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A hitchhiker’s guide to G-quadruplex ligands
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Over the past decade, nucleic acid chemists have seen the spectacular emergence of molecules designed
to interact efficiently and selectively with a peculiar DNA structure named G-quadruplex. Initially
derived from classical DNA intercalators, these G-quadruplex ligands progressively became the focal
point of new excitement since they appear to inhibit selectively the growth of cancer cells thereby
opening interesting perspectives towards the development of novel anti-cancer drugs. The present
article aims to help researchers enter this exciting research field, and to highlight recent advances in the
design of G-quadruplex ligands.

Introduction

After one decade of speculation concerning its in vivo importance,
G-quadruplex-DNA (Fig. 1) has attracted exceptional attention
from all the nucleic acid research community. This peculiar DNA-
arrangement has been thoroughly reviewed recently,1 both in terms
of structural investigations2 and of biological implications3 and
also in terms of potential applications towards nano-technologies.4

Despite the fact that direct proof for its in vivo existence is still
sparse,5 a growing body of evidence for the biological relevance
of G-quadruplex-DNA emerges from the recent literature: (i)
the putative G-quadruplex-forming sequences are thoroughly
distributed along the human genome (370 000 sequences,6 prob-
ably even more7), and their involvement within an extended
duplex-DNA is compatible with their folding into quadruplex-
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Fig. 1 Example of quadruplex-polymorphism: NMR structures of
quadruplexes from the human telomeric (A, PDB entry: 2HY9) and c-myc
(B, PDB entry: 1XAV) sequence (guanines in gold).

structures;8 (ii) these sequences are particularly found at telomeric
regions and gene promoters (more than 40% of human genome
promoters present at least one quadruplex-forming sequence);9

(iii) the putative quadruplex formation correlates with a certain
gene expression level;10 and (iv) an array of proteins with various
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functions (nucleases, helicases, resolvases) has been shown to
interact specifically with G-quadruplexes.3f ,k

Most importantly, the implication of G-quadruplex is evoked in
several biological dysfunctions that selectively alter the integrity
of cancer cells.3f ,i,k In particular, the formation of G-quadruplex-
DNA at the end of telomeres has been reported not only to
impede the telomerase association and activity (due to the enzyme
inability to bypass the folded form of its DNA-substrate) but
also severely to increase the genomic instability by hampering
normal recognition of telomere-associated proteins with their
targets.3f ,i,k The regulatory potential of G-quadruplexes towards
cancer cell growth is also strongly substantiated by their possible
formation in the promoter regions of several human genes (such
as the retinoblastoma susceptibility,11 insulin,12 muscle-specific,13

vascular endothelial growth factor,14 hypoxia inducible factor 1a,15

fragile X mental retardation genes5b,16) and oncogenes (such as c-
myc,17 k-ras,18 bcl-2,19 c-kit,20 or RET oncogenes21). Consequently,
the possibility of building novel anti-cancer therapeutic strategies
with G-quadruplex-DNA as the cornerstone is currently under
investigation.

Therefore a general consensus is that G-quadruplex binders that
stabilize the G-quadruplex structure could pave the way for the dis-
covery of novel anti-cancer agents. The quadruplex-stabilization
occurs, in most cases, via p–p stacking and electrostatic inter-
actions resulting in the binding of the ligand (usually a flat
aromatic molecule) on the G-quartet constitutive of the external-
face of the quadruplex. This binding mode (external stacking) has
been thoroughly discussed1 since it represents a unique feature of
quadruplex recognition as compared to other DNA forms. Given
the large area of the G-quartet, an efficient G-quadruplex ligand
should feature a large aromatic surface, much larger than that of
a duplex binder to improve the aromatic–aromatic overlap and
provide selectivity. Electrostatic interactions between positively
charged ligands and the G-quadruplex-DNA scaffold also strongly
participate in stabilization. However due to the polymorphism
of the quadruplex backbone arrangement (Fig. 1)2 and the lack
of data on the electrostatic potential of the four grooves, these
interactions are much less understood than those occurring with
duplex-DNA. Finally, little is known concerning the influence of
the central cations on ligand binding. So far, the rational design
of G-quadruplex-interacting compounds has been guided by two
criteria (i.e. p-stacking and electrostatics) but also by somewhat
empirical approaches. Globally, the numerous ligands synthesized
to date can be classified into four different categories on the basis
of their cationic nature, i.e. cationic (1) upon in situ protonation
of an amine appendage, (2) via N-methylation of an aza-aromatic
moiety, (3) thanks to the presence of a metal centre, or (4) non-
cationic ligands.

