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Abstract: Progress in the design of G-quadruplex (G4) binding ligands relies on the availability
of approaches that assess the binding mode and nature of the interactions between G4 forming
sequences and their putative ligands. The experimental approaches used to characterize G4/ligand
interactions can be categorized into structure-based methods (circular dichroism (CD), nuclear
magnetic resonance (NMR) spectroscopy and X-ray crystallography), affinity and apparent affinitybased methods (surface plasmon resonance (SPR), isothermal titration calorimetry (ITC) and mass
spectrometry (MS)), and high-throughput methods (fluorescence resonance energy transfer (FRET)melting, G4-fluorescent intercalator displacement assay (G4-FID), affinity chromatography and
microarrays. Each method has unique advantages and drawbacks, which makes it essential to select
the ideal strategies for the biological question being addressed. The structural- and affinity and
apparent affinity-based methods are in several cases complex and/or time-consuming and can be
combined with fast and cheap high-throughput approaches to improve the design and development
of new potential G4 ligands. In recent years, the joint use of these techniques permitted the discovery
of a huge number of G4 ligands investigated for diagnostic and therapeutic purposes. Overall, this
review article highlights in detail the most commonly used approaches to characterize the G4/ligand
interactions, as well as the applications and types of information that can be obtained from the use of
each technique.
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1. Introduction

with regard to jurisdictional claims in

The human genome and transcriptome contain several guanine-rich sequences, which
have stimulated considerable interest from researchers since the first reports of their
being folded into non-classical structural motifs known as G-quadruplexes (G4s) [1–3]
(Figure 1A). These structures are characterized by the presence of two or more stacks
of four guanines organized in a coplanar manner [4]. Each set of four guanines forms
a building block, usually called a G-tetrad, that are stabilized by Hoogsteen hydrogen
base-pairing in physiological conditions, π–π interactions as well as in the presence of
positively charged monovalent cations (usually K+ and Na+ ) (Figure 1B) [5]. G4s are highly
polymorphic and can adopt a wide variety of structures based on strand molecularity and
strand direction, as well as length and loop composition [6]. According to molecularity,
the structures may be distinguished as intramolecular or intermolecular [6]. Considering
the direction of the strands, G4 structures may be classified as parallel, antiparallel and
hybrid (Figure 1C–H). The loops are generally divided into three main groups: propeller,
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hybrid (Figure 1C–H). The loops are generally divided into three main groups: propeller,
lateral, and diagonal [6]. Recently, some structural studies demonstrated the formation of
G4 structures
with longer
loop lengths
and bulges,
opening
the framework
for the
lateral,
and diagonal
[6]. Recently,
some structural
studies
demonstrated
the formation
development
of
novel
diagnostic
and
therapeutic
approaches
based
on
those
features
of G4 structures with longer loop lengths and bulges, opening the framework for the
[7,8].
development
of novel diagnostic and therapeutic approaches based on those features [7,8].

