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Abstract—Cisplatin-based metallodrugs are traditionally utilized as anticancer agents. Nonetheless, these
drugs have adverse effects on normal tissues since cisplatin eliminates the body amid cancerous growth cells
by destroying the sequence of genomic DNA. As a result, the metallodrug structure demonstrated numerous
antagonistic behaviours to the malignant tumour development system associated with nucleic acid G-qua-
druplex. This paper systematically explored the development of successful procedures and competent anti-
cancer drugs that expressly collaborate, resolve, or divide G4 structures. In the therapeutic domain, we high-
lighted the cutting-edge G4-metallo-structures, their interface mechanisms, and the potential for use as anti-
cancer medicines. Furthermore, this paper also describes the methodologies utilized to discriminate the binding
capacity between G-quadruplex and metallo-structures. This review will help to create metallodrugs from the
most significant electrical supplementary design specification to a progressively logical bio-science level.
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1. INTRODUCTION

G-Quadruplex is a structurally unique architecture
of DNA and RNA created by the deformation of tan-

! Corresponding author: email: vinod.vashistha@gla.ac.in.

dem repetitions of guanine sequences [1]. The G-tet-
rad, the architectural subunit of G-quadruplexes, is
developed by joining four guanines together by eight
H-bonds to generate a square planar geometry. The
guanine nucleotide in the G-tetrad possess H-bonds
that couple together neighbouring guanines in posi-
tions N(1), N(7), O(6), and N(2) (Fig. 1a) [2—4].
These G-tetrads are joined by four G-tracts, which
represent four different lines of three nucleotide bases.
In comparison to the quadrimolecular G-quadruplex,
the intermediate sequences connecting two neigh-
bouring G-tracts are extended out to form a single-
stranded loop (Fig. 1b) [3]. G-Quadruplex is built
when two or more parallel G-tetrads are piled over one
another. Due to the presence of hydroxyl group in the
pentose phosphate framework, the G-quadruplexes of
RNA are thermally more stable than the G-quadru-
plexes of DNA in a variety of conditions [5—8]. None-
theless, several factors including number of nucleotide
strands, the polarity of the primary strands of G-qua-
druplexes, and the type of twists influence the confor-
mation of DNA G-quadruplexes [9, 10]. Moreover,
the type of cations and G-quadruplex binding proteins
have a significant impact on G-quadruplex orienta-
tion [11—13]. The human genome has around 376000
possible G-quadruplex sequences which are found in
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Fig. 1. Structure of G-quartet (a) consist of the central cation (shown in green) joined to O atoms and the Hoogsteen H-bonded
guanines. 3D structure of human telomeric G4s structure, shown in (b) top and (c) side views; the backbone is shown as a grey
tube, and the structures are color-coded by atoms. Unimolecular G4s structures are shown schematically as (d) parallel, () anti-
parallel, and (f) hybrid structures with a bulge. Adapted from reference by Spiegel et al. [24].

numerous key gene areas like telomeres, gene pro-
moter regions, and replicating sites [ 14—17].

These G-quadruplexes possess significant biologi-
cal activities like inhibition of telomerase activity and
regulating transcription, translation, and replication of
DNA [18, 19]. The G-quadruplex has been considered
as a significant cancer therapeutic agent because of
their important chromosomal position as well as the
presence of multiple quadruplex-driven genes [20].
Various evidence have emerged over the past two
decades demonstrating the therapeutic importance of
G4 nucleic acids, notably in the development of anti-
cancer drugs. Several chemically generated G-qua-
druplex combinations have shown good bioactivity,
for instance, a synthesized G-quadruplex, AS1411, is
used as an external therapeutic agent to prevent the
growth of cancerous tumors without any negative
effects on healthy cells [21, 22]. Researches on AS1411
has progressively expanded in recent years, with
majority of them concentrating on its usage as a
nanoparticle delivery device or for tailored cancer
treatment [23]. It has been reported that conforma-
tional changes in G-quadruplexes affect their stability
and performance, thus, it is critical to understand
which variables greatly affect G-quadruplex architec-
tures [24] (Fig. 1).

