on a structure that is now referred to as G-quartet, which can be
adopted by guanosine residues in both ribose and deoxyribose back-
bones, in vitro, under physiological conditions [5,7-9]. Subsequent
studies proved that the guanine residues embedded in the human
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genomic DNA, or in the genome of important human pathogens, tend to
form G-quartets that stack on top of each other, stabilized by positive
physiological cations (mostly Na* and K"), to form non-canonical sec-
ondary structures, typically referred to as G-quadruplexes (G4s) [10-15]
. G4s can be unimolecular or intermolecular and can adopt multiple
topologies depending on strand arrangements, as well as loop length and
nucleotide composition [16,17]. For years, little consideration was paid
to G4s as their possible presence and role in biological systems were
underestimated. The description that the human telomeric DNA could
fold into G4 structures both in vitro and in the nucleus of human cells
[8,9,18-20] revealed that G4s can compete with duplex DNA formation
in vivo, thus prompting elucidation of their biological significance. To
date, G4s have been associated with key cellular processes such as
oncogene promoter regulation [21-27], cellular transcriptome shaping
[28-31], DNA replication [32], DNA damage and genome instability
[33-371, as well as with RNA transcription, translation, and processing
[38-40]. Indeed, G4s are strategically embedded within the human
genome, where they have been mostly considered as single structures,
with examples of genomic regions, mostly promoters, that can fold in
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diverse but mutually exclusive G4s [21,41-45].

Nucleic acids have the propensity to multimerize, via interactions
between complementary strands and consequent duplex formation [46].
Such interactions shape chromosome structure and govern many bio-
logical processes such as RNA silencing or the cellular response to
exogenous nucleic acids [47,48]. It has recently become evident that
nucleic acids multimerize also independently from base-pairing medi-
ated mechanisms. Non-canonical nucleic acid structures, such as G4s,
can form a wide variety of multimeric structures [49-52]. In vitro, G4
sequences were reported to assembly as dimers, tetramers, and other
highly ordered structures named G-wires [49,53-56]. The presence and
folding propensity of multimeric G4s in human cells have been pre-
dominantly depicted for the telomeric regions, where G4 multimers
have been associated with numerous cancer processes and proposed as
innovative antineoplastic marks targetable by G4 ligands [57,58]. Much
recently multimeric G4s have been associated with critical neurological
disorders [59]. To date, G4 ligands specifically interacting with G4
multimers at the neuronal level are still lacking, nevertheless, targeting
of multimeric structures may represent an innovative treatment option
for these neglected pathologies. This review describes the current state
of the art of biologically relevant multimeric G4s in terms of structural
properties, genomic location, and role at the cellular level. The potential
role of G4-ligands in multimeric G4 targeting is also fully presented.

2. Monomeric vs multimeric G-quadruplex structures

G4 assembly does not entirely depend on the Watson and Crick base
pairing but it also relies on the Hoogsteen hydrogen-bonding pattern.
The Hoogsteen base pairing between guanines enables the formation of
the G-tetrad or G-quartet, the building block of G4s. To form a G-tetrad,
four guanines associate via eight hydrogen bonds, from both the Watson
and Crick and Hoogsteen faces of adjacent nucleobases (Fig. 1A). The
stacking of multiple planar G-tetrads on top of one another enables the
folding of the G4 structure. A large variety of DNA and RNA sequences
that can assembly into G4 have been described [16,38]: nucleotide se-
quences that can fold in G4 contain at least four islands of at least two
guanines separated by random nucleotides. The nucleotides between
adjacent guanine islands are referred to as loops [16]. Loop nucleotide
composition and length can vary and determine G4 conformation and
stability [60]. Unimolecular or intramolecular G4s, i.e. single G4
structures originating from a unique DNA or RNA strand, have been
extensively studied [10,61] . The tetrads of a unimolecular G4 can fold
into parallel, antiparallel or hybrid structures, with the loops adopting
three different conformations: strand-reversal (or propeller, connecting
parallel contiguous strands), lateral (or edgewise, connecting antipar-
allel contiguous strands), and diagonal (connecting antiparallel diagonal
strands) (Fig. 1B) [60].

The formation of multimeric G4 structures relies on various features
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of nucleic acids. Multimeric G4s can assembly from G-tetrads that
accommodate guanine residues coming from separate nucleic acid
strands, and are named intermolecular. Intermolecular G4s can be
dimeric, trimeric, and tetrameric and the strands taking part in the G4
structure can come exclusively from DNA strands or from both DNA and
RNA molecules (namely DNA:RNA hybrid) [51,62]. Moreover, multi-
meric G4s can originate from subsequent intramolecular G4s on the
same nucleic acid strand that establish highly-ordered structures, via
stacking of monomeric subunits [60]. The stacking of monomeric sub-
units is influenced by G4 topology and loop orientation. In parallel G4s,
strands are leaning in the same direction as loops on the sides of the
tetrads, thus stacking of multiple structures is favorable [63,64]. The
hybrid topology is also considered favorable for multimer folding,
considering loop distribution [65]. Whereas in the antiparallel topology,
the strands are in the opposite orientation and the loops lean out of the
G4 core, which can impede stacking interactions of terminal G-tetrads or
hinder strand bending to consent G4 folding of subsequent unimolecular
structures [66]. G4 stacking in multimerization plays multiple roles:
stacking shapes the tridimensional structure topology responsible for
protein recognition at the cellular level but also determines the possible
levels of ligand interactions. G4 multimers can accommodate ligands by
end or lateral stacking but also by intercalation between adjacent G4s
[67-71]. To accomplish their complex biological roles, both monomeric
and multimeric G4s need to fold/unfold following precise thermody-
namic processes. In the past years, many groups tried to shed light on the
kinetic mechanisms underlying the folding of G4s, using the human
telomere sequence([GGGTTA]n where n > 4), and relative variations, as
model [72]. Indeed, the human telomeric sequence is a single-stranded
multimeric G4-DNA sequence that can fold in multiple topologies, form
multimers, rely on additional G-tracts possibly acting as spare tires, and
it is involved in the front-line investigation for its biological functions
[73-76]. More recently, the folding pattern of different G4 sequences
embedded in the double-stranded DNA environment, corresponding to
replication origins and promoter regions, was reported [77-79]. The
folding/unfolding dynamics of G4 structures have been studied by cir-
cular dichroism (CD), UV absorption spectrum, fluorescence resonance
energy transfer (FRET), optical or magnetic tweezers, NMR, and have
also been simulated by computational and theoretical approaches
[77,80]. Taken together, these studies attested that each G4 sequence
has a peculiar polymorphic structure that folds/unfolds via multiple
folding intermediates, with the human telomeric sequences showing the
weakest and briefest stability and the more variable folding dynamics,
and promoter/replication origin-embedded G4 sequences showing short
folding time, long persistence and the strength to fold also when
embedded in the double-stranded DNA [73-75,77-80].
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Fig. 1. Chemical structure of the G4 tetrad and different G4 topologies. A. Hoogsteen H-bonds among four guanines which form a G-tetrad; B. Different topologies of

intramolecular G4 structures.
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3. Multimeric G4 presence and function at the human genome
level