Figure 1. (A) Guanine-rich sequence with potential to form a three-tetrad G4. (B) Chemical structure
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In recent years, the development of high-throughput sequencing methods, such
as G4-seq, has enabled the identification of over 716,000 DNA guanine-rich sequences
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across the human genome with the ability to fold into G4 structures in the presence of the
well-known G4 ligand, pyridostatin (PDS) (Figure 2) [17]. PDS has an important role in
next-generation sequencing (NGS), since it stabilizes G4s and induces polymerase stalling.
Those DNA guanine-rich sequences are non-randomly distributed and are mainly located
in clusters of immunoglobulin switch regions [18], telomeres [19] and promoter regions
of oncogenes [20]. Several reports have described the formation of G4 structures within
endogenous chromatin, and their ability to recruit transcription factors to promote active
transcription [21–28]. The location of those G4 structures was revealed using an antibodybased G4 chromatin immunoprecipitation sequencing (G4 ChIP–seq) approach [21], and
suggests that they play a crucial role in critical cellular processes such as DNA replication [29,30], DNA damage repair [26], transcription [22,23], translation [31] and epigenetic
modifications [32]. By using G4 ChIP–seq, Hänsel-Hertsch et al. showed a reduction in
the number of detected DNA G4s (10,000) in genome [21]. These results are not surprising
since transient G4 structures strongly depend on chromatin relaxation and cell status [21].
Recently, an improved version of the G4-seq method was developed and makes available
the G4 map of 12 different species [33].
RNA guanine-rich sequences came into the trends of research in the last few years
due to their intrinsic features and strengths. RNA G4s are more compact, less hydrated,
and more thermodynamically stable than their DNA counterparts [34]. Furthermore, the
presence of the 20 -OH group in the ribose ring favors the parallel topology, making them
more attractive as target molecules [34]. To date, using computational approaches, more
than 1.1 million guanine-rich sequences h with the ability to fold into RNA G4 have been
identified [35]. RNA G4s were shown to exist in human cells by using the specific G4
antibody BG4 [36] and, in the same way as DNA G4s, those sequences are non-randomly
distributed in the transcriptome [37]. Those sequences are mainly located in both 50 and
30 UTR, as well as at the splicing junction of mRNA and noncoding RNAs, being of utmost
importance in regulatory post-transcriptional mechanisms [37]. In the last few years,
several reports have highlighted the importance of G4s in the transcriptome by employing
G4 sequencing high-throughput approaches [38–41]. rG4-seq was initially applied to
map G4s in RNA extracted from HeLa cells [38] and later to plants [40] and bacteria [41].
G4RP-seq was also used to characterize the G4 transcriptomic landscape in vivo [39]. Yang
et al. developed a biotinylated template-assembled synthetic G-quartet (TASQ) derivative
(BioTASQ v.1) (Figure 2) and captured G4 RNAs from breast cancer cells in log-phase
growth, followed by target identification by sequencing [39]. The effect of BRACO-19 and
RHPS4 (Figure 2) treatment was also evaluated [39]. They found that those ligands can
change the G4 transcriptome in a more remarkable way in long non-coding RNAs [39].
More recently, the same research group developed a new BioTASQ prototype that they
called BioTASQ v.2 (Figure 2) and performed an in-depth study of both ligands [42]. Those
studies are of utmost importance and revealed the strong relevance that G4 ligands could
have in cell biology.
Therefore, the location of G4s at both DNA and RNA levels suggests an active role in
the development of diseases such as cancer and neurological disorders [43]. Several pieces
of evidence suggest that G4s play an important role in promoting genomic instability by
triggering DNA damage [44–46]. The G4 ligand PDS induces DNA damage as shown
by the formation of γH2AX foci, a marker of double-stranded DNA breakage (DSB) [47].
Furthermore, ChIP-seq has shown that PDS accumulates at genes containing clusters of
G4 structures and that accumulation is transcription-dependent [47]. Recently, De Magis
et al. showed that the G4 ligands PDS, BRACO-19 and bis-guanylhydrazone derivative
of diimidazo(1,2-a:1,2-c)pyrimidine 1 (FG) (Figure 2) induced the formation of R-loops,
another noncanonical secondary of a DNA:RNA hybrid compatible with the formation of
a G4, and promote DNA damage as a consequence of that formation [44]. They also found
that the mechanism of genome instability and cell killing by G4 ligands was particularly
efficient in BRCA2-depleted cancer cells [44]. This study could open up new possibilities of
investigation and lead to the development of new anticancer approaches.
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Although the G4s present in eukaryotic species have been extensively studied, their
presence in bacteria and viruses has only attracted attention in the last few years [48–52]. In
bacteria, G4s are found in regulatory regions that play important functions in replication,
radioresistance, antigenic variation and latency [51]. G4s in viruses have important regulatory roles in key viral steps [53]. Recent studies have demonstrated the formation and
function of G4s in pathogens responsible for serious diseases. Among them are Mycobacterium tuberculosis [54], Pseudomonas aeruginosa [41], Human Papilloma Virus (HPV) [55],
Human Immunodeficiency Virus (HIV) [53] and SARS-CoV-2 [56].
Therefore, the recognition of the biological significance of G4s has promoted the research and development of ligands that interact with G4s and regulate their structure and
function. The most well-known G4 ligands were initially developed to target DNA G4s, but
many of them have also been employed to target of RNA G4s [57]. Despite some significant
progress in the field, the main challenge remains on the trade-off between affinity and
selectivity, which could be achieved with the full characterization of G4/ligand interactions. Since the discovery of the first G4 ligands (disubstituted amidoanthraquinones)
(Figure 2) [58], methods such as circular dichroism, surface plasmon resonance, isothermal
titration calorimetry, mass spectrometry, nuclear magnetic resonance and X-ray crystallography have been used to characterize the molecular interactions of the G4/ligand pair.
However, despite the utility of those methods, they are in general, time-consuming and/or
costly for the first screening of G4/ligand interactions. Following the general tendency,
high-throughput approaches such as FRET-melting, G4-Fluorescence intercalator displacement (G4-FID), affinity chromatography and microarrays have emerged as rapid and
efficient methods to detect the binding and interaction of ligands with their G4 targets.
Overall, this review describes the most well-known G4 ligands and highlights the
importance of the most recently developed experimental methods for characterizing
G4/ligand complex interactions.
2. Overview of G4-Interacting Ligands
The increasing evidence that DNA and RNA G4s can regulate a variety of physiological
functions in cancer and neurological disorders has encouraged the design and development
of new G4-interacting ligands that may act as therapeutic agents [59]. However, besides
acting as potential therapeutic agents, ligands can be utilized as molecular agents in
biosensing and bioimaging for diagnostic purposes [60].
To date, a significant number of ligands targeting G4s have been investigated and most
of them have been deposited in the G4 Ligands Database 2.1 (http://www.g4ldb.com/
(accessed on 3 August 2021)) [61]. Some G4 ligands are highlighted in Figure 2. Most
of these well-known G4 ligands share common structural features such as an aromatic
core, which permits π−π stacking interactions with planar G-tetrads, and one or more
positive moieties that may interact with DNA or RNA backbone phosphate groups in
grooves and loops [62]. The dissociation constant (KD ) that measures to the binding affinity
is a key parameter of affinity in G4/ligand interaction and for most of the G4/ligand
complexes is lower than 10−6 M [62]. However, in addition to affinity and stabilization,
the G4 ligands must display selectivity between G4 and duplexes’ topologies. It is worth
noting that some of the most well-known G4 ligands, such as BRACO-19 and TMPyP4
(Figure 2), display low selectivity to G4 structures over duplex DNA [63,64]. It was
recently proposed that structure-activity relationship studies could significantly improve
the physicochemical properties of ligands and enable the optimum trade-off between
affinity and selectivity [65]. A recent review by Asamitsu et al. describes in great detail the
ligand design and development to acquire specificity and selectivity without compromising
affinity [66]. However, there is a significant lack of knowledge of the binding of ligands to
G4s when they are embedded with duplex DNA or mRNA, and in chromatin contexts [67].
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Figure 2. List of some examples of G4-interacting ligands mentioned in this review showing the
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2.1. DNA G4-Interacting Ligands
As previously mentioned, since guanine-rich sequences of telomeric ends and oncogene promoter regions have been considered attractive targets for cancer therapeutics, a
significant number of ligands targeting DNA G4s have been reported [20,72].
Telomeres are nucleoprotein structures that are crucial in genome stability and cell
growth due to protecting chromosome ends. In humans, telomeres consist of tandem
repeats of the highly conserved repetitive sequence d(TTAGGG), ending in a shorter
G-rich single-stranded 30 -overhang. Those tandem repeats can form G4 structures that
could impact telomerase activity. BRACO-19 is a 3,6,9-trisubstituted acridine derivative
and one of the first G4 ligands developed with specific telomerase inhibitory activity by
targeting G4s in telomeres [73]. Despite promising in vitro and in vivo anticancer activity,
its potential use in clinical settings was hindered by its low selectivity toward DNA G4s
over duplex [73]. Recently, the binding modes of BRACO-19 toward different telomeric
DNA G4 topologies were tested by molecular dynamics simulations with an explicit solvent
and revealed an end-stacking mode for the parallel G4s, bottom stacking mode 7for
Pharmaceuticals 2021, 14, x FOR PEER REVIEW
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in pancreatic cancer cells [79,80]. Furthermore, the computational and experimental approaches revealed that pyrrolidino side chains interact with G4s mainly through groove
binding using electrostatic interactions. The acridine orange derivative C8 (Figure 4) was
recently investigated for its ability to bind and strongly stabilize G4 structures in the
KRAS oncogene promoter [81]. The NMR and docking studies demonstrated that ligand
interacts with 22-mer KRAS 22RT G4 via π−π stacking and groove/loop interactions [81].
In addition, the acridine core permits end-stacking interactions with external G-tetrads,
while alkylamide side chains establish contact points with grooves/loops. Interestingly, the
positively charged nitrogen group may occupy the cavity, usually occupied by one of the
three central ions through electrostatic interactions. The computational studies using NOE
Pharmaceuticals 2021, 14, x FOR PEERdistance
REVIEW restraints revealed details about the ligand structural features in the interaction
8 of 42
with KRAS-22RT G4 (Figure 4).
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such as
Nevertheless,
modes
of other
well-known
G4 ligands
such as telomestelomestatin
and naphthalene
derivatives
tatin
[82,83], [82,83],
RHPS4 RHPS4
[84,85], [84,85],
and naphthalene
diimidediimide
derivatives
[86,87] [86,87]
(Figure(Figure
2) are
2) are well-characterized
by several
computational
and experimental
approaches.
well-characterized
by several
computational
and experimental
approaches.
Meanwhile, atatthe
the
same
G4 ligands
haveused
been
for therapeutic
Meanwhile,
same
timetime
that that
G4 ligands
have been
for used
therapeutic
purposes,
purposes,
a
range
of
G4
optical
probes,
suitable
for
diagnostic
purposes,
have been
a range of G4 optical probes, suitable for diagnostic purposes, have been developed
to
developedG4s
to recognize
G4s
selectively
Hu et al.adeveloped
a specific fluorescent
G4
recognize
selectively
[60].
Hu et al.[60].
developed
specific fluorescent
G4 probe that
probe that distinguishes
c-MYC
G4 from
other G4 [88].
structures
[88]. Inthe
addition,
authors
distinguishes
c-MYC G4 from
other
G4 structures
In addition,
authorsthe
described
described
binding
model(Figure
of IZFL-2
5A),
which
is mainly
on and
π–π
the
bindingthe
model
of IZFL-2
5A),(Figure
which is
mainly
based
on π–πbased
stacking
stacking and
additional
hydrogen
bonding
[88].reviews
Further,report
several
additional
hydrogen
bonding
interactions
[88].interactions
Further, several
G4 reviews
specific
report G4 endowed
specific molecules
endowed
with fluorescence
properties.
Thesea molecules
molecules
with fluorescence
properties.
These molecules
represent
variety of
represent scaffolds,
a varietya mechanism
of structural
scaffolds, a mechanism
of G4-recognition
and
structural
of G4-recognition
and fluorescence
signal transduction.
The
G4 selectivity
in vivo imaging
of and
theseinmolecules
place
them uniquely
fluorescence
signaland
transduction.
The G4potential
selectivity
vivo imaging
potential
of these
as
G4-theranostic
agentsuniquely
in the predominantly
cancer
therapeutic
of G4-selective
molecules
place them
as G4-theranostic
agents
in the context
predominantly
cancer
ligands.
Moreover,
probes were
described
to study
the function
therapeutic
contextseveral
of G4-selective
ligands.
Moreover,
several
probes and
weremechanism
described of
to
G4
formation
in mammalian
cells [60,89–92].
Shivalingam
al. also reported
a new G4
study
the function
and mechanism
of G4 formation
in et
mammalian
cells [60,89–92].
optical
probe,etDAOTA-M2
(Figure
2), which
localizes
andDAOTA-M2
interacts with
G4s [93].
Later,
Shivalingam
al. also reported
a new
G4 optical
probe,
(Figure
2), which
the
binding
mechanism
of
the
ligand
toward
c-MYC
G4
was
thoroughly
investigated
[94].
localizes and interacts with G4s [93]. Later, the binding mechanism of the ligand toward
Their
study
reveals
that
the
DAOTA-M2
polyaromatic
core
establishes
stacking
interactions
c-MYC G4 was thoroughly investigated [94]. Their study reveals that the DAOTA-M2
with
external G-tetrads
of the c-MYC
G4.
In fact, a wide
of DNA
G4 optical
polyaromatic
core establishes
stacking
interactions
withrange
external
G-tetrads
of the probes
c-MYC
(e.g.,
NBTE
IMTrange
[96] and
SiR-PyPDS
[97]) probes
(Figure (e.g.,
5) areNBTE
increasingly
being
developed
G4. In
fact, [95],
a wide
of DNA
G4 optical
[95], IMT
[96]
and SiRand
characterized
in 5)
recent
years. The tripodal
cationic fluorescent
probe NBTE
detected
a
PyPDS
[97]) (Figure
are increasingly
being developed
and characterized
in recent
years.
percentage
of
G4
DNA
in
live
cells
and
found
4-fold
G4
DNA
in
cancer
cells
than
in
normal
The tripodal cationic fluorescent probe NBTE detected a percentage of G4 DNA in live
cells,
potential
applications
of cells
this probe
detection
[95]. The
cells suggesting
and found the
4-fold
G4 DNA
in cancer
than in
in cancer
normalcell
cells,
suggesting
the
benzothiazole
derivative
IMT
is
a
fluorescent
probe,
reported
by
Zhang
et
al.,
that
tracked
potential applications of this probe in cancer cell detection [95]. The benzothiazole
DNA
G4 changes
points
in cell
progression
and aphidicolin
hydroxyurea
derivative
IMT isata different
fluorescent
probe,
reported
by Zhang
et. al, that and
tracked
DNA G4
treatment,
revealing
more
information
on
the
roles
of
DNA
G4s
in
biological
systems
[96].
changes at different points in cell progression and aphidicolin and hydroxyurea
treatment, revealing more information on the roles of DNA G4s in biological systems [96].
Another example of a G4-specific fluorescent probe is SiR-PyPDS, which enables
single-molecule and real-time detection of individual G4 structures in living cells without
perturbing G4 formation and dynamics (Figure 5B) [97]. The authors also demonstrated
that G4 formation in live cells is cell-cycle-dependent and disrupted by chemical
inhibition of transcription and replication [97].
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Figure 5.
5. Fluorescent
Fluorescent G4
G4 probes.
probes. (A)
(A)Common
Commonname
nameand
andchemical
chemicalstructures
structuresof
ofIZFL-2,
IZFL-2,NBTE
NBTEand
and
Figure
IMT.
structure of
of SiR-PyPDS
SiR-PyPDSand
andsingle-molecule
single-moleculefluorescence
fluorescenceimaging
imagingofofG4s
G4sinin
IMT. (B) Chemical structure
living
living
cells the
using
the fluorescent
probe SiR-PyPDS.
Adapted
with permission
from
[97]
cells using
fluorescent
probe SiR-PyPDS.
Adapted
with permission
from ref.
[97]ref.
Copyright
2020
Copyright
2020
Springer
Nature.
Springer Nature.