Current breakthroughs in the investigations of
physiologically significant G-quadruplexes produced
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in human telomeres and promoter sections of human
oncogenes, and significant advancements in the cre-
ation of G-quadruplex-interactive medicines supports
the G-quadruplexes as potential anticancer agents.
DNA G-quadruplexes are globularly foldable nucleic
acid nanostructures that could rapidly assemble in
solution under physiological circumstances. The
molecular architectures of intramolecular G-quadru-
plexes seem to vary and could thus be variously con-
trolled and addressed by various proteins and medi-
cines.

The use of platinum-based complexes and their
analogues are gaining long-term interest as therapeu-
tic agents in the treatment of tumour cells [25, 26].
However, nephrotoxicity, ototoxicity, and other side
effects associated with such models limits their use as
potential therapeutic agents. Primarily, these agents
have a high potential to interact with genetic DNA
structure, and thus the failure of certain internal pro-
cesses, such as transcriptions and translations, eventu-
ally causing tumour cell terminations. However, it has
been seen that this type of interaction between metal-
drug and receptor cannot identify ordinary and
unusual cells, resulting in some genuine detrimental
effects in terms of response to normal cell tissues [27,
28]. Consequently, there is a need for the development
of unique future models with different mechanism,
and to make an assessment of the sequential cutting-
edge innovation that would make a significant contri-
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bution to the advances. Due to tandem repetitions of
guanine sequences in DNA or RNA, G-quadruplexes
wrap into certain shapes [28—30].

Furthermore, metallodrugs can be regarded as an
impressive agent for developing metallodrugs to exam-
ine the newly developed potential natural targets as
opposed to genomic DNA [25]. As a result, it is possi-
ble to relate the activities of metallodrugs to the
organic nucleic acid G-quadruplex. Typically, the
guanine-rich nucleic acid self-assembled framework
of G-quadruplex reveal incredible organic framework
in contrast to controlling the translation efficiently.
Nevertheless, the duplex DNA translation quickly
stiffens away to detach the G-rich single helix derived
from the necessary C-rich helix [31].

G-quadruplex RNA is more stable than compara-
ble G-quadruplex DNA sequences, particularly its
parallel macroscopic collapse, and similar circulation
throughout the cells like cytoplasm makes it relaxed to
concentrate than DNA [32—35]. These auxiliary out-
lines are not really precisely the same as DNA duplex.
Further, due to the 2°-hydroxyl groups, a number of
RNA frameworks may assemble into G-quadruplex
architecture in vitro [36]. Owing to these functional
aspects, G-quadruplex RNA is often regarded as a
possible point of focus for anticancer drugs. RNA-
coordinated metallodrugs showed high selectivity
against target G-quadruplex RNA [37]. Previously,
the production of G-quadruplex associated with
human cancer (e.g., HIV, and diabetes) [38] has been
established, and the subgroups of these structures are
generally considered as therapeutic targets [39].

The G4-ligands could thus only communicate
clearly with G-quadruplexes, preventing the side rela-
tion with duplex DNA [40, 41]. G-quadruplex has
drawn researcher’s attention for their use as a center-
piece for anticancer drugs, based on designing new
effective ligand-based metal drugs and understanding
the effective interaction process. Metal complexes
may construct the oxygenated guanine nucleic acid by
encapsulating ribosyl hydrogen for oxidative DNA
releases. However, tetraaza-macrocycles are shown to
be reliable in assuming the actual career in DNA inter-
action and noticed that this interaction depends on the
macrocyclic substituent mechanism [42—44].

In this review, we have highlighted the discussion
of different G-quadruplexes of DNA/RNA and a
summary of the G-quadruplex—ligand cooperative
binding. This article will offer a significant guidance to
the drug architecture and identification that reflects
on G-quadruplexes and the description of G-quadru-
plex functions. We also summarized the identical and
brief discussion about the ongoing modulations of G4
focusing on macrocycles and their coupling modes
with G-quadruplexes. In addition, the overall rigidity
of macrocyclic frameworks with prominent transcrip-
tional and translational practices and their capacity as
chemotherapeutic agents is regarded as the primary
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research focus. We have also addressed the conceptual
underpinnings of G-quadruplex alteration based on
macrocycles, followed by various restraint mecha-
nisms, and G-quadruplex DNA cleavage to produce
conventional anti-cancer effect.

