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Metallo-Organic G-Quadruplex Ligands in Anticancer Drug Design
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Abstract: Guanine-rich DNA sequences can form planar four-stranded structures via Hoogsteen hydrogen bonds. These
sequences in telomeric DNA and some oncogenes have been identified as targets for novel anticancer drugs. Conse-
quently, there is great current interest in developing small molecules that can facilitate the formation of, and stabilize G-
quadruplexes as potent antitumor chemotherapeutic agents. Metal complexes with planar geometries and =-delocalised
ligands are emerging as a new class of quadruplex DNA ligand with unique features for optimal binding. This review will
summarize the different types of metal-based compounds that target G-quadruplexes and provide useful information on

the design of small ligands.
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1. INTRODUCTION

Deoxyribonucleic acid (DNA) forms a variety of less
common structures in addition to the well-known anti-
parallel double helix. These include hairpins and Holliday
structures, triplexes and several different types of quadru-
plexes [1, 2]. The latter are formed by guanine rich DNA
sequences and have been observed in the dimerisation region
of HIV, centromeres, a portion of the insulin regulatory
gene, fragile X-syndrome repeat regions [1, 3], the promoter
regions of important oncogenes, such as c-Myc, c-Myb, c-
Fos, and c-ABL [4], and in the single-stranded G-rich over-
hang of telomeres [5]. Telomeres have recently been consid-
ered as potential therapeutic targets, as a result of the differ-
ences between telomeres in normal and cancer cells. Te-
lomeres function to protect the ends of chromosomes in
normal somatic human cells, but each cell division is accom-
panied by an erosion of the telomeres, and eventually the
telomeres become too short to protect the chromosome, lead-
ing to apoptosis and cell death. In contrast, many cancer cells
are able to maintain the length of their telomere sequences
by increasing the level of activity of the telomerase enzyme,
conferring these cells the capacity to divide a large number
of times. Telomerase, a ribonucleoprotein that maintains
telomere length, is expressed in 85% of cancer cells, and this
is one of the important features of their malignant character
[6]. Consequently, the inhibition of telomerase has been
identified as an attractive target for cancer therapy [7-11]. In
many cases this has involved the synthesis of small mole-
cules that can stabilize or induce the formation of quadruplex
structures in telomere DNA, thus prevents telomerase elon-
gation of telomeres by disrupting the interaction between the
enzyme and its substrate, the unfolded G-rich single strand.

G-quadruplex structures (Fig. (1)) present a large =-
surface, as a result the majority of small molecules that bind
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G-quadruplex themselves have a large m-surface, so as to
maximize the n—r interactions they can form. Another design
feature is that G-quadruplexes, like all nucleic acids, carry a
high negative charge, and hence cationic ligands will gener-
ally bind more tightly to them. Recently, Neidle and others
have shown that metal-complexes can be excellent stabilizers
of quadruplex DNA [12-20]. A metal coordinated to het-
eroaromatic ligands with a square-planar geometry can have
several advantages over more “classical” quadruplex DNA
binders. The metal can play a major structural role in organ-
izing the ligand into an optimal conformation for quadruplex
DNA interaction. In addition, the electropositive metal can in
principle be positioned at the center of the guanine quartet,
increasing electrostatic stabilization by substituting the cati-
onic charge of the potassium or sodium that would normally
occupy this site. Another advantage is the electron-
withdrawing properties of the metal, which reduce the elec-
tron density on the coordinated ligand, yielding a system that
can display stronger n-x interactions [21].

There are excellent reviews on the developments of se-
lective G4-ligands as potential anticancer agents [20, 22-25].
However, few highlights are concentrated on the metal-
complexes as selective G-quadruplex binders. In this review
we will focus on the metallo-organic G-quadruplex ligands
and provide useful information for the design of novel anti-
cancer agents.

2. METHODS FOR STUDYING SELECTIVE G4
LIGANDS

In the design and investigation of drug molecules target-
ing G-quadruplexes, effective assays have been developed
for determining the selectivity of these compounds and
studying their interactions with G4 structures. Fluorescence
resonance energy transfer (FRET), surface plasmon reso-
nance (SPR) and competition dialysis techniques have been
most commonly used in screening selective G4 ligands [22].

FRET is a spectroscopic method that provides distance
information of macromolecules in solution and has been suc-
cessfully used to probe the secondary structure of guanine-

© 2010 Bentham Science Publishers Ltd.
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Fig. (1). Secondary structure of G-quadruplexes. 1. An individual guanine quartet; 2. G-quartets stack in various possible arrangements to

form “G4 DNA”.

rich sequences in which a donor and an acceptor are attached
to one end of the oligonucleotide. The formation of a quad-
ruplex in the G-rich sequence is often accompanied by a de-
crease in the distance between the donor and the acceptor,
leading to a more efficient energy transfer from donor to
acceptor. With ligand bound, the fluorescent quadruplex is
often stabilized and shows an increased melting temperature.
Thus, the melting temperature (Tm) can be detected in the
presence of different molecules by RT-PCR to estimate the
interaction between a ligand and the quadruplex. In addition,
the FRET assay may be performed in the presence of a large
excess of other nonfluorescent DNA competitors (e.g., other
G-quadruplexes, single strands and double strands), to screen
out ligands that show preference for quadruplex over other
structures.