With the present article, our intention is not to cover exhaus-
tively the G-quadruplex ligands field, but more to provide a
field guide for bio-organic chemists allowing them to enter the
exciting G-quadruplex ligand research area. The reader will find
the structure, the essential biophysical and biological data and
importantly, the references related to the most recently reported
and cited ligands. It is also worth noting that the present article is
focused on the structural design of ligands and on their molecular
interactions with G-quadruplex, whereas the particular notion of
telomerase inhibition, although mentioned, is not discussed in
detail (for a recent review, see Ref. 3k).

In situ protonated G-quadruplex ligands

The key issue in the development of compounds that target G-
quadruplex-DNA is to conceive large flat aromatic systems prone
to p-stacking with a G-tetrad platform, while retaining reasonable
water solubility. In other words, the molecule has to exhibit
both hydrophobic and hydrophilic characteristics. A usual way to
ensure this duality is to introduce protonable sidearms (e.g. amine
groups) around an aromatic core; the molecule is then water-
soluble, with the charge(s) far from the hydrophobic centre. This
line was followed 10 years ago by Neidle, Hurley and co-workers
with the promotion of a bisamidoanthraquinone as G-quadruplex
ligand and telomerase inhibitor.22 Besides this work, several
pioneering reports concerning interaction of dyes with quadru-
plexes appeared in the literature and particularly worth men-
tioning is the study from Shafer and co-workers on DODC
(3,3′-diethyloxadicarbocyanine).23 The bisamido-anthraquinone
family has been further developed and subsequently evaluated
by cytotoxicity and direct telomerase inhibition assays, revealing
IC50 values in the low micromolar range.24 However, these studies
concluded that the quadruplex- vs. duplex-DNA selectivity of this
series was insufficient for further biological applications. To cir-
cumvent selectivity problems, Neidle and coworkers progressively
modified the core and the sidearms of the initial ligands: from
anthraquinone to fluorenone,25 then acridone26 and acridine.27 A
member of the 3,6-disubstituted acridine series was particularly
useful for the G-quadruplex ligand design, BSU6039 (Scheme 1),
since a crystal structure of its complex with G-quadruplex was
obtained (Fig. 2).28 As expected, this structure showed an inter-
action dictated by hydrophobic–p-stacking interactions between
the flat aromatic core of the ligand and two guanine residues
of the accessible G-tetrad doubled by electrostatic interactions
between the two protonable sidechains of the ligand and the
quadruplex-grooves. On this basis, an optimized prototype was
designed, BRACO-19 (Scheme 1), able to interact concomitantly
with three G-quadruplex grooves thanks to three side-arms.29

This optimized target adaptation appears through the high level
of quadruplex-stabilization, evaluated by FRET (fluorescence
resonance energy transfer)-melting assay†,30 (DT 1/2 = 27 ◦C) and
selectivity evaluated by the SPR (surface plasmon resonance)
method,31 which revealed a 31-fold binding preference for the
quadruplex-structure. In addition, a strong potency for telomerase
inhibition was evaluated by TRAP (telomeric repeat amplification
protocol)3k,32 assay (IC50-TRAP = 115 nM). Worth pointing out
is that the TRAP assay has been very recently demonstrated
to be somewhat biased by G-quadruplex-forming primers and
thus may not fully reflect telomerase inhibition.33 Nevertheless,
TRAP results will be indicated here since they have been used
as evaluation parameters in an overwhelming majority of the
cited articles.3k,33 Further biological investigations have recently
demonstrated the efficiency of BRACO-19 as an inhibitor of
cancer cell proliferation,34 which has been somewhat limited by
pharmacological parameters (such as cellular uptake or membrane
permeability).35 These limitations seem to be on the way of being
circumvented, by modification of the 9-amino substituent of the
BRACO-19 (from an aniline to a difluorobenzylamine group).36

Thus, the simple acridine motif appears to be very valuable for
G-quadruplex recognition, provided that its substitution pattern
and the protonation ability of the central ring nitrogen are
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Scheme 1 Selected cationic G-quadruplex ligands upon in situ protonation of amino-appendages.