2. THE IMPLICATIONS OF G4
AND G4-LIGANDS

G-Quadruplex play a significant role in various
crucial organic processes such as DNA replication,
transcription regulation, and genome stability [45—
48]. Generally speaking, the creation of small molec-
ular structures that exhibits extremely meticulous
attraction and uniqueness toward the G-quadruplex
over most duplex nucleic acids is highly desired. G4-
ligands has been versatile and potential agents in the
area of anticancer drug design [50, 51]. For example,
the medication CX3543 (known as Quarfloxin) was
the first-in-class in vivo G4-ligands and has been
identified as stage Il as diagnostic prefaces with the
ultimate goal of treating neuroendocrine and carci-
noid tumours. In addition, tetraaza-macrocycles and
metal complexes could be fascinated as G4-ligands
possessing great sensitivity and selectivity for quadru-
plex nucleic acids [51, 52]. The unique fundamental
features such as the formal charge on metal ions, and
the appealing features of tetraaza-macrocycles are the
advanced functions which make them a suitable can-
didate for G4-ligand development. In addition, their
planar, octahedral, tetragonal pyramidal, and so on
geometries may provide several modes of behaviour,
e.g., a planar macrocycle supports the packing
approach of interaction with G-4, followed by end-
stacking or intercalations.

3. G-QUADRUPLEX TARGETING METAL
COMPLEXES

3.1. Cisplatin Derivatives— Platinization
of G-Quadruplex

Cisplatin and its analogues are commonly con-
nected with the best anticancer drug in clinical usage,
but due to a few disadvantages, their further use is lim-
ited. In this way, it obvious to builds up another class
of systematically organized cisplatin derivatives that
draws much concern for the investigators. For cooper-
ative configuration as a single site trial, cisplatin deriv-
atives, incorporating chlorine and water ligands, have
higher probability of binding to G4 DNA nucleobases.
The subsidiaries of planar aromatic ligands are essen-
tially suitable for binding with G-quadruplex stacking
up to non-covalent limiting approach [53].

Bertrand and co-workers designed novel Pt(II)-
based structures (Fig. 2) and observed that these
structures could possess a covalent or non-covalent
binding interaction without an extending interface
with both the biological telomeric G-quadruplex-
DNA followed by specific restrictive modes [54]. They
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Fig. 2. Chemical structures of cisplatin (a) and their analogues as G4 ligands (b, c).

synthesised platinum-based complexes with tridentate
nitrogen-containing ligands viz. terpyridine (2,2:6,2-
terpyridine, tpy) and tolyl-terpyridine (4-(4-methyl-
phenyl)-2,2:6,2-terpyridine, ttpy). The terpyridine-
platinum based structures, referred to ‘Pt-tpy’ were
observed to interact covalently with quadruplex-DNA
by means of platinization of adenine [55]. Another
arrangement, Pt-quinacridine, known as “Pt-mpq,”
uses quadruplex—DNA in a dual non-covalent/cova-
lent limiting mode, concentrating on specifically the
guanines that make up the outer G-groups of four.

Qin and co-workers developed a Pt(I1)-phenanth-
roline complex (Fig. 3). This complex was reported to
exhibit tumour cell-specific cytotoxicity which can be
explained by hindering “telomerase movement” by
the connection of “c-mycquadruplex and initiation of
caspase” [56]. Further, another family of anticancer
medications includes planar, non-macrocyclic
polydentate metal clusters, such as square-planar
Pt(1I)-phenanthroline complexes. The phenanthro-
line moiety in these complexes might be replaced with
bipyridine, phenyl pyridine, and dipyridophenazine
for further modification. Pt(II) metal with positive
charge play a crucial role in DNA limiting functions,
despite the fact that their square-planar geometry
advances the nt—m stacking with G-quartets. Notwith-
standing, a near report showed that the ligands groups
covering the surface support the G4 bindings, for
example, the Pt(II) complexes of bis-phenanthroline
and phenanthroline—ethylenediamine ligands were
observed to balance out the G-quadruplex configura-
tions, seeming solid communication proclivity than
the bis-bipyridine and bipyridine—ethylenediamine
derivatives. In this way, the substitution of the phenan-
throline by a phenanthroimidazole moiety, encom-
passing m-delocalization via aromatic moiety, demon-
strated the improvement in the affinity and selectivity
for the G4 binding [57—63]. Some detailed Pt(II)
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buildings with bis-phenanthroline or phenanthro-
line—ethylenediamine are presented in Fig. 3.