The presence of multimeric G4s in the human genome has been
widely predicted [18,81], but for many years their concrete folding at
the nuclear level, as well as their biological significance have remained
concealed. The first predicted multimeric G4 was embedded in the
human telomeric region, with its single-stranded DNA (ssDNA) 3'-
overhang composed of numerous repeated 5-TTAGGG-3' motifs [17].
The structure of the telomeric intramolecular G4 has been widely
debated, as it was first studied in sodium solution [60] and later char-
acterized in the more physiological potassium solution to fold into a
parallel G4 when in the crystalline state [82], whereas into an equilib-
rium of two hybrid structures when in solution [83,84]. Telomeric DNA
and embedded G4s have been associated with cellular senescence
regulation and telomeres aberrant processing by the human telomerase
complex, as well as with cancer onset and progression [26,85]. Thus,
compounds interacting with the telomeric intramolecular G4s have been
proposed as promising anticancer molecules [60,68,86]. The presence of
multiple intramolecular G4s implies that telomeric ssDNA repeats could
form multimeric structures, consisting of adjacent monomeric G4s that
could fold as independent structures, appearing like “beads on a string”
on ssDNA (Fig. 2A) [87-90]. On the other hand, telomeric G4s could fold
also into macro-structures where the single G4 interacts with the
neighboring ones via stacking interfaces (Fig. 2B) [91-93]. Early in vitro
assays showed that both multimeric conformations can potentially be
assumed at the telomere level, with the structure composed of stacking
and interacting G4s being more likely [94]. More recently, studies
merging data from CD spectra, molecular and hydrodynamic analyses,
and small-angle X-ray scattering assays integrated with available high-
resolution NMR, showed that the human telomeric sequence, repeated
up to 96 nucleotides, maximizes stacking G4 folding, thus sparing no
free G-tracts between G4 subunits (Fig. 2 C and D) [91,92,95]. In
eukaryotic cells, the telomeric DNA has been reported to be transcribed
into telomeric repeat-containing long non-coding RNAs of
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heterogeneous length, referred to as TERRA [96]. TERRA expression is
variable: it is regulated by cell stress levels, DNA damage processes, and
the cell cycle state [97,98]. TERRA has been shown to modulate telo-
merase activity, to hinder the histone methyltransferase LSD1, to
compete with single-stranded DNA-binding proteins, and participate in
telomere maintenance [97-101]. Both NMR and mass spectrometry
studies attested that TERRA sequences, containing from two to eight G-
tracts, are extremely prone to assembly into multimeric G4s via stacking
interactions [83,102,103]. TERRA G4 assembly beneficiates from
crowding conditions and displays a high polymorphic state, with mul-
timers being one of the possible folded states [102]. The presence of
folded G4s at the telomeric level in the nuclei of human cells has been
evidenced using anti-G4 antibodies or TERRA RNA G4 -specific pyrene
excimer probe [18,96,104,105]. The biological role of multimeric
structures at the telomere level has not been clearly indicated but,
analogously to monomeric G4s, multimeric G4s have been associated
with protein recognition and telomerase processing, thus their stabili-
zation by small-molecule ligands can alter both telomere structure sta-
bility and aberrant elongation in neoplastic processes, leading to DNA
damage response, telomeric dysfunction and induction of tumor cell
senescence and apoptosis (Table 1). Again, the development of highly
specific telomeric G4 ligands as new anticancer agents captured exten-
sive attention, with the prospect that compounds targeting the multi-
meric G4s may be more specific and display lower side effects [86].
More recently, multimeric G4s have been highlighted in human
coding sequences of genes related to neuronal disorders and sequence
expansion. Neurological disorders, comprising Huntington's disease,
amyotrophic lateral sclerosis (ALS), fragile X syndrome, frontotemporal
dementia (FTD), myotonic dystrophy, and innumerable ataxias, can be
triggered by expansions of short nucleic acid repeats in specific genomic
locations. Notably, the short nucleotide repeats involved in the expan-
sion are G-rich sequences (i.e. 5’-GGGGCC-3' in ALS and FTD) able to
fold into intramolecular G4s and, due to the expansion, also into mul-
timeric G4s [59,106]. Depending on the nucleotide repeat expansion
location, the G4 related pathological mechanism may be at the DNA

B.

Fig. 2. Possible multimeric folding of the telomeric G4 motif. A. “Beads on a string” folding on the DNA template; B. Multimeric G4 folding via stacking interactions
of intramolecular G4s; C. Stick representations of the construction of the multimeric 45-mer telomeric G-quadruplex from two 21-mer units (cyan and blue), con-
nected together by a TTA loop (yellow). On the right, two 45-mer units were joined by a TTA loop (red) to form a 93-mer [91]; D. Best fit model (48-mer, top left
model) and best fit ensemble of conformers. Models are oriented with their 5" ends at the top [92]. (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)
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Table 1
Summary of roles and predicted effects of multimeric G4s at the human genome
level.

DNA locus or gene/protein Related disease Role of multimeric G4s

G4 motif

Aberrant cell
growth and
cancer

Telomere
TTAGGG motif

Protein recognition
and telomerase
complex binding [92]

TERRA Not reported Telomere

UUAGGG motif maintainance and
protein recognition
[98,115,116]

C9orf72 Amyotrophic Negative transcription
GGGGCC hexanucleotide repeat Lateral Sclerosis/  regulation [113]
expansion Frontal-temporal C9orf72 mRNA

Dementia (ALS/ induced toxicity [59].

FTD) Generation of DNA:
RNA hybrids [113]
Sequestration of
cellular proteins [113]

FMR1/FMRP Fragile-X FMRP mRNA
CGG trinucleotide repeat syndrome (FXS) inefficient translation
expansion and Fragile X- [117]

Interaction with
cellular proteins and
inclusion in cellular
inclusion bodies [118]
Generation of aberrant
polypeptides from non-
ATG-starting sites
[118]

Transcription
enhancement [114]

related tremor/
ataxia syndrome
(FXTAS)

DNA:RNA hybrid at transcription
bubble
Variable motif

Mitochondrial DNA transcription

Not reported

Not reported Mitochondrial DNA

stop site transcription
GGGGGAGGGGGGGUUUGGUGG termination
sequence [119,120,120-123]

level (i.e. abnormal transcription), at the RNA level (i.e. atypical RNA
processing, translation regulation, and subcellular localization), or at
the protein level (i.e. aberrant translation, protein misfolding), with
these possibilities being not mutually exclusive [107].