2.2. RNA
G4-Interacting
Another
example Ligands
of a G4-specific fluorescent probe is SiR-PyPDS, which enables
single-molecule
and real-time
detection
individual
G4 structures
in living cells without
Despite a growing
number
of RNAofG4s
being identified
and characterized,
reports
perturbing
G4
formation
and
dynamics
(Figure
5B)
[97].
The
authors
also
demonstrated
on their interaction with G4 ligands are less common. Nevertheless, other RNA secondary
that G4 formation
in live
cells is cell-cycle-dependent
and disrupted
by chemical
inhibition
structures
have been
extensively
studied for therapeutic
and diagnostic
purposes
[37].
of
transcription
and
replication
[97].
Since RNA G4s are non-randomly distributed in transcriptome and present in several
important genes and regulatory regions, designing G4 ligands that stabilize or destabilize
2.2. RNA G4-Interacting Ligands
such structures is seen as an attractive therapeutic and diagnostic strategy for various
Despite
number
of RNA G4s being
identified
reports
on
diseases
sucha growing
as cancer
and neurological
disorders
[37].and
Thecharacterized,
destabilization
of G4
their
interaction
with
G4
ligands
are
less
common.
Nevertheless,
other
RNA
secondary
structures by G4 ligands is less commonly described; however, in recent years some
structures
have
been
extensively
studied
for instance,
therapeutic
andstudies
diagnostic
purposes
[37].
studies
have
been
reported
for RNA
G4s. For
some
involving
TMPyP4
Since
RNA
G4s
are
non-randomly
distributed
in
transcriptome
and
present
in
several
have reported that the ligand destabilizes RNA G4s [98–102]. Despite this intriguing
important genes
and regulatory
G4 ligands
stabilize
destabilize
observation
by different
researchregions,
groups,designing
the mechanism
of thethat
unfolding
ofor
RNA
G4s by
such structures
is seen as an attractive therapeutic and diagnostic strategy for various
TMPyP4
is still unknown.
diseases
such
as cancer
and
neurological
disorders
The to
destabilization
of G4 structures
Until
recently,
most
RNA
G4 structures
were [37].
thought
conform in relatively
simple
by
G4
ligands
is
less
commonly
described;
however,
in
recent
years
some
studies
have been
RNA G4 structures, in which guanines stacking within the G4 would also be contiguous
reported for RNA G4s. For instance, some studies involving TMPyP4 have reported that
in sequence (e.g., four successive guanine trinucleotide tracts separated by loop
the ligand destabilizes RNA G4s [98–102]. Despite this intriguing observation by different
nucleotides) [34]. Recently, crystallographic and NMR structure determinations of some
research groups, the mechanism of the unfolding of RNA G4s by TMPyP4 is still unknown.
in vitro selected RNA aptamers have revealed RNA G4 structures of unprecedented
Until recently, most RNA G4 structures were thought to conform in relatively simcomplexity [103]. Indeed, Sc1 and spiegelmer aptamers have nucleotides in syn
ple RNA G4 structures, in which guanines stacking within the G4 would also be conconformation, locally inverted strand polarity, and nucleotide quartets that are not all-G.
tiguous in sequence (e.g., four successive guanine trinucleotide tracts separated by loop
Common to these new structures, the sequences folding into G4s do not conform to the
nucleotides) [34]. Recently, crystallographic and NMR structure determinations of some
requirement that guanine stacks arise from consecutive nucleotides [103]. On the other
in vitro selected RNA aptamers have revealed RNA G4 structures of unprecedented comhand, the G4 ligands design and development that provides recognition and selectivity
plexity [103]. Indeed, Sc1 and spiegelmer aptamers have nucleotides in syn conformation,
exclusively for RNA has been laborious. In fact, most of the G4 ligands that have been
locally inverted strand polarity, and nucleotide quartets that are not all-G. Common to
originally designed and developed for DNA G4s have been later investigated to target
these new structures, the sequences folding into G4s do not conform to the requirement that
RNA
G4s.
An interesting
review by Tao
et al. describes
in the
detail
thehand,
recent
in
guanine
stacks
arise from consecutive
nucleotides
[103]. On
other
theadvances
G4 ligands
the
development
of ligandsthat
toward
RNArecognition
G4 structures
[104].
design
and development
provides
and
selectivity exclusively for RNA
Several
pieces
of
evidence
have
pointed
out
that,
similar
to the
DNA G4s
located
in
has been laborious. In fact, most of the G4 ligands that have been
originally
designed
and
gene
promoters,
mRNA
5′UTR
RNA
G4s
could
be
responsible
for
the
co-regulation
of
the
developed for DNA G4s have been later investigated to target RNA G4s. An interesting
expression
levels
of mRNAs
different
functions
[105]. Currently,
multiple efforts
are
review by Tao
et al.
describeswith
in detail
the recent
advances
in the development
of ligands
being
driven
toward
the
design
and
development
of
ligands
that
would
target
G4s
in
toward RNA G4 structures [104].
specific
mRNA
transcripts
[106].have
Halder
et al.out
reported
the interaction
of bisquinolinium
Several
pieces
of evidence
pointed
that, similar
to the DNA
G4s located in
0
ligands
(PhenDC3,
PhenDC6
and
360A)
(Figure
6)
with
RNA
G4s
present
in the 5′UTR
gene promoters, mRNA 5 UTR RNA G4s could be responsible for the co-regulation
of
TRF2
mRNA
[107].
The
driving
mechanism
for
the
binding
of
bisquinolium
the expression levels of mRNAs with different functions [105]. Currently, multipleligands
efforts
toward
G4s
was proposed
be π–π
stacking
with external
G-tetrads
[107].target
Miglietta
et
are being
driven
toward thetodesign
and
development
of ligands
that would
G4s in
al.
identified
anthrafurandione
derivatives
(Figure
6)
as
potential
ligands
of
5′UTR
KRAS
specific mRNA transcripts [106]. Halder et al. reported the interaction of bisquinolinium
G4
[108].(PhenDC3,
The binding
mechanism
probably
occurs
through
of ligands
ligands
PhenDC6
and 360A)
(Figure
6) with
RNA the
G4stetracyclic
present in cores
the 50 UTR
TRF2
that
promote
stackingmechanism
interactions
tetrads,
whereas the cationic
side chains
mRNA
[107]. π–π
The driving
forwith
the G4
binding
of bisquinolium
ligands toward
G4s
bind
to groovestoand
loops
via electrostatic
interactions
[108].
was proposed
be π–π
stacking
with external
G-tetrads
[107]. Miglietta et al. identified
Emerging evidence
indicates
repeat-containing
RNAs
(TERRA)
anthrafurandione
derivatives
(Figurethat
6) as telomeric
potential ligands
of 50 UTR KRAS
G4 [108].
The
actively
participate
in
the
mechanisms
regulating
telomere
maintenance
and
chromosome
binding mechanism probably occurs through the tetracyclic cores of ligands that promote
end protection. In light of this evidence, several ligands have been developed to target
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OH group of the RNA G4. However, a more deeply structural analysis of the complex
RGB-1/TERRA RNA G4 is necessary to understand the binding mechanisms that drive the
strong binding affinity and selectivity for RNA over DNA G4s. Carboxy-PDS (c-PDS)
(Figure 2) is recognized by strongly exhibit high specificity for RNA [110]. In a study by
Rocca et. al, they found that c-PDS established π–π stacking interactions with external
9 of 40
TERRA G4 tetrads, and several hydrogen bonds with guanine residues [111].
Furthermore, this ligand showed a noteworthy stabilizing effect on TERRA RNA G4 (ΔTm
= 20.7 °C), and the stabilization was not affected by the addition of up to 100 equivalents
of
a stacking
DNA G4interactions
competitorwith
[36].
has
been successfully
applied
thetoselective
π–π
G4c-PDS
tetrads,
whereas
the cationic side
chainsfor
bind
grooves
stabilization
endogenousinteractions
RNA G4s in
cells [36].
and loops viaofelectrostatic
[108].