3.2. Tetraaza-Macrocycles and Derivatives

Tetraaza-macrocycles like phthalocyanines and
porphyrins are normal biological macrocycles, having
expanded aromatic moiety capable of promoting end-
stacking cooperation with terminal G-quartets. Mem-
brino and co-workers combined guanidino-altered
phthalocyanines (GPcs) frameworks (Fig. 4) and used
them as G4-DNA ligands and modulators of quality
parameters [64]. GPcs displayed great cell take-up
into active cells and smothered luciferase articulation.
Such outcomes are reliable with G-quadruplex-sup-
ported inhibition and give the inspiration to investigate
the anticancer capability of GPcs.

Ren and co-workers introduced octacationic zinc
phthalocyanine (ZnPc), which was discovered to be
an excellent G-quadruplex DNA stabilizer (Fig. 5).
Mn based 5,10,15,20-tetra(N-methyl-4-pyridyl) por-
phyrin (Mn'"TMPyP4) macrocyclic complex was
reported as G4-ligands [65]. The findings given herein
demonstrate the effectiveness of ZnPc as a strong telo-
merase inhibitor (IC5, = 0.23—0.05 mm) and as a
highly effective stabilizer of G-quadruplex DNA,
capable of raising the Tm level of G quadruplexes by
4-258C. Through stabilization of the G-quadruplex
structure generated in a low K concentration buffer,
it may enhance polymerase stopping in the experi-
mentation. Surface plasmon resonance spectroscopy
revealed that ZnPc could be attached to G quadru-
plexes preferentially. More crucially, it might cause an
intramolecular G-quadruplex structural change from
antiparallel to parallel, as well as parallel structure
development in a cation-deficient environment. The
structure formed by ZnPc in the absence of salt was
slightly less stable than that generated in the Na* buffer.
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Fig. 3. (a—f) Structures of Pt complexes and derivatives as G4-ligands; these ligands involve the bidentate ligands such as eth-
ylenediamine, bipyridine, phenanthroline, and phenanthroimidazole.

Fig. 4. Chemical structures of (a) guanidino-altered phthalocyanine ligand and (b) guanidino-altered zinc phthalocyanine, as
G4-ligands.

Further, the Ni'"TMPyP4, in contrast to duplex clic complexes displayed comparable telomerase hin-
DNAs, the macrocyclic complex, was shown to be a  dering capability; nevertheless, the Mn'""TMPyP4
strong telomerase inhibitor and possess restricted macrocyclic complex exhibited 10-fold greater speci-
specificity for G4 DNA. Similar to the free TMPyP4 ficity for quadruplex versus duplex DNA [66, 67]. Fur-
macrocyclic framework, the Mn'""TMPyP4 macrocy- thermore, the replacement of Mn'"! with Zn"' metal

RUSSIAN JOURNAL OF BIOORGANIC CHEMISTRY 2023
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(b)

Fig. 6. Chemical structures of (a) Mn corrole and (b) Cu corrole, with cationic arms, as G4-ligands.

limits quadruplex specificity and potency, much as
telomerase does [68].

Such studies revealed that the planar macrocyclic
moieties and the fundamentally strong charged side
arms, as well as the telomerase interference ability,
which contributes to the excellent affinity for G-qua-
druplex. Corrole is another adaptable class of porphy-
rin subordinate, because of their topologies and elec-
tronic structure, the efficient adjustment of changing
metal ions in the higher oxidation states. In this way, a
progression of Cu!' and Mn'"! corroles (Fig. 6) was
accounted for as effective G4-ligands and these build-
ings were observed to be good telomerase inhibitors
[69—71]. Strikingly, these macrocycles have normally
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saddle-type geometry contradicted to the planar
metalloporphyrins.