Fig. 2 Side- (A) and top-views (B) of the X-ray structure of BSU6039
complex with bimolecular quadruplex-DNA (d[G4T4G4])2 (PDB entry:
1L1H).

optimized: the 2,7-dipropylamino-acridine being for example a
very poor G-quadruplex ligand.37

Hurley’s orientations pointed toward more extended aromatic
molecules. In 1998, Fedoroff, Kerwin, Hurley and coworkers
reported on the association studies of G-quadruplex-DNA and
the perylene diimide PIPER (Scheme 1).38 This molecule is
characterized by a broader hydrophobic core, with two external
amine appendages. This family of compounds was shown to be
moderately active as telomerase inhibitors (IC50-TRAP ∼20 lM)
but has been extensively studied by Hurley’s then Kerwin’s
group, for the peculiar relationship between aggregation state
and quadruplex- vs. duplex-DNA selectivity. Indeed the latter
increases from almost none to 42-fold quadruplex selectivity
under a free (pH 7) or aggregated state (pH 8.5).17c,39 Recent
extensions confirmed that hydrosolubility does not necessarily
imply better in vitro characteristics, as demonstrated by multi-
substituted perylene and coronene ligands, either symmetrically
substituted40 or not.41

Hurley’s group also diverted the quinobenzoxazines from their
usual anti-bacterial activity, to propose the fluoroquinolone QQ58
(Scheme 1) as a G-quadruplex ligand.42 A NMR study confirmed
the stacking onto an external G-tetrad as the main binding mode,
and extended biological investigations demonstrated the cellular
activity of such ligands. Other compounds from various natural
sources and well-known for their affinity for duplex-DNA have
been tested as G-quadruplex ligands: these are intercalators such

as daunomycin, which wonderfully crystallized as a trimer with
G-quadruplex (Fig. 3),43 or groove binders such as distamycin,
whose NMR structure demonstrated quite a surprising binding
mode with quadruplex, based on two molecules lying side by side
in an anti-parallel fashion either in the groove44 or on the terminal
G-quartet.45 Several flavonoid46 or steroid derivatives,47 as well as
marine alkaloids such as ascididemin or meridine48 have also been
shown to bind quadruplexes with variable efficiency.

Fig. 3 Side- (A) and top-views (B) of the X-ray structure of the dauno-
mycin trimer with tetramolecular quadruplex-DNA (d[TG4T])4 (PDB
entry: 1O0 K).

Another dimension in the G-quadruplex ligand design was in-
troduced in 2001 by Teulade-Fichou, Mergny and coworkers with
the use of pentacyclic quinacridines that display a crescent shape
likely to maximize the overlap with the guanines of the accessible
G-quartet. MMQ3 (Scheme 1) was the leading compound of
the quinacridine family, which shows remarkable G-quadruplex
stabilization (DT 1/2 = 20 ◦C) and high telomerase inhibitory
activity (IC50-TRAP = 28 nM).49 Recently, an NMR structure was
determined with MMQ1, the dipropylamino analogue of MMQ3,
and a tetramolecular quadruplex (Fig. 4).50 This study not only
shows the simultaneous overlap of three guanines by the quinacri-
dine unit, but also pinpointed the role of the protonated sidearms,
which actively participate in quadruplex recognition via inter-
actions in the grooves. A dimeric macrocyclic quinacridine was
subsequently proposed, BOQ1 (Scheme 1), that proved to be an im-
proved quadruplex-stabilizer (DT 1/2 = 28 ◦C), with a better overall
selectivity than the monomeric series (∼10-fold, evaluated by SPR)
and an efficient telomerase inhibitor (IC50-TRAP = 130 nM).51
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Fig. 4 Side- (A) and top-views (B) of the NMR structure of MMQ1

complex with tetramolecular quadruplex-DNA (d[T2AG3T])4 (PDB entry:
2JWQ).