Figure 6.
6. RNA
RNA G4-interacting
G4-interacting ligands
ligands mentioned
mentioned in
in this
this review
review showing
showing the
the common
common name
name of
of the
the
Figure
ligand and
and chemical
chemical structure.
structure.
ligand

Emerging evidence
indicates
that telomeric
actively
Meanwhile,
various
G4 ligands
were repeat-containing
computationallyRNAs
and (TERRA)
experimentally
participate in
mechanisms
regulating
maintenance
and chromosome
end
investigated
forthe
their
ability to interact
withtelomere
pre-miRNA
G4 structures,
which have been
protection.
In
light
of
this
evidence,
several
ligands
have
been
developed
to
target
TERRA
previously described as key regulatory agents of miRNA biogenesis. Kwok et al.
G4s. The interaction
of theexperimental
polyaromaticapproach,
molecule,which
RGB-1they
(Figure
6), withSHALiPE,
TERRA and
developed
a distinguished
designated
to
NRAS
mRNA
G4s
has
been
described
[109].
The
authors
proposed
that
RGB-1
could
detect and structurally map RNA G4s at single-nucleotide resolution. The approach
is
selectively
recognize
RNA
G4s and
due consists
to hydrogen
bonding
acceptors
that interact
with
derived
from
SHAPE
method
of
the
coupling
of
selective
2′-hydroxyl
20 -OH group
RNAion-based
G4. However,
a more
deeply
structural
analysis
ofpre-miRNAthe complex
acylation
withofa the
lithium
primer
extension
[112].
They found
that
RGB-1/TERRA RNA G4 is necessary to understand the binding mechanisms that drive
149 was able to adopt a G4 form in the presence of PDS, which regulates the miRNA-149
the strong binding affinity and selectivity for RNA over DNA G4s. Carboxy-PDS (c-PDS)
biogenesis. Ghosh et al. showed that in the presence of TMPyP4, the pre-miRNA-149 G4
(Figure 2) is recognized by strongly exhibit high specificity for RNA [110]. In a study by
structure was disrupted, leading to a restoration of miRNA-149 biogenesis [102]. The RNA
Rocca et al., they found that c-PDS established π–π stacking interactions with external
G4 region of pre-miRNA-149 and pre-miRNA-92b were recently characterized, and their
TERRA G4 tetrads, and several hydrogen bonds with guanine residues [111]. Furthermore,
interaction with acridine orange derivatives was evaluated [113,114]. Further, six ◦G4
this ligand showed a noteworthy stabilizing effect on TERRA RNA G4 (∆Tm = 20.7 C),
ligands, which have the potential to target the RNA G4 in pre-miR-149 were investigated
and the stabilization was not affected by the addition of up to 100 equivalents of a DNA
by means of molecular docking and molecular modelling (Figure 7) [115]. The results
G4 competitor [36]. c-PDS has been successfully applied for the selective stabilization of
suggest that large aromatic surfaces with smaller positively charged side chains capable
endogenous RNA G4s in cells [36].
of performing mixed-mode interactions are preferred on the targeting of RNA G4 formed
Meanwhile, various G4 ligands were computationally and experimentally investigated
in pre-miR-149 [115].
for their ability to interact with pre-miRNA G4 structures, which have been previously
described as key regulatory agents of miRNA biogenesis. Kwok et al. developed a
distinguished experimental approach, which they designated SHALiPE, to detect and
structurally map RNA G4s at single-nucleotide resolution. The approach is derived from
SHAPE method and consists of the coupling of selective 20 -hydroxyl acylation with a
lithium ion-based primer extension [112]. They found that pre-miRNA-149 was able to
adopt a G4 form in the presence of PDS, which regulates the miRNA-149 biogenesis. Ghosh
et al. showed that in the presence of TMPyP4, the pre-miRNA-149 G4 structure was
disrupted, leading to a restoration of miRNA-149 biogenesis [102]. The RNA G4 region of
pre-miRNA-149 and pre-miRNA-92b were recently characterized, and their interaction with
acridine orange derivatives was evaluated [113,114]. Further, six G4 ligands, which have
the potential to target the RNA G4 in pre-miR-149 were investigated by means of molecular
docking and molecular modelling (Figure 7) [115]. The results suggest that large aromatic
surfaces with smaller positively charged side chains capable of performing mixed-mode
interactions are preferred on the targeting of RNA G4 formed in pre-miR-149 [115].
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As in DNA G4s, a significant number of optical probes targeting RNA G4s have been
As
G4s, aasignificant
significant numberofof
optical
probes
targeting
RNA
have
Asin
in DNA
DNA
G4s,
probes
targeting
RNA
G4sG4s
have
been
synthesized
in recent
years [104]. number
Chen et al.optical
developed
QUMA-1
(Figure
8A),
a highly
been
synthesized
in
recent
years
[104].
Chen
et
al.
developed
QUMA-1
(Figure
8A),
a
synthesized
in recent years
[104].
Chenfor
et al.
developed
(Figure
8A), a highly
selective
fluorescence
light-on
probe,
tracking
and QUMA-1
monitoring
the folding
and
highly
selective
fluorescence
light-on
probe,
for
tracking
and
monitoring
the
folding
and
selective fluorescence
tracking
and monitoring
theQUMA-1
folding and
and
unfolding
of RNA G4s inlight-on
live cellsprobe,
(Figurefor
8) [116].
The interaction
between
unfolding
ofofRNA
G4s
(Figure
The
between QUMA-1
unfolding
RNA
G4sininlive
livecells
cells
(Figure8)
8)[116].
[116].
Theinteraction
interaction
QUMA-1and
and
RNA
G4s was
demonstrated
to
be caused
by
a rotational
restrictionbetween
that reorganizes
the
RNA
G4s
was
demonstrated
totobe
caused
by
aarotational
restriction
that
reorganizes
the
RNA
G4s
was
demonstrated
be
caused
by
rotational
restriction
that
reorganizes
the
ligand conformation [116].
ligand conformation [116].
ligand conformation [116].