ALS is a neurological disorder characterized by progressive degen-
eration of motor neurons within the brain and spinal cord. FTD is similar
to ALS, and it is characterized by permanent neuronal loss in the frontal
and temporal cortices of the brain. Besides the neurological pathological
spectrum, ALS and FTD share also genetic causes. The most common
cause of both diseases is the hexanucleotide repeat expansion (HRE),
(GGGGCO)n, in the open reading frame 72 of the non-coding region of
chromosome 9 (C9orf72) [108,109]. ALS/FTD positive patients hide
thousands of HRE repeats in their genome, in contrast to control patients
[109]. The proposed mechanisms of pathogenesis in ALS/FTD included
negative C9orf72 transcription regulation, with RNA polymerase stalling
and generation of truncated RNAs, cellular toxicity of the RNA tran-
scripts containing the expansion motifs, sequestration of important
cellular proteins and splicing factors, and translation of an abnormal
polypeptide from non-ATG-starting sites (repeat-associated non-ATG
(RAN) translation) [59,110]. Transcripts originating from C9orf72
repeat expansions were reported to fold into G4 structures as well as to
adopt an equilibrium of two folded states, hairpin and G4 [111,112].
The formation of RAN peptides was associated with the formation of
hairpin structures, as hairping-binding but not G4-binding small mole-
cules were able to hamper RAN translation in vitro [111]. In contrast,
the C9orf72 HRE was reported to form multiple stable G4 structures both
at the DNA and RNA level and also to form DNA:RNA hybrid G4s
(Table 1) [59,107,113,114]. These multimeric G4s are concomitant
causes of neuronal death at the basis of ALS and FTD.

Fragile X syndrome (FXS) is the most common inherited genetic
disease, characterized by intellectual disability and autistic behavior.
FXS is induced by the aberrant function of the RNA binding protein
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known as fragile X mental retardation 1 protein (FMRP), encoded by the
FMR1 gene [124,125]. FMRP is an mRNA-binding protein that is
essential for normal neurological metabolism, as it is primarily involved
in dendritic mRNA transport and postsynaptic translation [126].
Expansion and hypermethylation of the trinucleotide (CGG)n repeats
within the 5-untranslated region (UTR) of FMR1 mRNA, along with
aberrant CpG island hypermethylation preceding the open reading
frame of FMR1, trigger FMRP dysfunction, and neuronal damage. The
same trinucleotide expansion has been linked to an FXS-related neuro-
logical disease, the Fragile X-related tremor/ataxia syndrome (FXTAS)
[127]. In normal humans, 4-55 repeats of the (CGG) trinucleotide are
present, whereas dynamic mutations expand the trinucleotide sequence
to more than 200-2000 repeats in FXS and FTAXS patients [117]. The
trinucleotide expansion present at the 5’-UTR of FMRP coding RNA,
which is common to both neurological disabilities, has been shown to
fold into parallel G4 structures, putatively able to form multimeric G4s
that in FXS and FTAXS patients impede FMRP efficient translation,
drastically diminishing protein synthesis and, thus, triggering neuronal
dysfunction [117]. More recently, other pathogenic mechanisms have
been characterized: (i) the expanded CGG repeat and related G4 struc-
tures interact with RNA binding proteins (RBPs), such as the heteroge-
neous nuclear ribonucleoprotein (hnRNP) A2B1, Di George syndrome
critical region 8 (DGCRS8), src-associated in mitosis (Sam68) and TAR
DNA binding protein (TDP-43), which accumulate into toxic inclusion
bodies and (ii) FMR1 mRNA containing expanded CGG repeats initiates
non-AUG-related translation, rising large amounts of polypeptides that
are toxic to the neuronal cell (Table 1) [118]. As for C9orf72 expansion
transcript, the FMR1 mRNA was reported to form, besides G4s, also
hairpin structures that do not stimulate the interferon-inducible protein
kinase (PKR), and are inefficiently processed by the human enzyme
Dicer [128]. The study of the presence, structural topology, and ex-
pected pathological role of multimeric G4s in neurological diseases is a
recent topic in the G4 field if compared to G4-mediated cancer biology
[26]. Even more so is the development of G4 ligands for neurological
multimeric G4s. The G4-stabilizing ligands (BRACO-19 and PDS) have
been reported to cause neuronal damage in mice [129]. In contrast,
administration of small molecules that specifically stabilize the RNA-G4
originating from the C9orf72 expansion showed promising improve-
ment of the FTD/ALS phenotype both in vitro and in vivo [130]. The
possible effect of G4-destabilizing compounds [57,131] in the context of
the aforementioned neurological disorders has not been reported yet.

The latest reports presenting sequencing data on the human genome
using G4-ligands or anti-G4 antibodies highlighted the presence of
clusters of G4-forming regions in specific loci of the human DNA: CpG
islands, transcription and replication regulators, helicases hypersensi-
tive regions, oncogenes, and regions recognized by BMI1, a member of
the Polycomb Repressive Complex 1 (PRC1) [132-134]. The multimeric
assembly of the G4 sequences embedded in those regions has not been
reported yet, nonetheless analysis of the public sequencing data using a
recently published multimeric G4-tailored algorithm may reveal the
presence and the localization of putative multimeric G4-forming se-
quences [135]. Forthcoming studies may disclose novel biological roles
of consecutive G4-forming sequences and disclose innovative pharma-
cological targets.

In addition to the multimeric G4s described thus far, multimeric G4s
can arise from arrangements of DNA and RNA strands, termed DNA:RNA
hybrids [136,137]. These multimers form during transcription when
guanines in the non-template strand interact with guanines in the
nascent mRNA molecules. This particular structure, formed at the
transcription bubble, has recently been associated with an enhancement
in transcription, rather than an RNA polymerase stalling (Table 1)
[114].