This selectivity, attributed to the enhancement of the ligand
aromatic surface, is also likely a consequence of the steric
hindrance of the macrocyclic scaffold that impedes duplex binding.
Recently, it was suggested that BOQ1 can adopt a semi-closed
conformation that might result in a particular binding mode,
probably based on specific interactions with loops.51c Interestingly,
the efficiency of such a dimeric macrocyclic scaffold appears clearly
dependent on the nature of the aromatic unit, since macrocycles
derived from quinacridine (BOQ1) or acridine (BisA)37 are efficient
quadruplex binders, whereas those comprised of phenanthroline
or naphthalene units, which have poor ability to stack on DNA
bases,37,50 lead to more modest results.52

Subsequently, the crescent-shape particularity of quinacridine
was found in several other ligands, such as indoloquinolines
(such as PSI99A),53 cryptolepine and analogues,54 quindolines
(such as SYUIQ-5) whose efficiency has been demonstrated
on telomeric and c-myc promoter quadruplexes,55 or triaza-
cyclopentaphenantrene.56

Some of the previous examples perfectly illustrate the difficulty
in obtaining ligands with high quadruplex-selectivity. Following
the way paved by Wheelhouse and co-workers with biarylpyri-
midines,57 Neidle and co-workers succeeded in combining good
overlap of G-quartet and simple synthetic access, with ligands
assembled via click-chemistry.58 The resulting bistriazole deriva-
tives are good quadruplex-stabilizers (DT 1/2 between 15 and
19 ◦C) with a high degree of selectivity but they appeared to
be moderate telomerase inhibitors (IC50-TRAP between 13 and
20 lM).

A novel trend in the G-quadruplex ligand design is currently
emerging based on the enhancement of G-quadruplex recognition
by the introduction of additional structural elements. This relies
on the fact that quadruplex- vs. duplex-DNA selectivity has to be
addressed in terms of the difference between the surface area of a
G-quartet and of a base-pair, but also in terms of loop- and groove-
recognition. This basic principle was applied to the conception
of the neomycin capped quinacridine series (NCQ, Scheme 1)
that has been designed to concomitantly target the G-quartet
and the loop of a quadruplex structure with the quinacridine
moiety and the neomycin motif respectively.59 The preferential
binding of NCQ to loop-containing quadruplexes as compared to
non-loop containing ones was evidenced. This result along with
the good quadruplex stabilization ability of the series (DT 1/2 =
14 ◦C) and its strong telomerase inhibitory activity (IC50-TRAP =
200 nM) fully validates this ‘ditopic’ design. The efficiency of tri-
oxazole macrocycles (Scheme 1) originates probably in a similar

phenomenon, thanks to the three amino appendages located on
the same face of the macrocycle and putatively implicated in loop
and groove interactions.60 Interestingly, these secondary interac-
tions raise the possibility of selectively stabilizing a particular type
of quadruplex-DNA. This is illustrated by the binding preference
of the tri-oxazole macrocycles for the quadruplex formed by the
c-kit sequence as compared to the human telomeric one. This
particular macrocyclic oligoamide scaffold has been very recently
confirmed as valuable for the design of efficient G-quadruplex
ligands by two independent studies.61 Finally, Balasubramanian
and coworkers also succeeded very recently in targeting another
structural element of the quadruplex architecture, namely the
central cation channel, thus opening interesting perspectives as
for a ligand-mediated control of the quadruplex polymorphism.62

However, and as mentioned above, interactions of ligands with
peculiar quadruplex elements (i.e. loops, grooves, cation channel)
are still poorly investigated, suffering from the availability of firm
structural data.

Finally, an additional level of selectivity was very recently
reached, with the use of isoalloxazines as c-kit selective
quadruplex-ligand.63 In this study, the duplex- vs. quadruplex-
selectivity was combined with a clear intra-quadruplex selectivity
(up to a 14-fold preference for the quadruplex formed by the c-
kit sequence as compared to the human telomeric one), thereby
opening an avenue to the design of a second generation of ligands
able to selectively alter the expression of a given gene.