Figure 8. (A) Chemical structure of QUMA-1; confocal microscopy images of fixed HeLa cells (B)
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with
(C)
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and treated
with RNase A;of(D)
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Figure8.8.
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[116] Copyright
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with
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engineered
Remarkably,
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research
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more
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engineered
apISCH-oa1
(Figure
9)
[117].
They
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the
G4
light-on
ligand
ISCH-1
with
an
approaches to detect G4s in NRAS mRNA, with the development of the molecular probe
proaches
to
detect
G4s
in
NRAS
mRNA,
with
the
development
of
the
molecular
probe
ISCHoligonucleotide
complementary
to
the
adjacent
sequence
of
the
NRAS
G4
sequence
ISCH-oa1 (Figure 9) [117]. They combined the G4 light-on ligand ISCH-1 with to
an
oa1
(Figure
9) [117]. They
combined
the G4 light-on
ligand
ISCH-1
with
an oligonucleotide
form
an ISCH-nras1
ligand
that cantoselectively
bindsequence
a specific
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in NRAS
(G4-to
oligonucleotide
complementary
the adjacent
of
the NRAS
G4mRNA
sequence
complementary
to the adjacent
sequence
of theprobe)
NRAS G4
sequence
to form
an ISCH-nras1
triggered
fluorogenic
hybridization
(GTFH)
9) [117].
of
form an ISCH-nras1
ligand
that can selectively
bind a (Figure
specific region
in This
NRASapproach
mRNA (G4ligand that can selectively bind a specific region in NRAS mRNA (G4-triggered fluorogenic
sequence-specific
recognition
of NRAS(GTFH)
mRNA adjacent
to an intended
provides
a gainof
triggered fluorogenic
hybridization
probe) (Figure
9) [117].G4This
approach
hybridization (GTFH) probe) (Figure 9) [117]. This approach of sequence-specific recogof
specificity in therecognition
transcriptomic
context.
sequence-specific
of NRAS
mRNA adjacent to an intended G4 provides a gain
nition of NRAS mRNA adjacent to an intended G4 provides a gain of specificity in the
of
specificity
in
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transcriptomic
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transcriptomic context.
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Figure 9. Schematic representation of GTFH probe. (A) GTFH probe design principle. (B)
Figure
Schematic
representation
GTFHprobe.
probe.(A)
(A)GTFH
GTFH
probedesign
design
principle.from
(B)Chemical
Chemical
structure
of ISCH-oa1.
(C) GTFH
probe
preparation.
Reprinted
with
permission
Figure
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representation
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Chemical
ISCH-oa1.
(C)
GTFH
probe preparation.
Reprinted
with permission
from
ref. [117].
Copyright
2016 of
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Society.
structure
ofstructure
ISCH-oa1.
(C) GTFH
probe
preparation.
Reprinted
with permission
from ref.
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Laguerre et al. also described a new multifunctional compound called PyroTASQ
Laguerre
al. also
also
described
new
multifunctional
compound
called
PyroTASQ
Laguerre
etetal.
aanew
compound
called
PyroTASQ
(Figure 10),
which belongs
to described
both
ligands
and multifunctional
fluorescent
probes
[118]. The
ligand
was
(Figureusing
10),which
which
belongs
bothligands
ligandsand
andfluorescent
fluorescent
probes[118].
[118].
Theligand
ligand
was
(Figure
10),
totoboth
probes
The
designed
the belongs
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interactions, but can also perturb the apparent signature of a given G4 topology [135]. As
previously mentioned, in those particular cases care must be taken to avoid mistakes in
the interpretation of CD results. Nevertheless, the ICD signal could be used to obtain
insights on the mode of interaction and geometry of the binding [135].
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Ligands that bind G4s by end-stacking or intercalation display only very weak
even no ICD signals [136]. A new class of 9-O-substituted berberine derivatives has been
synthesized and their interactions with several G4 structures are characterized by CD
titrations [137]. Moreover, in the same study, they also investigated the orientation of the
with its features and usually, several methods are necessary to achieve complementary
ligand with G4s by analyzing the ICD signals [137]. The same research group reported the
information about G4/ligand interaction [121,122]. This review section discusses biophysibinding modes of a selective fluorescent probe of DNA G4s [138].
cal techniques and how they are important to characterize in vitro G4/ligand interactions
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Furthermore, the technique has emerged as a strong tool to characterize the interaction
of G4s with ligands, being a low-resolution complement to high-resolution methods. NMR
spectroscopy and X-ray crystallography are used for high-resolution structural analysis
of G4/ligand interactions but are costly, time-consuming and require a large amount of
the sample [124–127]. CD provides a less detailed analysis of the structure, but requires
less of the sample. Further, measurements are always performed in solution and are not
limited by the molecular weight or size of a molecule [126,127]. Furthermore, the technique
provides a fast method to screen G4/ligand interactions, particularly when the timescale
of a particular interaction or orientation is short [127]. These advantages significantly
contributed to increase the number of studies that employed the technique to analyze the
effect of ligands on G4s.
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Some specific G4 ligands showed the ability to induce conformational switches in
G4s [6,128]. This feature is of utmost importance since it open-up an important framework
to control G4 structure and function [128]. In many cases, the new G4 topology is primarily
assigned by CD. One of the first examples of a ligand that induced a switch in G4 topology
was the triamino-anthracene derivative, which was first designed to interact with G-tetrads
by stacking and with the central ion channel with the amine moieties present in the sidechain [129]. Rodriguez et al. monitored the interaction of the ligand with telo24 G4
via circular dichroism spectrum and found that in a sodium buffer, the ligand changes
the G4 topology from antiparallel to parallel in about two hours [129]. Interestingly, a
porphyrazine ligand can reverse the equilibrium by favoring the antiparallel topology [129].
However, despite some reported examples of ligands that induced a switch in G4 topology
centered mainly on the CD data [130–132], care must be taken before attributing a new
folding topology based on CD results alone. Recent reports have employed CD as a
complementary method to evaluate switches in G4 topology [133,134]. Marchand et al.
used NMR spectroscopy and mass spectrometry to prove that 360A, PhenDC3, and PDS
switch the G4 folding topology of telo22, telo23, telo24 and telo26 [134]. CD spectroscopy
was further employed and revealed an antiparallel G4 structure upon ligand binding [134].
In general, G4 ligands are non-chiral and therefore have no CD signal by themselves
in solution [135]. However, upon interaction with G4s, those ligands can eventually
acquire an induced CD (ICD) signal through the coupling of electric transition moments
of the ligand and G4 bases. The observation of an ICD signal is indicative of G4/ligand
interactions, but can also perturb the apparent signature of a given G4 topology [135]. As
previously mentioned, in those particular cases care must be taken to avoid mistakes in the
interpretation of CD results. Nevertheless, the ICD signal could be used to obtain insights
on the mode of interaction and geometry of the binding [135].
Ligands that bind G4s by end-stacking or intercalation display only very weak or
even no ICD signals [136]. A new class of 9-O-substituted berberine derivatives has been
synthesized and their interactions with several G4 structures are characterized by CD
titrations [137]. Moreover, in the same study, they also investigated the orientation of the
ligand with G4s by analyzing the ICD signals [137]. The same research group reported the
binding modes of a selective fluorescent probe of DNA G4s [138].
In the case of groove binders, larger positive ICD signals are generally observed [139].
Zuffo et al. reported that core-extended naphthalene diimides display intense ICD positive
signals in the presence of antiparallel and hybrid G4s [139]. In their study, the ligands do
not display a detectable ICD signal in the presence of parallel G4s, suggesting a different
binding mode that was hypothesized to be end-stacking [139].
CD is also used to determine the binding stoichiometry of G4/ligand complexes
and the folding of the G4 structures induced by the ligands. Recently, Głuszyńska et al.
employed CD titrations to probe binding stoichiometries and the effect of a fluorescent
carbazole derivative in the folding of G4 structures [140]. However, in these particular cases,
CD just provides qualitative information about G4/ligand interactions, being frequently a
complement for other methods.
Additionally, almost all reported G4 ligands have been characterized by means of
CD-melting experiments. The measurement of the melting temperature of the G4 structure
by CD is usually performed at the maximum ellipticity wavelength (260 nm or 295 nm),
which decreases upon denaturation (Figure 11B) [124]. Thus, depending on the effect of
the ligand, the melting temperature of G4s could decrease or increase. In recent decades,
the considerable advantages of using CD-melting to study G4/ligand interactions have
made it a method widely used by almost all researchers in the field. Indeed, the method is
usually one of the primary choices to evaluate the potential of new ligands to stabilize G4
structures.
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3.1.2. Nuclear Magnetic Resonance (NMR)
NMR has proved to be fundamental to study the structural, kinetics and dynamics
of G4/ligand complexes. The technique provides information about G4/ligand binding
under in vitro conditions. In some specific cases, the conditions were set to mimic cellular
media with the addition of molecular crowding agents such as PEG and Ficoll [141], and
more recently closer to the conditions observed in the living cells using cytoplasmatic
extractions or directly inside living cells such as oocytes [142–144]. Using 2D 1 H–15 N
SOFAST-HMQC type experiments to follow changes in chemical shift and intensities,
Salgado et al. demonstrated the assembly of the tetramolecular G4 model d(TG4 T)4 , inside
living Xenopus laevis oocytes [143]. They also showed, for the first time, that is possible
to study the interaction of ligands with G4s inside living cells [143]. This study opened
a new framework to study G4/ligand interactions under in vivo conditions with atomic
resolution. Recently, Krafcikova et al. evaluated DNA/ligand interactions inside the nuclei
of living human cells [142]. They tested two model DNA fragments and four ligands
and the results revealed a strong influence of environmental conditions on the stability of
DNA/ligand complexes, especially for one ligand that presented off-target interactions
with genomic DNA and cellular metabolites [142]. Their study proved the suitability of the
technique to validate ligands, after an in vitro assessment of promising ligands.
The choice of NMR methods to study G4/ligand complexes depends strongly not
only on the exchange regime of the individual molecules and the complex, but as well
on the ligand properties such as those related with hydrophobicity and immiscibility in
water-based solutions. In most cases the polyaromatic properties of G4 targeting ligands
require that stocks are prepared in DMSO and other solvents best adapted for hydrophobic
compounds. For the vast majority of reported cases, the NMR experiments probe the
ligand interaction based on the chemical shift, peak height and linewidth properties of
the observed signals. Those experiments are easy to implement and rapid to acquire and
analyze. More elaborate experiments based on polarization transfer between spins systems,
such as the nuclear Overhauser effect (NOE) [145], Transferred-NOESY [146], Saturation
Transfer Difference (STD) [147] and Water-LOGSY [148] methods require more time and
elaborated controls. In addition, the abovementioned methods are usually complemented
with indirect NMR studies such as H2 O/D2 O exchange-rate measurement or paramagnetic
spin labels attached in different parts of the G4. As a first approach, most studies take
advantage of G4 imino (Hoogsteen base pairing) region near 10–12.5 ppm for initial
sampling of ligands. Nevertheless, precautions should be taken in the case of loose G4ends and loops that do not present imino signals. The advantage is enormous because the
aromatic regions (~7–8.5 ppm) are often crowded by many more nuclei from the G4 and
the ligand itself, and a direct 1D-visualization and analysis it is not possible. Nevertheless,
the imino regions of G4 guanines provide a direct and clear monitoring system for the
formation of a G4 structure and its ligand binding interactions.
A study by Yang’s research group showed, by using 2D NMR experiments (DQFCOSY, NOESY and TOCSY), the interaction modes and dynamic binding of BMVC to
c-MYC G4 [149]. The authors revealed that upon the addition of lower equivalents of
BMVC (0–0.7 equivalents), a new set of imino protons appeared, suggesting the formation
of a BMVC/c-MYC G4 complex [149]. At 1:1 ratio, the imino region showed only one
set of imino protons, suggesting a 1:1 complex formation. After the addition of higher
equivalents (>1 equivalent) of BMVC, a second set of peaks appeared, which represents
the formation of a second complex [149].
However, for high-resolution structural analysis of the complex G4/ligand, 2D NMR
and molecular modeling were combined to unambiguously obtain information to construct
the 3D model [150]. In addition, the intermolecular NOE interactions can give substantial
evidence of the position of the ligand in the 3D structure of the G4 [151]. There are some
chemical moieties that are preferable for analyzing the complex G4/ligand, such as methyl
groups once they present strong and individual NOE interactions [152].
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Legend: Circular Dichroism (CD), Nuclear Magnetic Resonance (NMR) and X-ray Crystallography (X-ray).
Not limited by size or atomic weight
Only provides static three-dimensional analysis
Legend: Circular Dichroism (CD), Nuclear Magnetic Resonance (NMR) and X-ray Crystallography (X-ray).
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3.2. Affinity- and Apparent Affinity-Based Methods to Investigate G4/Ligand Interactions
3.2.1. Surface Plasmon Resonance (SPR)
SPR is a label-free powerful method that combines microfluidics and optics to study
the interactions of G4s with ligands (Figure 16). The method provides a real-time equilibrium and kinetic characterization for G4 interactions with small amounts of materials and
no external probe. The G4 sequence is immobilized on the surface and the ligand is flowed
through a microfluidic system. The interaction of the ligand with the G4 is measured
by following the changes in the surface refractive index, which modify the angle of the
incidence of light. The surface refractive index changes are converted to resonance units
(RU) and the results are presented as sensorgrams or binding curves.
The advantages of using SPR are as following: (i) acquisition of data in real-time; (ii)
time efficiency; (iii) no need for sample labeling and (iv) high sensitivity, which permits
the use of a small amount of the sample [170]. However, some disadvantages have been
pointed out to the technique: (i) it requires sophisticated instrumentation and it is costly;
(ii) the high dependence on the experimental conditions; (iii) the requirement of maintaining the G4 structure intact after immobilization; and (iv) great care has to be taken
in the analysis of the collected data. Indeed, significant efforts have been employed to
overcome these issues [170]. The most reliable and suitable immobilization strategy to
evaluate the G4/ligand interactions is to have the biotin covalently attached to the 50 -end
of the G4 sequence. This strategy ensures the proper assembly of the G4 structure after
immobilization and prevents any perturbation that might happen by steric hindrance.
However, care must be taken since the addition of biotin covalently attached to 50 -end
may impact the G4 conformation, as modifications at the 50 or 30 very often do. The
use of other complementary experimental techniques must be considered to rule out this
hypothesis. Using this immobilization strategy, Perenon et al. used SPR experiments to
investigate the interaction between N-methyl mesoporphyrin IX (NMM) and different
G4 topologies. They determined the dissociation constant of parallel G4s and showed
that it was at least ten times lower than for other topologies [171]. Recently, the binding
affinities of the well-known G4 ligands, PhenDC3, 360A and PDS, with the G4 aptamer
AS1411 and its derivative AS1411-N6, which have six nucleotides to the 50 -end that are
complementary to other six nucleotides at the 30 -end, were assessed by means of SPR [172].
The same strategy of immobilization was used with the oligonucleotides labeled at 50 -end
with biotin. The results of SPR measurements are in line with the results obtained by
melting experiments [172].
Similar to other techniques, the first SPR studies were carried out to evaluate DNA
G4/ligand interactions. However, considering the growing interest in RNA G4s, the SPR
studies to assess the interaction of these molecules with ligands have increased [173].
The interaction of diamidine derivative ligands with TERRA was recently reported as
an example of using the SPR experiments to assess G4/ligand interactions [173]. The
results showed a two-site binding model of diamidine derivative, DB1246, toward TERRA
G4 (Figure 17). The binding affinity was in the nanomolar range with KD1 = 3 ± 0.8 nM
and KD2 = 80 ± 12 nM [173]. Tan et al. also reported the use of SPR experiments to
determine the binding affinity of miR-3620-5p G4 toward the ligand sanguinarine [174].
They demonstrated the existence of two binding sites for the binding of sanguinarine to
miR-3620-5p G4 structure, and revealed that dissociation constants for those binding sites
are 0.12 µM and 4.83 µM. In general, SPR provides valuable kinetic and affinity information
about G4/ligand complexes.
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Figure 16. Schematic representation of (A) immobilization of biotin labelled RNA G4 on CM5 chip,
(B) biomolecular recognition in the flow cell with changes in the angle of incidence light and (C)
SPR sensorgrams. Reprinted with permission from ref. [173] Copyright 2019 Elsevier.