Meso-methyl pyridinium-substituted Mn'"' cor-
role macrocycle is another class of water-solvent and
seat-formed frameworks [72, 73]. Because of their
particular geometry and high e-inadequacy, these
macrocycles display selectivity for G4 over duplex
DNA. As indicated by the PCR-stop examination,
these edifices effectively initiate and balance out the
Tel and c-myc G-quadruplex DNA. Further, meso-
substituted Cu'! corrole macrocycles, furnished pyri-
dinium or quaternary ammonium moieties by using
different types of linkers at the corrole framework, and

2023



G4 LIGANDS AND THEIR INTERACTION DIVERSITY WITH G-QUADRUPLEX 7

were additionally examined as the G4-ligands [74—
76]. Such type of substituents increases the density of
positive charge on corrole framework which advances
the electrostatic interaction of negatively charged
DNA backbone.

The formation of G-quadruplexes by certain DNA
and RNA sequences has the potential to influence
genetic instabilities, promoter activity, RNA splicing,
RNA stability, and neurite mRNA localization. TMP-
yP4 has the ability to destabilise and unwind RNA G-
quadruplexes, including the one seen in the MT3-
MMP mRNA [77]. TMPyP4 also destabilised the G-
quadruplex of DNA and RNA (CGG)n repeats of
FMRI1, which have been linked to premutation expan-
sions of fragile X syndrome, fragile X-associated
tremor ataxia, and fragile X preterm reproductive defi-
ciency. [78—80] Destruction of RNA G-quadruplexes
by TMPyP4 resulted into increased levels of transla-
tion in experimental models [77, 79]. Zamiri and co-
workers reported the binding of TMPyP4 to the ALS-
FTD r(GGGGCC)S8 replication employing gel mobil-
ity shift assays, CD spectroscopy, and UV spectros-
copy [81]. It was observed that TMPyP4 destabilises
the binding of ASF/SF2 and hnRNPAI1 to the ALS-
FTD-associated r(GGGGCC)8 repeat. The signifi-
cance of RAN translation remains unclear; the func-
tion of G-quadruplex with TMPyP4 may possibly
influence translation. Nevertheless, there are no cellu-
lar experiments available to examine TMPyP4 impact
on RAN translation.

4. THE INTERACTION MODEL
OF MACROCYCLES BASED G4-LIGAND
WITH G-QUADRUPLEX

Recent discoveries in G-quadruplexes have
demonstrated that they could function in DNA repli-
cation, transcriptional regulation, genome stability,
and cancer cells [24, 82, 83]. As a result, G-quadru-
plexes were discovered to be a promising anticancer
agent and thus the researchers have concentrated on
the construction of a tiny molecular inducer and G-
quadruplex stabilizers [84]. To fulfil this, it is critical to
understand how to limit the design of G-quadruplexes
using G4-ligands? Till now, research on computa-
tional and physiochemical breakthroughs demon-
strated mainly three types of competent limiting meth-
odologies of G-quadruplexes with G4-ligands: (i)
stacking with terminal G-quadruplicates of G-qua-
druplexes, (ii) interaction among G-quadruplicates of
G-quadruplexes, and (iii) interaction with the
grooves/loops/spine of G-quadruplexes.

4.1. Stacking with Terminal G-Quadruplicates
of G-Quadruplexes

The macrocycles with aromatic moieties, and elec-
tron inadequate frameworks can result in more
grounded m—m cooperations on terminal G-quadru-
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plicates [85]. Further, the positive charge on metal
ions in the macrocycle is arranged in the mid of termi-
nal G-quadruplicates and upgrades the electrostatic
adjustment. In this way, the development of macrocy-
cles dependent on G4-ligand is a proficient methodol-
ogy for the layering of end G-quadruplicates of G-
quadruplexes. Thus, the official methods of macrocy-
cles dependent on G4-ligand with G-quadruplexes
were set up through m—m cooperations, which are
essentially reliant on hydrophobic, -electrostatic
attraction, and physical associations. The large aro-
matic groups demonstrated great descriptiveness for
G4-DNA over the duplex DNA [81—86]. TMPyP4 is
a typical example of a macrocycle-based G4-ligand,
that often served as folios for G-quadruplexes and the
aromatic ring. Additionally, the four N-methylated
groups of the TMPyP4 skeleton contributed to the
enhancement of water solubility and m—mn stacking
potential [87].