N-Methylated aromatic G-quadruplex ligands

Beyond quaternization of amine side-chains via in situ protona-
tion, an alternative pathway was thoroughly exploited with the use
of N-methylated ligands i.e. quaternized on the aromatic ring ni-
trogens. The success of this design relies on the double advantage of
N-methylated aza-aromatic moieties, i.e. affording water solubility
without the need for cationic side-chains and increasing the p-
stacking ability of the ligand thanks to the reduction of the electron
density of the aromatic part. TMPyP4 (Scheme 2) is the pivotal
example of this family of ligands. This tetracationic porphyrin has
been extensively studied by Hurley’s and co-workers;14,17d,19b,21,64

TMPyP4 has been shown for example to have a high affinity for
G-quadruplex (DT 1/2 = 17 ◦C), to efficiently inhibit telomerase
(IC50-TRAP = 6 lM), but also to downregulate the expression
of oncogenes (such as c-myc or k-ras) and to convert anti-
parallel topologies to parallel forms of quadruplexes. Interestingly,
despite the fact that TMPyP4 soon became known to be poorly-
to non-selective for quadruplex-structure,65 the interest for this
particular molecule has never declined, as can be seen by the
recent controversy over the nature of the porphyrin-quadruplex
complex. Indeed, the diverse binding modes of TMPyP4 include
intercalation between adjacent G-tetrads and stacking of the
porphyrin onto the external G-quartet (Fig. 5).66 Furthermore,
X-ray studies have described an unexpected alternative binding
mode based on external stacking onto the TTA nucleotides but
without any direct contact with G-quartets.67

Several structurally-related ligands have been described over
the past years: the porphyrin TQMP68 and the porphyrazine 3,4-
TMPyPz (Scheme 2)69 are two examples of tetracationic macro-
cycles, which have been shown to bind efficiently to quadruplex-
DNA. In particular in the case of the porphyrazine derivative,
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Scheme 2 Selected cationic G-quadruplex ligands upon N-alkylation of aza-aromatic appendages (counter-ions are Cl− for TMPyP4, 3,4-TMPyPz and
Se2SAP, I− for TQMP, ethidium derivatives and PDC 360A, MeOSO3

− for RHPS4, and CF3SO3
− for Phen-DC3).

Fig. 5 Side- (A) and top-views (B) of the NMR structure of TMPyP4
complex with c-myc derived quadruplex-DNA Pu24I (PDB entry: 2A5R).

a 100-fold increase in affinity as compared to TMPyP4 has
been measured by SPR, but also a significant improvement of
the specific recognition of quadruplex-over duplex-DNA was ob-
served (>30-fold preference for quadruplex-DNA). Very recently,
TMPyP4-related porphyrins carrying 1 to 3 N-methylpyridinium
arms,70 as well as structurally-related corroles71 have also been
described.

Finally, an important breakthrough in the porphyrin series
came with the design of a diselenosapphyrin Se2SAP (Scheme 2),
with an expanded porphyrin core.72 This ligand was shown
to bind strongly and selectively to quadruplex-DNA (∼50-fold
preference for quadruplex-over duplex-DNA, evaluated by SPR)
and to convert parallel (c-myc sequence) or anti-parallel (human
telomeric sequence) topologies to a mixed anti-parallel/parallel
hybrid structure. More importantly, this ligand was the first of
a promising series able to discriminate among the various forms
of the G-quadruplex-DNA. Nevertheless the very low-yielding
preparation of the Se2SAP may be a serious drawback for future
exploration of its biological potential.

Beyond the canonical macrocyclic pattern of porphyrins and
derivatives, several small molecules have been reported with quite
exceptional properties. Among the first was RHPS4 (Scheme 2),73

a N-methylated pentacyclic acridinium reported in 2000 by the
Stevens group. In vitro studies (IC50-TRAP = 330 nM) and

in cellulo investigations demonstrated the ability of this highly
condensed aromatic ligand to decrease telomere length and to act
in synergy with the classical anti-cancer agent Taxol. Recently,
RHPS4 has also been reported as an efficient telomere uncapping
agent, as well as a telomere binding proteins modulator.74 Worth
mentioning is that RHPS4 is one of the rare ligands whose complex
with G-quadruplex-DNA has been solved by NMR (Fig. 6).75

As expected, the cationic molecule sandwiches the quadruplex-
structure thanks to strong stacking interactions between the ligand
and the two external G-quartets of the G-quadruplex.