A second important DNA:RNA multimeric G4 has been characterized
at the mitochondrial DNA level: termination of the mitochondrial RNA
polymerase (POLRMT) transcription depends on the formation of stable
DNA:RNA hybrid G4s at the mitochondrial DNA replication priming site
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(Table 1) [119-122]. In detail, the RNA priming of the first strand of
mitochondrial DNA is thought to depend on POLRMT. The nascent RNA
can either elongate to generate full transcripts or terminate at the three
conserved sequence blocks (CSB I, II, and III). Recently, transcription
termination at the human CSBII site has been shown to depend on the
formation of DNA:RNA hybrid G4 structures [120,123].

4. Design of effective G4-ligands for multimeric G4 systems

Monomeric G4 sequences have been widely exploited as biophysical
models to screen for new potential stabilizing G4-ligands (G4Ls), also
when the target G4s were thought to exist primarily as multimers in
nature. Nevertheless, the increasing demonstration of the existence of
highly organized repeated (dimeric or multimeric) G4 structures
[94,102] as well as of their biological relevance [51], prompted the
scientific community to identify and synthesize new small molecules
capable of preferentially binding multimeric G4 structures. The intent
was both to increase selectivity towards the multimeric G4s versus the
large number of monomeric G4s present at the biological level, thus
possibly limiting the side effects, and to improve the compounds' bio-
logical activity by reaching effective stabilization of the G4 consecutive
structures by cooperative binding [51].

Considering the biological need to effectively interact with multi-
meric G4s, G4Ls that had shown high binding capabilities on monomeric
G4s were firstly tested on multimeric G4 structures, both the telomeric
ones and those involved in neurodegenerative diseases [138,139]. For
the most promising G4Ls, the subsequent development pathways to in-
crease their specificity were essentially two: (i) modify the side pendants
to make them more selective towards a multimeric G4 system over a
monomeric one [140]; (ii) covalently linking G4L-binding units together
to increase affinity and specificity for two or more consecutive G4s of a
multimeric system through a cooperative binding mechanism
[141-143].

Based on the different considered structural geometry of the G4
multimerization, the design and the development of new effective li-
gands can be rationally divided into three major classes: (i) a one-to-one
interaction (1:1), where each G4-ligand unit binds one monomer of the
multimeric G4 structure; (ii) a one-to-two interaction (1:2), where the
ligand intercalates itself between two consecutive G4-monomeric units
stabilizing both at the same time; (iii) a two-to-one+one interaction
(2:1+1), where the G4-ligand consists of two units one of which placed
itself in the pocket between two consecutive G4s, interacting with both
through n-stacking interactions, while the second G4L-unit, binds a
single G4 structure, by exploiting different binding sites (Fig. 3). In all
these cases, the proposed G4Ls take principally advantage of n-stacking
interactions with terminal G-tetrads of each G4 unit, considering that
this type of binding in general guarantees a strong stabilization of the

L&

Multimeric G4

International Journal of Biological Macromolecules 204 (2022) 89-102

target [144].

The presence of consecutive G4 units determines a binding possi-
bility clearly different from a single G4 structure, which becomes
increasingly obsolete for studying such systems. In fact, the existence of
a G4-G4 interface, also called pocket task, is a highly characterizing
element of multimeric G4s and provides an enormously advantageous
preferential binding site for the design of new specific ligands, offering
the possibility of improving their affinity than intrinsic selectivity.

So, in this chapter, we will discuss only the most recently developed
G4-ligands, whose specific selectivity towards a multimeric G4-model
with respect to a monomeric one has been demonstrated by biophysi-
cal or computational studies. Although G4Ls that bind multimeric G4
structures are increasingly being developed, in-depth studies on their
binding mode and biological data are mainly available for multimeric
telomeric G4s. In addition, studies on compounds that bind G4 multi-
mers involved in neurodegenerative diseases are still in their early stages
and principally involve molecules already known to bind monomeric
G4s[130,138,140,145,146]. For these reasons, in the following chapters
only compounds binding multimeric telomeric G4s will be presented.

4.1. One-to-one interaction

One-to-one interaction is based on the possibility that each binding
unit can coordinate with a single G4 structure. This is mainly possible for
large compounds that are unable to fit into the interface between two
consecutive G4s. Although the geometric element characterizing these
multimeric G4 structures is not fruitful, covalently linking several
binding units, one after the other, has allowed achieving interesting
results both from the point of view of specific selectivity and as a
function of biological readouts.

This is the case, for example, of the Zinc (II) chiral-supramolecular
complex Ni-M (Fig. 4), which exhibited an impressive selectivity to-
wards high-ordered dimeric G4 over monomeric one [147]. Indeed, the
enantiopure isomer Ni-M recognizes the dimeric G4 model G2T1
(sequence AGGG(TTAGGG)7) with a 200-fold higher affinity (Ka = 4.6
+ 0.8 x 107 M~ by fluorescence titration method and Ka = 2.7 + 0.3 x
107 M~! by ITC method) than the monomeric one, despite the authors
demonstrated that it binds two consecutive G4 units, following a 1:1
stoichiometry, instead of inserting itself into the interface between two
consecutive G4s. This binding geometry is probably due to the large size
of this triple helicate structure, too big for the multimeric G4 pocket, as
in the case of the dimeric dinickel(Il)-salphen complex 1 (Fig. 4) [148].

As for Ni-M, fluorescent titration assays using a G2T1 sequence with
fluorescent adenine isomers located on the four different exposed G-
quartets (adenine residues position 7, 13, 31, and 37), highlighted the
ability of 1 to bind G2T1 exploiting n-stacking interactions according to
the one-to-one model here proposed [8]. In particular, to synthesize a

Unit

Fig. 3. Schematic representation of proposed binding interaction of G4Ls on multimeric G4s.
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Fig. 4. Chemical structures of G4-ligands able to interact with G4 multimeric systems following a one-to-one binding mode.

molecule capable of interacting with the G2T1 dimeric model, the au-
thors covalently linked two nickel(I)-salphen units, already widely
known as good ligands for monomeric G4 [149], with polyethylene
glycol (PEG) linkers of different lengths. Although CD-melting data
highlighted that mono nickel(I)-salphen complex 2 (Fig. 4) higher
stabilize both monomeric (G1) and dimeric (G2T1) G4 models than
dinickel(II)-complex 1 (stabilization of 20 °C for 2 versus 14.1 °C for 1 in
[G4L]:[G2T1] stoichiometry of 4:1 and 2:1 respectively), the latter
showed a higher selectivity towards the dimeric G4 structure. Indeed, 1
showed a selectivity of 30-fold higher for antiparallel G2T1 (Ka = 3.2 +
0.4 x 10’ M1 by UV/vis spectroscopy) and 6-fold higher for mixed-type
G2T1 (Ka = 1.4 + 0.3 x 10’ M~! by UV/vis spectroscopy), over the
respective monomeric G1 (selectivity of 2 for (i) antiparallel G2T1 vs.
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G1 = 5; (ii) mixed-type G2T1 vs. G1 = 1) [148]. In addition, compound
1 shown encouraging micromolar cytotoxicity against HeLa and MCF-7
cancer cells with ICsq values by MTT assay of 5.7 + 0.7 pM and 5.4 + 0.6
pM respectively [150].