Supplementary studies established that the TMPyP4
macrocyclic framework interacted on one terminal
G-quadruplicate of the G-quadruplexes and have
more prominent reactivity and inadequate G-quadru-
plex selectivity over DNA duplex [88, 89]. Going
through these motivations, researchers planned
Mn(III) porphyrin analogs for the favorable stacking
on terminal G-quadruplicates and intercalation
through its four flexible limbs with grooves. Mn(11I)
porphyrin complexes were required to have good sen-
sitivity and specificity towards the G-quadruplexes
[90]. Haudecoeur and collaborators structured a
“keen” G4 ligand, showing the high ability to adjust
their structure after intercalation with the G-quadru-
plexes [91]. It was demonstrated that the cationic por-
phyrin (i.e. TMPyP4) could attach and deform the G-
quadruplex created by r(GGGGCC)8, thus, ablates
the binding of either hnRNPAI or ASF/SE. Such
results demonstrated that nucleic acid interacting
small molecules, like TMPyP4, can modify the con-
formations of the C9 or f72 repetition, thereby disrupt-
ing protein associations and preventing protein
sequester and/or RAN translating into potentially
hazardous dipeptides. Disrupting the secondary
structure development of C9orf72 RNA repeats might
be a promising curative approach, and a way to evalu-
ate the function of RNA structure in RAN translation.

Further, it was also stated that the designed G4
ligand can interact with “G-quadruplexes” by the
union of two G-quadruplexes and the grip of cooper-
ation. In this manner, a symmetrical helical with a
folio demonstrated enantio-specific for the parted
pocket located between the telomeric G-quadru-
plexes. This chiral helix displayed a strong inhibitory
movement against the telomerase of G-quadruplexes,
and the outcomes gave the confirmation of the sensi-
tivity to small particle telomerase inhibitors [92].
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4.2. Intercalation between G-Quadruplicates

The observed bathochromic and hypochromic
shift in the electronic absorption spectra suggested
that macrocyclic complexes can easily interact with
the DNA base pairs through the intercalation binding
mode [93]. Interactions involving DNA and pharma-
ceuticals can result in chemical and structural
changes, which leads to alterations in the electrome-
chanical characteristics of nitrogenous bases.

Lubitz et al. demonstrated that without K*, TMPyP4
macrocyclic complex showed the intercalation
behaviour with the neighbouring G-quadruplicates of
G4-wires, followed by 1 : 2 stoichiometry association
through the m—m assembling. Though, in the presence
of K7, it collaborated with the G-wires via end layer-
ing rather than intercalation modality, indicating the
great concurrence under the consequences of different
gatherings [94].

This could be on the grounds that the K* ions,
found at the focal point of every G-quadruplicate, can
block the way for the TMPyP4 macrocycle to enter
into the G-quadruplicate layers. Though, within the
sight of K*, TMPyP4 macrocycles connected with the
“G-quadruplexes” of d(G2T2G2TGTG2T2G2),
d[AG3(T2AG3)3], and d(T4G4)4 via interaction in a
1:1, 2:1, and 3:1 stoichiometry coupling modality, cor-
respondingly [94]. It is conceivable that the coupling
stoichiometry of G-quadruplicate layers and the
TMPyP4 macrocycles is very steady and can integrate
into each G-quadruplex layer without creating a
repulsive environment with the neighbouring sites.
The results suggested that the aggressive modes, for
example, modalities of end stacking and groove bind-
ing were not recognized in this process. Furthermore,
the investigations also suggested that the TMPyP4
macrocycle can also intercalate between G-quadrupli-
cates of d(T4G4) at a lower [TMPyP4 macrocy-
cle]/[G-DNA] concentration ratios [95]. However,
assuming there are more referred articles, none pro-
vided NMR spectroscopic measurements and valu-
able crystal architectures of the macrocyclic com-
plexes. Thus, it is still in the debate to prove the
emphatically bolstered intercalation binding mode of
ligands with G-quadruplexes.