Fig. 6 Side- (A) and top-views (B) of the NMR structure of RHPS4
complex with tetramolecular quadruplex-DNA (d[T2AG3T])4 (PDB entry:
1NZM).

In 2001, Mergny and co-workers reported on the use of ethidium
derivatives (Scheme 2) as G-quadruplex ligands.76 The results
obtained in terms of G-quadruplex stabilization (DT 1/2 ∼ 10 ◦C)
but mostly in terms of telomerase inhibition (IC50-TRAP = 47 nM)
and quadruplex- over duplex-selectivity were quite promising.
However, the well-known toxic and mutagenic properties of
ethidium bromide led these co-workers to develop a novel and
safer series of G-quadruplex ligands, derived from triazine.77 The
member of the series known as 12459 and identified by FRET-
melting screening was particularly interesting thanks to its ability
to stabilize selectively G-quadruplex (DT 1/2 = 8 ◦C) and to strongly
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inhibit telomerase activity (IC50-TRAP = 130 nM). Nevertheless,
triazines were also rapidly superseded by the emergence of a
structurally-related bisquinolinium series containing a pyridodi-
carboxamide (PDC) core.78 The PDC series has shown quite
exceptional properties: the two leading compounds, 307A and
360A (Scheme 2), exhibit a high degree of quadruplex-stabilization
(DT 1/2 = 21 ◦C), an exquisite quadruplex-over duplex-selectivity
(>150-fold) and induce efficient inhibition of telomerase (IC50-
TRAP = 300 nM). These results are particularly impressive with
regard to the structural simplicity of the series and its two-step
synthesis. These compounds have been subsequently shown to
induce delayed growth arrest and apoptosis in immortalized cell
lines.78b Remarkably, tritiated 360A has been shown to localize
preferentially at telomeric regions of chromosomes, thus providing
new evidence of quadruplex existence in a cellular context.79 The
efficiency of PDC derivatives as G-quadruplex binders was also
demonstrated recently via their ability to induce the challenging
formation of tetramolecular quadruplexes and thus to act as
molecular chaperones.80 Finally, a recent extension of this family of
ligands was achieved by the synthesis of phenanthroline analogues
Phen-DC (Scheme 2) that show a perfect geometrical match with
a G-quartet.81 Remarkably, the selectivity of the Phen-DC series
revealed to be higher than that of telomestatin (see below), thus
confirming the great potential of the bisquinolinium compounds,
which represent an ideal compromise between rapid synthetic
access and efficient target recognition.33,81

Various other cationic aromatics have also been tested for their
ability to bind quadruplex-DNA. Most of these are, or are derived
from, well-known duplex-DNA binders such as the anti-tumor
agents diphenylcarbazoles (BVMC82 or uncharged analogue83)
and the bisintercalor ditercalinium.84 Others are identified for
specific biological activities such as the antibiotic berberine (either
the 9-85 or 13-substituted derivatives86) or the closely related
coralyne.87 A fluorenylium derivative, an oxidized derivative of
the vasodilatator papaverine, was also studied.88 Finally binding
of several fluorescent dyes (carbocyanines23b,89 and engineered
derivatives90 and Hoechst 335891) known as duplex minor groove-
binders have shown affinity for quadruplex-DNA. This suggests
that external stacking on G-tetrads is not the unique mode
for accommodating ligand and that groove interactions can be
performed with suitably shaped ligands. A recent report from
Wilson and coworkers highlights the use of bifuryl diamidine
derivatives (like DB832) as agents interacting with the grooves
of quadruplexes. In this latter case, the efficiency of the binding
process clearly demonstrates that groove recognition is a very
promising area that deserves further investigations.31a

Metallo-organic G-quadruplex ligands

An alternative to the use of classical organic molecules is currently
emerging from the literature, with the use of metallo-organic
complexes. This class of ligands is highly interesting thanks to
their easy synthetic access and their very promising G-quadruplex
binding properties. This approach is based on the assumption
that the central metal centre could be positioned over the cation
channel of the quadruplex, thereby optimizing the stacking
interactions of the surrounding chelating agent with the accessible
G-quartet.92 Their cationic or highly polarized nature is also a
clear advantage to promote the association with the negatively
charged G-quadruplex-DNA.