Similar to other techniques, the first SPR studies were carried out to evaluate DNA
G4/ligand interactions. However, considering the growing interest in RNA G4s, the SPR
studies to assess the interaction of these molecules with ligands have increased [173]. The
interaction of diamidine derivative ligands with TERRA was recently reported as an
example of using the SPR experiments to assess G4/ligand interactions [173]. The results
showed a two-site binding model of diamidine derivative, DB1246, toward TERRA G4
(Figure 17). The binding affinity was in the nanomolar range with KD1 = 3 ± 0.8 nM and
KD2= 80 ± 12 nM [173]. Tan et al. also reported the use of SPR experiments to determine the
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3.2.2. Isothermal Titration Calorimetry (ITC)
ITC is an experimental method that is especially useful to characterize the thermodynamics of molecular interactions. The technique measures the heat generated or consumed
upon the interaction of G4s with ligands [175]. While the three-dimensional structure
of a G4/ligand complex may reveal specific interactions, ITC provides insights into the
molecular forces that drive the association of G4 with ligands [175,176]. Furthermore, it is a
robust technique that measures (∆H0 ), the free energy of Gibbs (∆G0 ) and entropy (∆S0 ) in
Figure 17. (A) Sensorgrams with increasing concentrations of the diamidine derivative DB1246.
a single experiment the binding enthalpy, and it is a high-accuracy method for measuring
(B) Binding curve showing a two-site binding model with KD1 = 3 ± 0.8 nM and KD2 = 80 ± 12 nM.
binding
affinities and stoichiometry [177].
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their recent study, they reported a less common phenomenon that involves the observation
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control the formation of G4 aggregates.
The isotherms profile of the interaction of TMPyP4 with telomeric G4s was
characterized by two well-differentiated binding events [63,181]. Dupont et al. studied the
binding of TMPyP4 and its metalated complexes (Co(III), Ni(II), Cu(II), and Zn(II)) toward
the 22-mer oligonucleotide of the telomeric G4 [182]. Different metal center coordination
21 of 40
geometries showed distinct thermodynamic signatures (Figure 18) [182]. Their results also
showed that TMPyP4, Ni(II)-TMPyP4, and Cu(II)-TMPyP4 bind tightly to G4 structures
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A comparative thermodynamic study carried out by Bončina et al. showed a different
thermodynamic profile for the binding of ligands with low G4 selectivity over duplexes
and ligands highly selective for G4 structures [183,184].
The determination of thermodynamic parameters for RNA G4/ligand interactions
is less common and there are only a few reports in the literature. One of those reports
characterized the binding of TMPyP4 to DNA and RNA repeats of C9orf72 [185]. For
DNA repeats, the ITC experiments revealed that TMPyP4 binds through end-stacking and
intercalation, whereas for RNA repeats it binds through two different modes, consistent
with groove binding and intercalation.
3.2.3. Mass Spectrometry (MS)
MS is an analytical method that is used to measure the mass-to-charge ratio of ions.
The technique is highly sensitive, accurate and versatile in its application and can be used
to specifically identify multistranded nucleic acid structures, such as G4s [186,187]. In
particular, electrospray ionization mass spectrometry (ESI-MS) has been widely applied to
probe G4/ligand interactions [134,186,187]. The main advantage of ESI-MS relies on the
preservation of non-covalent interactions in the gas phase. From a single spectrum and
with low amounts of sample, it is possible to determine detailed structural information (e.g.,
formation, binding affinity and stoichiometry) of a G4/ligand complex [187]. Monitoring
cation binding by ESI-MS provides useful information into ligand binding modes. The
number of bound K+ in the free and ligand-bound forms of G4s is indicative of the number
of G-quartets formed for each ligand binding stoichiometry [188]. Furthermore, the changes
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in the number of K+ upon ligand binding hint at structural conformational changes [188].
Lecours et al. investigated the interaction of PhenDC3, 360A and PDS with several G4
structures through this approach [188].
Marchand et al. also investigated the interaction of (Cu(ttpy)(NO3 )2 ) with 21 different
G4 sequences by ESI-MS [189]. They obtained evidence for the selective and cooperative
2:1 binding of the complex to telomeric G4s. Their results also showed a preference for
antiparallel structures with diagonal loops and/or wide-medium–narrow-medium groovewidth order. The cooperative binding comes with a conversion of the G4 structure to an
antiparallel conformation with three G-quartets.
Ceschi et al. employed ESI-MS to study the binding of perylene derivatives, PIPER
and K20, to KIT2 G4 [190]. Their results revealed a binding stoichiometry of 1:1 on both
ligands. They also demonstrated the incapacity of the ligand to bind the unfolded oligonucleotide [190]. Moreover, the preferential binding of K20 to a two-quartet topology was
demonstrated, since the most represented complex was the one having a single selectively
coordinated K+ ion, while only a small amount of the complex having two K+ was detected [190]. On the other hand, PIPER showed a reduced preference for a two-quartet
topology since the complexes with one and two K+ ions were equally represented [190].
Moreover, MS-melting experiments are significantly helpful in explaining inconsistent
results between isothermal and melting experiments. The research group of Gabelica used
a temperature-controlled nanoelectrospray source to determine the contribution of the
thermodynamic parameters to the formation of each stoichiometry G4/ligand [191]. They
tested different G4 oligonucleotides in the presence of various G4 ligands such as, PhenDC3,
TMPyP4, Cu-ttpy and Pt-ttpy (Figure 19). They reported that ligand stoichiometries differ
from ligand to ligand [191]. The ability to distinguish between unfolded, partially folded
(two-quartet) and fully folded (three-quartet) ligands is helpful since some ligands have
Pharmaceuticals 2021, 14, x FOR PEER REVIEW
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Recently, the same research group demonstrated the applicability of a top–down mass
Taking into account that one of the key future challenges of the G4 field still remains
spectrometry sequencing approach, called electron photodetachment dissociation (EDP),
in the design and development of ligands that possess selectivity and affinity for DNA or
in the study of G4/ligand interactions [192]. They found that the G4 ligands PhenDC3 and
RNA G4s, the techniques
here described offer important comparative information on
360A can replace a K+ ion and bind close to the central loop of telomeric G4 sequences with
those parameters. The advantages and disadvantages of each affinity and apparent
the ability to form three-tetrad G4s [192].
affinity-based methods were summarized in Table 2.
Scalabrini et al. developed an approach that increases the G4 sensitivity without affecting physiological folding [193]. They optimized the solvent conditions and reported that