Extremely efficient in recognizing mixed-typed G2T1 (G2T1M) over
antiparallel G2T1 (G2T1A) and both monomeric G1 (mixed-type and
antiparallel) resulted to be the berberine dimer 3 (Fig. 4) [151]. Its
shorter PEG linker allows it to have an impressive selectivity of 76-fold
higher for G2T1M (Ka = 7.5 + 0.1 x 108 M~! by UV/vis spectroscopy)
versus G2T1A and, even, 508-folded higher when compared to the
monomeric system G1M. Despite the promising selectivity, 3 stabilizes
G2T1M by only 11 °C and G2T1A by 8.3 °C ([3]:[G2T1] stoichiometry of
4:1) [151]. This is also reflected in lower levels of cytotoxicity against
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HeLa and MCF-7 cancer cells with ICsg values by MTT assay of 38 + 2
pM and > 50 pM respectively [150]. More interesting, however, are its
fluorescent properties. Indeed, the intrinsic fluorescence of 3, absent
without the biological target, is 11-fold enhanced towards G2T1M than
G1M, suggesting a promising application of this dimer as a highly se-
lective fluorescent sensor for multimeric G4 systems [151].

Even more efficient as a switch-on sensor of multimeric G4 structures
at telomeric level has proved to be the commercially available quinoline
derivative BEPQ-1 (Fig. 4), with one of the lowest detection limits
reached to date, equal to 0.11 pM [152]. Its fluorescence is enhanced
more than 20-fold in presence of htg45 (sequence GGG(TTAGGG)7),
with weak cytotoxicity in A549 cancer cells (75% cell viability after 12 h
incubation at 10 pM concentration). Negligible fluorescence response
was demonstrated with the addition of monomeric G4s, duplex DNA,
and single-stranded DNA [152].

Covalently merging well-known G4-binding units to create a ligand
more congenial for multimeric G4 systems, is the design that has also
supported the development of the bisquinolinium dimer 4 (Fig. 4) [150].

Based on intriguing results obtained for 1 and 3, in which two
effective G4-binding units are linked by PEG spacer, the authors
demostrated that three ethylene glycol (EG) repeats properly space the
two bisquinolinium monomer 360A (Fig. 4), exhibiting 60-fold higher
binding selectivity towards G2T1A than the antiparallel G1 (Ka = 4.3 +
0.1 x 107 M~! by UV/vis spectroscopy). This result turned out to be very
promising, considering that the corresponding 360A monomer had a
significantly lower degree of selectivity versus the multimeric structure
(only 3-fold higher towards G2T1 versus G1) despite a comparable
binding constant value (Ka = 2.3 + 0.3 x 107 M~! by UV/vis spec-
troscopy). In addition, dimer 4 reached a high stabilization of G2T1A,
with a AT, value higher than 28.1 °C in a molar ratio of [4]:[G2T1A] =
4:1, versus a negligible stabilization towards G1 and null towards duplex
DNA. Stabilization comparison further emphasized the specificity of 4
versus multimeric G4s: indeed, 360A efficiently stabilized both G1 and
G2T1 structures, resulting in a 1.5-fold higher stabilization of G2T1
versus G1l. Notably, the biological activity of compound 4 was also
promising. It induced concentration-dependent inhibition of telomerase
activity with an ICsy value by TRAP-LIG assay of 5.0 + 0.2 pM,
compared to ICsg of 9.0 & 0.6 pM obtained with 360A. Nonetheless, its
activity in cells (cytotoxicity) evaluated by MTT assay against two
different cancer cell lines was less (IC5g of 9.5 + 2.0 pM and 23.9 + 1.5
pM in HeLa and MCF-7 cancer cells, respectively) than that obtained
with the corresponding monomer 360A (ICsg of 6.4 + 1.6 pM and 8.8 +
2.0 pM in HeLa and MCF-7 cancer cells, respectively) [150]. The authors
suggested that this difference may derive from the greater size and
charge effect of the bisquinolinium dimer 4 compared to the 360A
monomer, which can impair transport within the cells.

Very recently, the same group demonstrated that the reasonable
regulation of the PEG-linker length among the two binding units of the
G4-ligand can modulate a better selectivity between G1T2A and G1T2M
[153]. Indeed, dimeric Pyridostatine (PDS) compound 5 (Fig. 4), with a
spacer of three EG units, showed higher binding affinity (Ka = 4.0 £+ 0.5
x 107 M~! by UV/vis spectroscopy and Ka = 1.7 4+ 0.5 x 10’ M~! by
ITC) towards G2T1A with 50-fold selectivity over G1A. On the contrary,
PDS-dimer 6 (Fig. 4), spaced by four EG units, greatly prefers the mixed-
type dimer G2T1M (Ka of 2.3 + 0.4 x 10’ M ™! by UV/vis spectroscopy
and Ka =1.2 + 0.3 x 107 M~ by ITC) with 39-fold selectivity over GLM.
Comparing these data with the monomeric counterpart PDS (Fig.4), the
higher binding selectivity of the PDS-dimers versus dimeric G4s over
monomeric ones is tangible. PDS preferentially binds antiparallel G2T1
over G1 with a selectivity index of only 1-fold higher, while it has
greater affinity towards the monomeric mixed G1 over G2T1M (G2T1M/
G1M selectivity of 0.2). In a molar ratio of [PDS-dimers]:[G2T1] = 6:1,
both these PDS-dimers can stabilize G1T2A with a 17- (for 5) and 13-fold
(for 6) higher stabilization over G1, while only 6 can efficiently stabilize
G1T2M (ATp, of 15.3 °C by CD-melting) slightly destabilizing G1M by
—4.8 °C. Despite the monomeric PDS efficiently stabilized both G2T1A
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(AT, = 30.2 °C) and G2T1M (AT, = 11.3 °C), it also showed high
stabilization of the monomeric G1A (AT, = 34.7 °C) and GIM (AT, >
30 °C), stressing once again no preference for multimeric G4 structures
[153]. These PDS-dimers showed weaker telomerase inhibition than
monomer PDS [154], though concentration-dependent inhibition of
telomerase activity in a micromolar range was identified for both, with
an estimation of ICso by TRAP-LIG assay of 8.7 & 0.6 pM and 3.6 + 0.7
pM for 5 and 6 respectively (ICsq for PDS equal to 0.4 & 0.05 pM) [153].
However, more in-depth studies on such dimers in cancer cells are still
lacking.