The very first reported examples described the insertion of
a metal in the central cavity of TMPyP4,64b,c and their use as
Cu(II)-93 (Scheme 3), Ni(II)- or Mn(III)-complexes.94 Mn-TMPyP4
deserves particular attention since it showed a ∼10-fold preference
for quadruplex-over duplex-DNA, as evaluated by SPR, despite
modest telomerase inhibition (IC50-TRAP = 26 lM).94c Among
the subsequent examples of transition metal complexes like Ru(II)-
,95 Fe(III)-,96 Zn(II)-69,97 or Pt(II)-complexes,98 Ni(II)-salphen92 and
Mn(III)-porphyrin99 appeared to stand amongst the most potent
reported G-quadruplex ligands (Scheme 3). Their performances
are indeed impressive both in terms of quadruplex-stabilization
(DT 1/2 = 33 ◦C for Ni(II)) and quadruplex-selectivity that were
evaluated by FRET-melting assay and SPR. Also worth pointing
out is the spectacular 10000-fold quadruplex vs. duplex selectiv-
ity measured by SPR for the highly cationic Mn(III)-porphyrin
complex. These compounds also display good level of telomerase
inhibition (IC50-TRAP = 120 and 580 nM for Ni(II) and Mn(III)-
complexes respectively). Finally very simple structures such as
Cu(II) and Pt(II)-terpyridine complexes that can be obtained in
one-step or two-step processes have proved to be high-affinity and
highly selective G-quadruplex ligands (DT 1/2 = 15 ◦C for Cu-ttpy,
selectivity ∼22, Scheme 3).100 Importantly, this study highlighted
that the geometry of the metal centre is a key parameter governing
selectivity.

Lastly, the use of a metal moiety grafted in the periphery of
the central aromatic core of a G-quadruplex ligand has also been
reported for various purposes. Fe(II) terminated appendages have
been for example linked to a perylene or a naphthalene diimide
core, in the design of probes devoted to quadruplex-selective chem-
ical cleavage101 or to electrochemical detection of immobilized
quadruplex-DNA.102 Pt(II) complexes have also been exploited to
provide additional anchorage of a G-quadruplex binding motif
inside the DNA target. This work was stimulated by previous

Scheme 3 Selected metallo-organinc G-quadruplex ligands (counter-ions are Cl− for CuTMPyP4, Mn(III) porphyrin, and NO3
− for Pt-MPQ).
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investigations of Bombard and co-workers that demonstrated the
ability of terminal G-quartets to be platinated.103 This approach
has led to the design of the hybrid compound Pt-MPQ (Scheme 3)
that interacts with quadruplex-DNA via a dual covalent–non-
covalent binding mode due to the concomitant presence of the
quinacridine unit and the platinum moiety.104 This unprecedented
synergism between p-stacking-directed association and a covalent
trapping mediated by a mono-functional Pt complex opens up
new perspectives for the development of novel quadruplex-binding
modes.

Neutral macrocyclic G-quadruplex ligands

Last but not least is the category of neutral ligands. This category is
not the largest one but it includes the paradigm for G-quadruplex
recognition namely telomestatin (Scheme 4). This natural molecule
has been isolated from Streptomyces annulatus in 2001 by Shin-
ya’s group105 and has been subsequently extensively studied since
it appears to be one of the most interesting G-quadruplex
ligands.14,19b,21,33,61a,64d,f ,72,105,106 Indeed, this polyheteroaromatic 24-
membered ring greatly stabilizes G-quadruplex (DT 1/2 = 24 ◦C)
and appears as one of the most selective G-quadruplex ligands:
more than 70-fold, regardless of the evaluation technique used.
The initial strong enthusiasm for telomestatin was justified by its
complete absence of affinity for duplex-DNA due to its neutral
character combined with its cyclic shape. The interest in this
compound was also strongly stimulated by its exceptional activity
as telomerase inhibitor (IC50-TRAP = 5nM) even though some
discrepancies in this value have been uncovered in subsequent
studies. This efficiency is assumed to rely on a perfect shape
adaptation between the macrocycle and its probable target, a
G-quartet. Abundant biophysical and biological investigations
have been performed and showed that telomestatin induces and
greatly stabilizes G-quadruplex structures, even in salt-deficient
conditions. In addition it inhibits the proliferation of telomerase-
positive cells, via a modification of the conformation and of
the length of telomeres, and a dissociation of telomere-related
proteins from telomeres. Nevertheless, one major drawback is
that telomestatin is difficult to obtain. Its total synthesis has
been reported only recently, and the complexity of the proposed
pathway seems hardly compatible with large-scale preparation.107