4.3. Binding of G-Quadruplexes
with the Grooves/Loops/Spine

The size and geometrical improvements of “G-
quadruplexes” and duplex DNA are often accom-
plished in the unique interaction of G4 ligand. The
epic “G-quadruplexes” ligands or macrocycles with
non-planar aromatic structures were discovered to be
messengers and shown the strong preference and
selectivity for G-quadruplexes over DNA duplexes
[96]. Further, the investigation of electrostatic com-
munications of alkaloid drugs under the 2 : 1 stoichio-
metric binding mode showed that the nonplanar ste-
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reochemistry may speak to another versatile category
of G4 systems. In this regard, more critically, the pla-
nar aromatic frameworks could not be recognized as
the basic gatherings for G-quadruplexes. Most shock-
ingly, Martino et al. suggested that the dist-A will be a
regular and examined folio in the B-DNA system, and
a 3D image of its association in terms of intercalation
between the parallel G-quadruplexes was also estab-
lished [97].

These findings demonstrated that the antiparallel
dist-A dimer forms can interact with two inverse fur-
rows of G-quadruplexes followed by 4 : 1 stoichiome-
try via four hydrogen atoms securities. Then, it was
observed that the charged amidinium gathering of G4
ligand can interact through electrostatic communica-
tion with the oppositely charged spine of G-quadru-
plexes.

Further, the gene structure of a targeted ligand spe-
cies among an acridine subsidiary and G-quadru-
plexes was also reported [98] and the results showed
favourable communication between the acridine sub-
sidiary and G-quadruplexes under the 1 : 1 stoichiome-
try. In this way, the acridine moiety is stacked with the
nearest terminal G-quadruplicate of G-quadruplexes,
connecting through the T4 circle via intermolecular
hydrogen bonding. In addition, tetrasubstituted naph-
thalene diimide interacts from the outside of TTA circle
base pairs of G-quadruplexes, internally [99].

5. CONCLUSIONS

In summary, G4-ligands are the metal chelates and
macrocycles are observed to be very explicit and par-
ticular toward the interaction with G-quadruplex.
These G4-ligands appeared to have a high capacity, (i)
to settle G-quadruplex telomerase inhibitors, (ii) to
manage the interpretation and related procedure, and
(iii) to the cleavage of DNA. Subsequently, these
motivations open numerous new chances to configure
further intense anti-cancer medications.

This survey reiterates an assortment of classes of
G4 ligands that have G4-DNA focusing on highlights
as far as anticancer intensity by means of settling or
breaking the G-quadruplex over the DNA duplex.
Metal complexes having distinctive geometrical high-
lights, for example, square-planar, square pyramidal,
and octahedral structure demonstrated a decent vari-
ety towards the “G4 authoritative.” The electronic
correspondence between metal chelates/macrocycles
and G-quadruplex has been portrayed by utilizing sev-
eral biophysical and spectroscopic techniques. The
outcomes uncovered that the G4 ligands pursued three
noteworthy activity locales, in particular, G-groups of
four, scores, and circles of the G-quadruplex.

Further, it was recommended that the G4 ligands
favour the end-stacking mode with terminal G-groups
of four. Normally, for this interaction mode, the mac-
rocycles should be the highly aromatic or expanded
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delocalized framework that disgraces the likelihood of
their intercalation. Also, cationic or protonatable sub-
stituents on the macrocyclic system disfavour the elec-
trostatic cooperation with the anionic DNA phos-
phate backbone, improving the fitting of the macrocy-
cles into the depressions. In this manner, the
observations regarding electronic and geometrical
highlights are advantageous for the high selectivity of
macrocycles for G4 over the DNA duplex.

Further, the enormous test is identified by consol-
idating the notches/circles with the focusing on G-
groups of four which are still in discussion. In any
case, the different restricting modes could be per-
ceived all the while, however, the furrow/circle
restricting association was considered as the optional
connection mode. As a result, this review provides a
new route for researchers in this field to design the
next generation of G4-ligands with a specific
notch/circle acknowledgement.

In this manner, these logical inspirations may open
new roads for the further structure of metal chelates or
macrocyclic G4-ligands connected in appealing reac-
tant biosensing and against the malignant growth
medications field. In spite of the fact that, in this field,
some obvious advancement has been perceived, most
G4-ligands currently lack in vivo applications and
structures that are equivalent to those found in com-
mercial medications. In light of this, it becomes sense
that future developments in this field would focus on
improving restorative research. In the next years, we
could also be interested in learning how new genera-
tions of G4-ligands that include metals have an impact
on medical issues.
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