Table 2. Advantages and limitations of affinity and apparent affinity-based methods for investigating G4/ligand
interactions.

Method

Advantages
Acquisition of data in real time

Limitations
Requires sophisticated instrumentation and it is
costly
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isopropanol in a triethylamine/hexafluoroisopropanol mixture significantly increases the
sensitivity of the technique [193]. The increased sensitivity enables the use of low concentrations of G4s and their ligands. This study could pave the way for future developments
of the technique that permit the high-throughput screening of new G4 ligands [193].
Overall, MS is a powerful quantitative technique for characterizing the G4/ligand
complexes structurally.
Taking into account that one of the key future challenges of the G4 field still remains
in the design and development of ligands that possess selectivity and affinity for DNA or
RNA G4s, the techniques here described offer important comparative information on those
parameters. The advantages and disadvantages of each affinity and apparent affinity-based
methods were summarized in Table 2.
Table 2. Advantages and limitations of affinity and apparent affinity-based methods for investigating G4/ligand interactions.
Method

Advantages

Limitations

Time efficiency
High sensitivity
Provides valuable kinetic and affinity information (association (Ka
or Kon ), dissociation (Kd or Koff ) andequilibrium (KD ) constants)

Requires sophisticated instrumentation and it
is costly
High dependence of experimental conditions
SPR often requires labeling with biotin
Requirement of maintaining the G4 structure
intact after immobilization

ITC

Provides insights of molecular forces that drive the interaction
Provides kinetic and thermodynamically parameters

High amount of sample
Ligands should be soluble in water

MS

Provides information on formation, stoichiometry, and binding
affinity of G4/ligand complex

Limitations regarding the media

Acquisition of data in real time
SPR

Legend: Surface Plasmon Resonance (SPR), Isothermal Titration Calorimetry (ITC) and Mass Spectrometry (MS).

3.3. High-Throughput Methods to Investigate G4/Ligand Interactions
3.3.1. FRET-Melting
The Förster resonance energy transfer (FRET) spectroscopy is one of the most used
high-throughput methods to study G4/ligand interactions. The technique is highly suitable
to evaluate the changes in the G4 folding and unfolding processes (Figure 20). In FRET
experiments, G4 oligonucleotides are labeled at the 50 - and 30 -end with a donor and acceptor
fluorophore, respectively [194]. Briefly, the excited state energy is transferred from the
donor to the acceptor via dipole–dipole interactions. Changes in the distance of the two
labeled sites result in a measurable energy transfer. The most common FRET pairs include
6-carboxyfluorescein (FAM) as a donor and 6-carboxy tetramethylrhodamine (TAMRA) or
Black Hole Quencher 1 (BHQ1) as acceptors. However, care must be taken since because
modifications at 50 and/or 30 may alter G4 folding process. Besides that, the method only
measures ligand-induced G4 stabilization and does not provide information about other
types of interactions.
Despite this, the method has significant advantages and has been widely used to
investigate the binding of several classes of G4 ligands, such as phenanthrolines [195],
acridines [114], indoloquinolines [196,197] and pyridine-2,6-dicarboxamide derivatives [198]
to various G4 structures.
The ability of four phenanthroline polyazamacrocycles to bind and stabilize G4 structures was assessed by FRET-melting [195]. In this study, the ligand (32)hen2 N4 showed
a higher thermal stabilization effect toward c-MYC and 22AG G4 sequences at 10 molar
equivalents (17.2 ◦ C and 20.3 ◦ C, respectively). The ligands’ selectivity was also evaluated
toward other G4s located in oncogene promotors such as KRAS-21R, VEGF and c-KIT87.
The results revealed a preference of the ligands toward KRAS-21R over VEGF and c-KIT87.
Furthermore, the four ligands demonstrated selectivity and specificity toward G4s over duplex DNA. Indeed, in the presence of 50 molar equivalents of a competitor double-stranded
sequence, the stabilizer effect of the ligands (16)phenN4 and (32)phen2 N4 in 22AG does
not change significantly (Figure 21A).
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by FRET-melting [196]. For all the ligands, the thermal stabilization is concentrationdependent. Later, they reported the synthesis of indolo(3,2-c)quinolines and evaluated
their interaction toward KRAS-21R sequence and a 26-mer hairpin double-stranded DNA
sequence (dsDNA) [197]. FRET-melting results revealed that compounds 3d and 3e have
promising stabilizing effects in KRAS-21R (19.9 ◦ C and 22.0 ◦ C, respectively) sequence but
not in the dsDNA (5.6 ◦ C and 6.5 ◦ C, respectively). They also reported the selectivity of
the compound 3e in the presence of increasing concentrations of different non-fluorescent
competitors (26mer ds-DNA (ds26) or the human telomeric sequence (HT21)). The results
revealed a remarkable selectivity of the compound 3e towards KRAS-21R (Figure 21B).
In a recent study, Cadoni et al. reported the synthesis of Pyridine-2,6-dicarboxamide
derivatives and evaluated their ability to stabilize G4 structures using FRET-melting [198].
Their results revealed that all the N-methylquinolinium derivatives displayed a preference
for G4 sequences when compared to a duplex DNA sequence (T-loop). Moreover, the
results showed a noteworthy ability of compound 2a to stabilize G4 structures even at
lower concentrations of the ligand. In fact, at 2.5 molar equivalents of 2a, the sequence
of the KRAS G4 was stabilized in 32.8 ± 0.2 ◦ C. They also evaluated the selectivity of
the methylated compounds in the presence of double-stranded DNA. The data showed
a neglectable effect of the competitor in the G4/ligand complex, which proved the high
selectivity of the ligands toward G4 structures (Figure 21C).
In the last few years, some modifications of the method have been carried out to
improve the data output and surpass the early limitations of the technique.
A modified transition-FRET method was employed by Noureini et al. to estimate the
selectivity of isoquinoline alkaloids from Chelidomium majus toward a human telomeric
G4 [199]. The novel FRET method consists of two transition steps: the first transition step
is the melting temperature of the double helix structure, whereas the second transition
state belongs to G4 denaturation. Therefore, in the presence of selective G4 ligands, an
increase in the melting temperature of the second step is observed, as well as a decrease in
the fluorescence intensity of the first step.
Rakers et al. developed a novel microfluidic platform to synthesize novel G4 binders
and evaluate their affinity and using a real-time online FRET assay [200]. Furthermore,
their strategy enabled the high-throughput online analysis of several G4 binders. Thus,
this study could trigger novel strategies that combine the synthesis and the assessment of
G4 binders in a unique device.
An important feature of FRET-melting is its remarkable competitive nature [201],
when compared with the other techniques mentioned in this review. Indeed, most of
the techniques used to investigate G4/ligand interactions are mainly comparative, which
makes it a strong competitive tool to analyze selectivity and specificity.
In a very recent report, Luo et al. also explored the competitive nature of FRET-melting
and studied whether the interaction between a fluorescent G4-forming oligonucleotide and
PhenDC3 is modified by a competitor sequence added in excess [202]. Sixty-five sequences
with a known structure were tested to validate this FRET-melting competition (FRET-MC)
assay. In this case, if the unlabeled competitor has a high affinity for PhenDC3, it will
sequester a significant fraction of the compound, which will be no longer available for
fluorescent G4-forming oligonucleotide stabilization, leading to a decrease in Tm . On the
other hand, if the competitor sequence is unable to sequester the ligand, Tm remains high.
3.3.2. G4-FID Screening
The fluorescence intercalator displacement (FID) assay is based on the competitive
displacement of thiazole orange (TO) fluorescent probe from various G4 and duplex by
increasing amounts of the ligand subjected to evaluation.
Monchaud et al. have optimized the original FID assay to study G4/ligand complexes [203–205]. The technique does not require modified oligonucleotides and it is
based on the loss of fluorescence of the bound intercalator, thiazole orange (TO), upon
displacement induced by a G4 ligand (Figure 22).
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Musumeci et al. developed an identical approach, named G4 on Oligo Affinity
Support (G4-OAS) assay [215]. However, instead of flowing throughout the column
a complex mixture containing G4-forming sequences, the method consists of flowing
solutions of probable G4 binders through a polystyrene resin functionalized with a G4forming sequence. The compounds having a high affinity for the G4 sequence are retained
in the support, whereas those with no or low affinity are eluted first and quantified by UV
measurements (Figure 25). The method is simple and rapid, but there are some important
limitations to point out: (i) the unspecific binding of the ligand to the resin and (ii) the
absence of structural information about G4 conformation. The high-throughput nature
of the method was proved later by using the virtual screening and the G4-OAS assay
in tandem [216]. Recently, to overcome those initial limitations, the authors developed
a novel functionalization method by employing an approach of solid-phase synthesis
of the oligonucleotides on Controlled Pore Glass (CPG) support [217]. The strategy was
further employed to analyze a set of naphthalene diimide derivatives by using the sequence
Pharmaceuticals 2021, 14, x FOR PEER REVIEW
30 of 42
d[AGGG(TTAGGG)7] (tel46), which folds into two consecutive G4s [218]. The G4-CPG
screening identified the ligand NDI-5 as the most notable ligand of the tel46 sequence.
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High throughput screening is an essential strategy of early-stage drug discovery, and
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Table 3. Advantages and limitations of high-throughput methods for investigating G4/ligand interactions.
Method