Among the few reports of telomestatin-like G-quadruplex
ligands, two hexa-oxazole macrocyclic ligands have been inde-
pendently reported by Rice and coworkers108 and by Shin-ya,
Nagasawa and coworkers.109 These bisamide macrocycles only
differ by the nature of the amino-acid used as building-block
for their synthesis (i.e. valine R = CH(CH2)3) for HXDV or
serine (R = CH2OH, Scheme 4). HXDV for example has been

Scheme 4 Neutral macrocyclic G-quadruplex-ligands.

found to greatly stabilize G-quadruplex structure (DT 1/2 = 17 ◦C),
without any significant action on duplex- or triplex-DNA, and
to have a high cytotoxicity against cancer cell lines. Very recent
studies of the HXDV association with a quadruplex-forming
sequence mimicking the human telomeric sequence confirmed its
binding mode (external stacking) and binding stoichiometry (two
molecules per quadruplex).110 Interestingly, the high quadruplex-
selectivity of HXDV was demonstrated to originate in its particular
telomestatin-like concave shape.

Despite the fact that macrocyclic compounds like the mesopor-
phyrin IX NMM are known as very quadruplex-selective (coun-
terbalanced by a low affinity),65a,111 and despite the emergence of
structurally-related compounds like octaethylporphyrin or related
cyclo[n]pyrroles,112 these ligands do not display the exceptional
properties of telomestatin. This is why further examples of neutral
polyheterocyclic macrocycles of high affinity and selectivity for G-
quadruplex are impatiently expected, in order to better understand
the molecular basis underlying their association with the target.
Their binding mode, which is obviously purely driven by stacking
forces, albeit eventual H-bonding cannot be excluded, represents
also a unique feature of ligand–quadruplex interactions. Never-
theless one should be aware that the low (if any) water solubility
of this class of compounds combined with sophisticated synthetic
accesses might represent key issues for further developments.

Conclusions

In conclusion, targeting G-quadruplex-DNA represents a high sci-
entific challenge since this particular DNA arrangement is highly
polymorphic in nature and is weakly abundant as compared to
canonical duplex-DNA. Nonetheless, over the past decade, the G-
quadruplex ligand field has developed exponentially. A glimpse at
the advances made in the design and the synthesis of G-quadruplex
ligands leave us convinced that the development of compounds
able to discriminate not only G-quadruplex from duplex-DNA,
but between the various structures of G-quadruplexes is imminent.

In addition, results obtained quite convincingly pave the way
for the exploitation of G-quadruplex ligands as tools to evaluate
the therapeutic potential of telomeres and to help elucidate
the complex interrelations with the telomere-interacting proteins
such as telomerase and capping proteins. At the cellular level,
it is already clear that G-quadruplex ligands act selectively on
cancer cells and induce specific responses (telomere instability,
focused DNA damage) that are different from those of classical
duplex binders. Whether these effects result from the activation of
telomere-associated pathways remains to be fully demonstrated.
Overall research in the field of quadruplex ligands is getting more
and more exciting as knowledge increases and as new drugs acting
on DNA of cancer cells with a diminished toxicity are expected to
be discovered. In the future, G-quadruplex chemists and biologists
acting in conjunction, could very well provide new molecular
principles that may find applications both in molecular and cellular
biology and may contribute to the emergence of novel anti-cancer
therapies.
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69 D. P. N. Gonçalves, R. Rodriguez, S. Balasubramanian and J. K. M.

Sanders, Chem. Commun., 2006, 4685.
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