Very recently, the same group developed two new promising G4L-
dimers composed of a berberine unit (Ber) covalently linked to 360A
(Ber-360A, Fig.4) or PDS (Ber-PDS, Fig.4) moieties to simultaneously
improve stabilization (by 360A or PDS) and detection sensitivity (by
Ber) of dimeric/multimeric G4s in vitro as well as in cells [155]. The
one-to-one binding mode towards two adjacent G4 of the G2T1struc-
tures (antiparallel and mixed-type) was confirmed by spectrophoto-
metric titrations, fluorescent titrations with Ap-labelled G4s, as well as
by in silico studies for both Ber-360A and Ber-PDS. Following the
previously demonstrated data for the monomers 360A [150] and PDS
[153], Ber-360A showed a higher stabilization for antiparallel G2T1
(AT = 26.2 °C by CD-melting with Ka = 19.5 + 5.8 pM ™~ * by fluorescent
titrations) than mixed-type G2T1 (AT, ~ 11 °C by CD-melting with Ka
= 16.9 + 4.7 uM ! by fluorescent titrations), as well as Ber-PDS
revealed a comparable stabilization of G2T1A (AT, ~ 20 °C by CD-
melting with Ka = 21.8 + 4.0 pM~! by fluorescent titrations) and
GIT2M (AT = 15.8 °C by CD-melting with Ka = 11.1 + 1.0 pM ! by
fluorescent titrations). In addition, both the G4L-dimers proved higher
selectivity for G2T1 structures compared to different monomeric G4s
(G1A, G1M, ckit-1, ckit-2, cmyc) as well as dsDNA [155]. These results
become even more promising by analyzing the quantum yield of these
dimeric ligands, able to significantly ignite their fluorescence response
only in the presence of dimeric G4 structures G2T1, which is kept con-
stant even after adding an excess of 6 equivalents of mixed-type or
antiparallel G1 as a competitor. Between the two dimeric ligands, Ber-
PDS evinced higher quantum yield values for both dimeric G4 struc-
tures, i.e. ®x = 0.54 for G2T1A (2.1-fold higher than Ber-360A) and ®x
= 0.26 for G2T1M (2.4-fold higher than Ber-360A), with an extraordi-
nary subnanomolar detection limit for G2T1A (0.44 nM) and a nano-
molar one for G2T1M [155]. Even more interesting, while Ber-360A
appears to remain mainly in the cytoplasm, probably binding RNA
structures, Ber-PDS induced a strong emission response localized in the
nucleoli of lived and fixed HeLa cells. This fluorescence response is
quenced only upon addition of 8 equivalents of the well-known G4
ligand BRACO-19 (80 uM) [144], which competes for the binding to the
G4 target. In addition to being promising probes, both these dimeric
G4Ls have shown concentration-dependent telomerase inhibition with
ICso values by TRAP-LIG assay of 1.2 + 0.2 pM and 0.8 + 0.2 pM,
respectively, for Ber-360A and Ber-PDS, values comparable with those
of 360A (ICsp = 3.2 + 0.6 pM) and PDS (ICsp = 0.4 £ 0.1 pM) monomers
(Fig.4). Both Ber-360A and Ber-PDS also proved higher anticancer ac-
tivities against HeLa (IC5¢ of 10.9 + 1.2 pM and 9.2 + 0.8 pM, respec-
tively) and HepG2 (ICsp of 129 + 2.2 pM and 10.1 £+ 0.3 pM
respectively) cancerous cells than the normal LO2 cell line (ICso of 117.8
=+ 5.2 uM and 22.9 + 1.2 pM, respectively) by MTT assay, although only
Ber-360A has an effective therapeutic window towards cancerous cell
lines A549 (ICsp = 36.3 + 2.7 pM), MDA-MB-231 (ICso = 27.3 + 2.8
pM), and MCF-7 (ICsp = 24.1 + 2.1 pM) [155]. Taken together, these
results lay interesting bases for the use of these two conjugates for
theranostic purposes.

Among all compounds presented here, the most extended G4L system
is certainly represented by the tetrameric Telomestatin derivative L2ZH2-
60TD tetramer (Fig. 4) [156]. While L2H2-60TD monomer and
L2H2-60TD dimer (Fig.4) efficiently bind and stabilize monomeric
telomeric G4 (sequence (TTAGGG)4TTA), with comparable bound
fraction (respectively of 56.4% and 57.4%) and stabilization
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(respectively of 11.0 °C and 14.7 °C by UV-melting), the tetrameric
derivative L2H2-60TD tetramer is completely inefficient in binding
monomeric G4 (bound fraction of 9.7%), so much so that UV-melting
data show no variation in stabilization of such structure. On the con-
trary, about 50% of L2H2-60TD tetramer is occupied in binding with
the multimeric G4 target if we consider a hexameric G4 model, high-
lighting its ability in binding multimeric G4 system 40-fold more effi-
ciently concerning shorter G4 sequences. This trend was also confirmed
by CD-melting results, from which it is shown the stabilization induced
by L2H2-60TD tetramer of 18.2 °C for a dimeric G4 model until 30.1 °C
for a tetrameric G4 one [156]. In addition, while L2ZH2-60TD monomer
and L2H2-60TD dimer showed similar affinities for monomeric or
hexameric G4 systems (Kq of 14.2 + 1.2 nM and 20.6 + 1.8 nM,
respectively, for L2ZH2-60TD monomer, and K4 values of 13.8 + 1.4 nM
and 17.9 + 2.1 nM, respectively, for L2ZH2-60TD dimer), L2H2-60TD
tetramer showed more than 43-fold higher affinity for the hexameric G4
system (Kgq = 16.2 + 2.8 nM), than for the monomeric G4 (Kq = ~700 +
50 nM). The selectivity that this multimeric binder system guarantees is
even more interesting. The authors showed that, unlike the monomeric
and dimeric derivatives, the tetrameric derivative is not able to effi-
ciently bind the monomeric G4 of the Bcl2 promoter sequence, further
emphasizing that it is possible to recognize only multimeric G4 systems
compared to monomeric systems of different nature by appropriately
managing the concentration of LZH2-60TD tetramer used [156]. These
results can be well explained by considering a polyvalent binding
mechanism of L2ZH2-60TD tetramer, where the one-to-one interaction
mode G4 vs G4L is cooperative for subsequent interactions, increasing
the overall stabilization of the target the more the number of consecutive
G4s present increases. Nevertheless, its high molar mass does not make
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the tetramer in its current form ideally functional for cellular applica-
tions, despite the cellular uptake could be addressed by exploiting ad-
ditive specific delivery techniques.