Advantages
Simplicity
Small amount of sample

Limitations
Fluorescently labelled oligonucleotides
It only measures ligand-induced G4
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Table 3. Advantages and limitations of high-throughput methods for investigating G4/ligand interactions.
Method

Advantages

Limitations

FRET-melting

Simplicity
Small amount of sample
Real-time monitoring

Fluorescently labelled oligonucleotides
It only measures ligand-induced G4 stabilization,
while other types of interactions are not detected

Simplicity

Ambiguous binding mode of used probes
Compatibility of the oligonucleotides with the
fluorescent probe

G4-FID

Small amount of sample

Affinity Chromatography

Selective and reversible interactions that
undergo with the ligand and G4
Column chromatography allow real-time
monitoring
Small amount of sample

Microarrays

Massive parallel screening

Unspecific binding of the ligand to the resin
The absence of structural information about G4
conformation
Expensive
Specialized equipment
Fluorescently labeled molecules

Legend: Fluorescence Resonance Energy Transfer (FRET) and G4 fluorescent intercalator displacement (G4-FID).

In addition to the techniques here approached and used for investigating G4/ligand
interactions, other robust and efficient biophysical, biochemical and molecular biology
techniques are available to describe G4/ligand interactions, such as surface-enhanced
Raman spectroscopy [223], single-molecule fluorescence imaging [97,224], equilibrium
dialysis [225], gel electrophoresis [114,226], qPCR-stop assay [227], Taq polymerase stop
assay [228] and TRAP assay [229]. Furthermore, other high-throughput methods are emerging, such as pull-down assays [230] and Affinity Selection-Mass Spectrometry (ALIS) [231].
These are not described in detail in this review but, depending on the applicability, could
be employed to evaluate the molecular interactions between G4s and ligands.
4. Conclusions
G4s are recognized as important structural motifs in a wide range of biological processes. Over the past two/three decades, G4s have been intensively studied in the presence
of a diverse family of ligands. As a result of these studies, important atomic-detailed information concerning the principal forces governing G4/ligand interactions was revealed.
In addition, the results also point out that fundamental chemical aspects remain to be
fine-tuned concerning the design and development of ligands that possess selectivity and
affinity for DNA or RNA G4s.
From a structural point of view, CD, NMR and X-ray crystallography are techniques
with many strengths, with individual limitations rather well complemented among them.
The simple and fast nature of CD makes it one of the primary choices to obtain lowresolution information about structural details. CD is commonly used at an initial stage
of the G4/ligand interaction characterization. Users can easily obtain information about
the G4 topology and often preliminary information on the binding modes of the ligands.
Furthermore, almost all the studied G4 ligands were investigated in terms of their ability
to stabilize G4s by CD-melting experiments. Despite the valuable information provided by
CD, the full structural characterization of a given G4/ligand complex can only be achieved
by using high-resolution structural methods such as NMR or X-ray Crystallography.
For instance, NMR is a solution-based technique that can analyze the dynamics of the
complexes on a broad range of time scale (ps-s), whereas X-ray crystallography provides
insight into the most thermodynamically stable form of a complex. Under some circumstances using both may be the best option, as some ligands tend to induce aggregates that
precipitate in the NMR tube over time and resolution is lost. For some polymorphic oligonucleotides the other way around is preferable, and for those cases where both techniques can
be used, they represent the strongest solution to investigate G4/ligand complexes at atomic
detail. However, when compared to CD, both NMR and X-ray crystallography have the
disadvantage that they often require milligram amounts of material. In the last decade, the
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lower concentration limit in NMR has been significantly reduced due to the combination
of increased magnetic field strength and other sensitivity enhancement technologies, so
we expect that the determining of the high-resolution structure of G4s and complexes will
continue to be a very active field of research.
Joint analysis using high-resolution NMR and X-ray studies have provided invaluable
structural insights into the interaction and binding modes of G4/ligand complexes in
the biological context. These structural studies have shown the atomic details of the
interaction between G4s and their ligands, allowing researchers to analyze structure–
function relationships to rationally design and develop new specific and selective G4
ligands to treat a variety of diseases. However, these structural techniques are not sufficient
to characterize completely the driving forces of a given interaction. Indeed, one key
challenge still remaining to be addressed is the design and development of ligands that
possess selectivity and affinity for DNA or RNA G4s. Therefore, other affinity- and apparent
affinity-based methods such as SPR, ITC and MS have been intensively used in the G4 field.
SPR was shown to be a preferable choice in comparison to other in vitro techniques
such as ELISA, which does not allow an absolute measurement of kinetic constants, is less
sensitive and more expensive in terms of required samples and time. However, the SPR
technology requires that one of the analyzed molecules is immobilized on a functionalized
metal surface and this often leads to the heterogeneous orientation of the ligand molecule
and the alteration of its activity, and a lot of parameters must be carefully controlled,
increasing the difficulty of the analysis of the collected data.
Until now, ITC is the only available experimental method to directly measure binding
enthalpies without any chemical modification or immobilization of the interacting components. Besides that, ITC also provides a complete characterization of the thermodynamic
parameters of G4/ligand interactions.
MS is a powerful technique that provides a direct readout of the stoichiometries of
G4/ligands complexes versus duplex formed, including minor species, and it is a very
attractive characteristic of this technique, as well as which it does not require modified
oligonucleotides and allows using a broad variety of G4s versus duplex. However, electrospray is incompatible with the presence of alkaline salts such as NaCl or KCl and must be
replaced by ammonium acetate, entailing changes in the G4 structures and consequently
in the binding of ligands. ITC and MS, as well as SPR, require specific know-how and
relatively expensive equipment.
The newly emerged high-throughput methods combined with other biophysical
approaches created a new framework, which allows the fast and cheap development and
characterization of G4/ligand complexes.
For instance, FRET-melting, which is carried out in presence of a competitive duplex
sequence, has been adapted for an overwhelming number of G4 ligands. This method is
rapid and convenient but requires modified oligonucleotides, and possible interferences
between ligands and the fluorescent labels represent the two main limitations of FRETmelting. A suitable alternative/complementary method of FRET-melting is G4-FID, which
allows the screening of an important number of unmodified G4 structures with wide-spread
equipment i.e., a qPCR devices, fluorimeters or microplate readers.
Affinity chromatography emerged as a simple and fast method to analyze the interaction of ligands with G4s. The method relies on simple and efficient assays by immobilizing
G4s on a solid support and is particularly useful to select G4 ligands with specificity and
selectivity for a given G4 structure. Further, the method could be used to separate those G4
ligands from a complex mixture. The reverse strategy, in which the ligand is immobilized,
could also be employed to separate G4s from complex biological samples.
Microarrays have only recently been used to characterize G4/ligand interactions and
few reports are as yet available in the literature. The method is fast and straightforward and
can be used to analyze a huge quantity of G4 structures, ligands and conditions. However,
its use as a routine technique to analyze G4/ligand interactions could be hindered due to
its high cost and need for specialized equipment.
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In general, the modification of low-throughput methods to became high-throughput
could significantly impact the field. Such progress will naturally occur and lead to the
characterization of a great number of G4/ligand complexes.
One of the main challenges of the field is that, at the moment, despite the significant advances in recent years, none of the techniques provides a full characterization of
G4/ligand complexes. The complete framework is only achieved with the use of several
techniques, which can sometimes be difficult to assemble in a single research institution.
Overall, this review intends to improve the knowledge and understanding of the
currently developed methods used to assess G4/ligand interactions, and at the same
time provide a broad framework of the chemical features of the G4 ligands available for
diagnostic and therapeutic purposes.
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