4.2. One-to-two interaction

As anticipated, the distinct structural element of multimeric G4s is
the interface between two consecutive G4s, also known as “binding
pocket”, which become an intriguing and unique site for the develop-
ment of selective G4-ligands for these particular repeated secondary
structures. Therefore, many research groups focused their attention on
molecules with a large planar aromatic portion, known as capable of
interacting with G4s through n-r stacking to force this type of interac-
tion, and among all, Sugiyama et al. were the first to validate the
feasibility of this strategy exploiting a new molecular entity. Cyclic
helicene M1 (Fig. 5), indeed, arose highly selective towards G2T1
dimeric G4 structure without particularly interacting with monomeric
ones. This result was highlighted by 70% decreased CD intensity and
80% fluorescence quenching of M1 in the presence of G2T1 [157].
Nevertheless, comparable dissociation constants (Kp) between M1 and
G2T1 or G1 were estimated by surface plasmon resonance (433 + 13 nM
and 541 + 11 nM, respectively). Molecular modeling studies underline
that the ability to fit perfectly into the binding pocket between two G4s
lies in the orientation of the left-handed helicene and on the specific
shape of M1. This strong interaction revealed potent dose-dependent
telomerase inhibition, by TRAP assay, which was complete at 0.5 pM
compound [157].

Considering that the porphyrin core is almost the same size as a G-
quartet, several derivatives of it have been developed, including p-
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TMPipEOPP (Fig. 5), which showed high selectivity towards G4s over
duplex, single-stranded, and triplex DNAs [158]. p-TMPipEOPP in-
teracts with telomeric multimeric G4s adopting two different binding
modes as a function of the dimension of the loop that connects two
adjacent G4s: sandwich-like end-stacking mode between two different
G4 structures, not covalently linked together, and a pocket-intercalating
mode (here indicated as one-to-two interaction) [158]. While this ligand
can bind monomeric G4s following a sandwich-like end-stacking mode
with a [p-TMPipEOPP]:[monomeric G4s] stoichiometry of 1:2, a 1:1
stoichiometry with the single one-to-two binding mode was found only
with the Hum59 sequence (TAGGG(TTAGGG)y), in which the two G4
units are spaced by a large loop of 15 nucleotides (Ka = 0.62 x 10° M !
by UV/vis titration spectra). Despite p-TMPipEOPP interacts differently
with monomeric and dimeric G4s, it induces an almost identical stabi-
lization, thus in the end being not particularly selective for multimeric
structures [158].

Physiological hemin (Fig. 5) also prefers the interface between two
consecutive G4s as a preferential binding site on the multimeric G4
systems, as suggested by higher hemin-related DNAzyme activity which
develops in this region [159]. Indeed, a strong difference in catalytic
behavior of ABTS (2,2'-azinobis(3-ethylbenzothiazoline-6-sulfonic acid)
oxidation was found depending on the monomeric (22AG), dimeric
(46AG), or trimeric (70AG) model of the considered telomeric G4 in the
presence of hemin and hydrogen peroxide. This is principally due to the
higher hydrophobic environment of the “binding pocket” and to its
ability to better protect hemin against HyO»-degradation, being an
“internal” interaction site. Considering a 1:1 stoichiometry between
hemin (1 pM) and DNA (strand concentration of 1 pM), kinetic exper-
iments were compared identifying the initial rates of the catalytic pro-
cess which turned out as 5.6- and 3.4-fold higher in the presence of
70AG (vo =1.51 pMmin_l) and 46AG (vo=0.93 pMmin_l) respectively
than in the presence of 22AG (vo = 0.27 pMmin’l) [159].

Contextually, inspired by the important role that triazole moieties
have exhibited on G4s stabilization [160], telomerase inhibition, and
anticancer activity [161,162], Moses et al. developed a hybrid oxazole-
triazole ligand DR4-47 to achieve the preferential stabilization of the
ligand-induced parallel folded structure of telomeric multimeric G-
quadruplexes (Fig. 5) [163]. Using molecular dynamics simulations and
CD assays, the authors suggested that DR4-47 is capable to interact
between adjacent G4 units in telomeric multimeric G4s through n-rn
stacking, and due to extra electrostatic interaction between the pro-
tonable side chains and the groove. These structural peculiarities
contributed to the specific binding of DR4-47 to telomeric multimeric G-
quadruplexes (AT > 33.5 °C in the presence of G2T1 by CD-melting
experiments) making it an interesting starting point for future de-
velopments [163].

A more close-fitting complex between the binding pocket and a new
G4-ligand entity was obtained by Huang et al. with the development of
the triaryl-substituted imidazole derivative IZNP-1 (Fig. 5) [86]. IZNP-1
resulted in a particular selectivity towards multimeric over monomeric
G4 models thanks to its ability to intercalate into the pocket between
two consecutive G4s. Indeed, while Kp in the presence of monomeric G4
was not determinable due to the weak enhancement of fluorescence
attributable to negligible interaction, high dissociation constant values
were identified in the presence of multimeric htg45 (7.8 pM), htg51
(11.0 pM), and htg57 (13.3 pM). This selectivity is also reflected in its
ability to stabilize the multimeric structures (ATy, values from 20 °C to
33 °C by CD-melting) over monomeric htg21 (AT, = 6 °C by CD-
melting) [86]. Interesting, IZNP-1 was slightly more active in
cancerous cells (ICsg of 5.4 and 6.5 pM on Siha and A549 cancer cells
after 24 h) than in healthy ones (ICsg of 13.3 pM on normal BJ fibro-
blasts after 24 h), inducing cell cycle arrest and cellular apoptosis in a
dose-dependent manner (apoptotic cell populations equal to 26.6% and
63.0% respectively in the early and late stage of Siha cells treatment
with 10 pM of ligand for 12 h). In addition, IZNP-1 also induced telo-
mere shortening and cell senescence. Strictly related to telomeric DNA
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damage and telomere dysfunction, a significant increase of phosphory-
lated H2AX (yH2AX) foci, of which 62% co-localized with TRF2 protein,
was proven, highlighting the high selectivity of this ligand damage at the
telomere level (for comparison, yH2AX foci induced by BRACO-19 co-
localize with TRF2 protein for only the 39%) [86]. Enthralling, IZNP-
1 impressive selectivity towards multimeric G4s was also confirmed by
its inability in downregulating the transcription of different genes that
present monomeric G4s in their promoter region [86].

Inspired by the above excellent results, Hu et al. synthesized another
dimeric aryl-substituted imidazole derivative DIZ-3 (Fig. 5) [164],
which exhibited high binding ability (Kp = 4.6 pM) and stabilizing effect
(AT = 12.7 °C by CD-melting) towards dimeric htg45 over monomeric
G4 (AT, = 1.7 °C). The reported binding study of DIZ-3 confirms the
selective interaction with the binding site located at the pocket inter-
face. Furthermore, DIZ-3 showed dose-dependent inhibitory activity on
U20S cancer cells (ICsg of 2.1 uM) with a cytotoxic effect of an order of
magnitude higher than that obtained on normal BJ fibroblasts (ICsq of
29.3 pM). The accumulation of cells in the S phase (from 24.0% to
32.2%) of U20S cancer cells after 24 h treatment with DIZ-3, as well as
the increase of apoptotic cells (from 10.1% to 24.9%) pointed out how
DIZ-3 is a good candidate for inducing telomeric DNA damage in cancer
cells. As IZNP-1, also DIZ-3 did not affect transcription of other genes
that contain monomeric G4 in their promoter, consolidating the high
selectivity of this structure for multimeric G4 systems [164].

More recently, a novel monomeric naphthalene diimide, NDI-5 has
been investigated as a binder of multimeric G4s [165]. NDI-5 showed
the capacity to bind the pocket between the two consecutive G4 units of
Tel46 both in biophysical assays and docking simulations with very
good affinity (Ka; = 1.6 £ 0.9 x 107 M ! by ITC method). This affinity
has important repercussions in terms of stabilization (ATy, of 12 °C by
CD-melting) and from the biological point of view. An increase of yYH2AX
(of around 3-fold with 1 pM NDI-5) on transformed human fibroblasts
(BJ-EHLT), completely absent in normal fibroblasts, as well as an elec-
tive and high cytotoxic effect in cancer cells (ICsg of 79 nM on HeLa
cells), highlighted the significant specificity and selectivity of this ligand
against cancer cells [166].

In addition, different research groups focused their attention on the
development of G4 selective fluorescent sensors. Among all, sensors
with unique aggregation-induced emission properties seem to be able to
be exploited as fluorescent probes for label-free detection of G4 forma-
tion. Their switch-on mechanism makes them suitable for the targeting
of the multimeric binding pocket. In this field, Kong et al. developed two
tetraphenylethene (TPE) derivatives DATPE and QATPE (Fig. 5),
analyzing their recognition properties and the abilities to selective turn
on their emission upon binding [167]. DATPE, with two positively
charged side arms, exhibited a very selective fluorescence response to-
wards telomeric multimeric G4s than QATPE. In addition, DATPE
showed a very low level of cytotoxicity and no effect on multimeric G4
stability, emphasizing its possible use as an efficient fluorescent probe to
detect multimeric G4s in vivo.

4.3. Two-to-one+one interaction

The main advantage of this binding mode lies in the possibility of
taking advantage of a second additive interaction (e.g. grooves inter-
calation) to the characteristic n-stacking binding pinpointed in the
pocket interface between two consecutive G4s.

This is the behavior adopted by the recently proposed naphthalene
diimide (NDIs) dimers 7-8 (Fig. 6) with a long alkyl spacer [68]. While
one NDI unit (preferentially the tri-substituted ones) perfectly fits the
pocket task between two consecutive G4s, the second unit facilitates
additional interactions with the regions flanking the pocket highlighting
a 1:1 complex with htg45 model. In particular, the positive charged
lateral pendant of 8 further increase htg45 stabilization through elec-
trostatic and stacking interaction between the ammonium group and the
phosphate backbone or the nucleotide basis respectively [68]. This



L Frasson et al.

\ \
NH NH NH
/®1\ /®1\ /®1\

Ox_N_O O _N__O OxN.__O

NN §

HoNy AN
0 KOS
X X

O~ 'N” "0 o~ 'N” ~O O~ 'N” "0

1

X=H 9
NH(CH,)sNMe, 10

H
h‘lé

NH(CH,);NMe, 8

Fig. 6. Chemical structures of dimeric NDIs able to interact with G4 multimeric
systems following a two-to-one+one binding mode.

additive binding mode gives rise to impressive cytotoxicity against
tumor cell lines of different histological origins, exhibiting nanomolar
ICsq values in the case of 7 (ICso ranging from 8.6 nM against U20S cells
to 1.31 nM against MDA-MB231 cells) and, even, subnanomolar ICsg
values in the case of 8 (ICsg ranging from 0.85 nM against HT29 cells to
0.085 nM against MDA-MB231 cells) [168]. This one-order magnitude
difference may lie in the greater selectivity of 8 for htg45 (binding
constant calculated per site of interaction equal to LogKa = 7.11) over
the monomeric model hTel22 (LogKa = 5.82) compared to 7 (LogKa
equal to 6.62 and 6.44 respectively for hTel45 and hTel22) [68]. Two-
to-one+one interaction mode resulted to be fundamental for obtaining
such cytotoxic effects against cancer cells: indeed the corresponding
monomeric NDIs 9 and 10 (Fig. 6) exhibited considerably inferior ICsg
values, ranging from <10 nM against MDA-MB231 cells in the presence
of 9 until 200 nM against HT29 in the presence of 10.

In addition, both these two NDI-dimers resulted to be powerful in-
ducers of DNA damage response as well as telomere dysfunction-
induced foci, revealing certain selectivity for cancer versus normal
cells [168].

5. Conclusions

G4s can fold into numerous multimeric structures, ranging in size
and spatial distribution on the nucleic acid strand. The multimerization
process creates highly ordered structures, whose structural requirements
have been recently elucidated in vitro. At the human cellular level,
pivotal studies have associated the presence of multimeric G4s with
remarkable biological roles, such as the regulation of cellular growth
and senescence. Multimeric G4s have also been characterized as caus-
ative factors in crucial neurological disorders. A deeper understanding
of their biological role will be crucial for unveiling how multimeric G4s
are involved in the pathogenesis of diseases such as neurodegeneration
and cancer. Given their unique structural properties, multimeric G4s
have become a feasible target for the design of innovative drug-like
compounds. In-depth studies are looked-for to uncover the role of G4s
and the cellular players involved in disease establishment. These ap-
proaches will also show previously unknown players in the intricate
etiology of cancer processes and neurodegenerative disorders, while
prompting the development of novel therapeutic strategies.
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