The SPR method is an alternative choice for studying
quadruplex-ligand interactions. In general, a quadruplex that
interacts with ligands is immobilized onto the sensor chip,
and the binding of the ligand to quadruplex results in a
change in refractive index. SPR can monitor molecular bind-
ing interactions in a realtime manner and has found wide
applications in determining the affinity and kinetics of drug—
DNA interactions. Structural preference is determined based
on the affinities of ligands with different DNA structures.

Competition dialysis is commonly used to probe the
binding selectivity of ligands to various nucleic acid struc-
tures based on equilibrium dialysis. In this assay, the DNA-
ligand solution is placed in a semipermeable dialysis mem-
brane that allows only small ligands to pass through. When
equilibrium is reached, the chemical potential of the free
ligand is virtually equal inside and outside the dialysis mem-
brane, and any excess ligand on the macromolecule side of
the membrane can be attributed to binding to the macro-
molecule in question. Thus, the amount of ligands bound to
each structure provides a direct measurement of the affinity
for that structure, so that structural preferences can be readily
compared.

Other techniques, such as electrospray ionization mass
spectrometry (ESI-MS), competition polymerase stop assay,
phage ELISA assay, circular dichroism (CD) spectroscopy,

UV/Vis spectroscopy, calorimetric techniques, electrophore-
sis mobility shift assays, NMR spectroscopy and X-ray crys-
tallographic methods, have also been used to screen selective
G4 ligands [20].

3. METALLO-ORGANIC G-QUADRUPLEX LIGANDS
AS ANTICANCER AGENTS

3.1. Metal-Porphyrins Complexes

The first reported examples of metallo-organic G-
quadruplex ligands described the insertion of a metal in the
central cavity of the tetra-N-methyl-pyridyl porphyrin mole-
cule (TMPyP4, Fig. (2)) [26, 27]. TMPyP4 itself is an effec-
tive telomerase inhibitor with an ICsy of 6.5 pM in a cell-free
assay [28, 29], and it has been extensively used as a probe of
quadruplex structure, but its selectivity for quadruplexes
over duplex DNA is not high [30]. Meunier’s group reported
the nickel(Il)-, manganese(Ill)-porphyrins complexes as te-
lomerase inhibitors [14, 31] (Fig. (2)). Both kinds of porphy-
rins complexes with different arms are active towards the
telomerase enzyme in telomeric repeat amplification proto-
col (TRAP) assay, and the ICs, values are 5.0, 25.9, 7.3, 11.5
and 12.8 pM for compounds 3a, 3b, 4a, 4b and 5a, respec-
tively (Table 1) [14, 31]. The G-quadruplex DNA binding
properties of nickel(II) and manganese(Ill) porphyrins were
studied by SPR method and the results are summarized in
Table 1. The best selectivity for G-quadruplex DNA is ob-
served for Mn-TMPyP4 3b, which has one order of magni-
tude in favor of the quadruplex (Ka ~10" M) over duplex
(Ka ~10° M™"). In contrast, the TMPyP4 ligand and other
complexes exhibited little or no selectivity. The kinetics data
of binding to DNA (K, Kog) in this series of metalloporphy-
rin derivatives indicate the important roles played by the
metal ions. In fact, the nature of the metal influences the
kinetics and the mode of interaction (stacking or external
binding). In general, the kinetic process is faster for Ni than
for Mn, and all the fast-binding molecules (TMPyP4, 3a, 4a,
5a) have in common an aromatic moiety that is capable of
interacting with DNA by stacking. Both 4a and 4b contain a
quinoline substituent, which should be able to stack with a
guanine tetrad and may govern the interaction of the conju-
gate with DNA. On the other hand, the presence of two
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molecules of water (not shown in Fig. (2)) in the manga-
nese(l1l) porphyrins as axial ligands changes the mode of
their interaction and makes them unable to interact by stack-
ing interaction with G-tetrads. It is supposed that these man-
ganese(l11) porphyrins bind the G-quadruplex by interaction
in the grooves, thus slow kinetics are observed for 3b, 5b
and 6b [32]. However, the hindering stacking slows down
the interaction and, hence, leads to better affinity and selec-
tivity, as observed for the manganese porphyrin 3b. This
raises the possibility that stacking may not be the best means
of achieving high affinity and selectivity for G-quadruplex
structures and the external binding manner should be consid-
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ered for excellent interaction. This study provides a good
strategy in the design of selective G-quadruplex ligands as
anticancer agents.

The pentacationic manganese(l1l) porphyrin 7, contain-
ing a central aromatic core and four flexible cationic arms
(Fig. (3)), exhibited an especially high affinity for the human
telomeric quadruplex DNA 5’-AG;TTAG;TTAG3;TTAG;
and a 10000-fold selectivity for this quadruplex sequence
over two different duplex DNA sequences [33]. In the SPR
test, the binding of 7 to GC and AT duplex DNA gives affin-
ity constants in the 10* M range, whereas it reaches 10° M

Fig. (2). Structures of TMPyP4 and nickel(11)-, manganese(l11)-porphyrin complexes.
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Table1. The Results of SPR and TRAP Assay Tests
Kon (10° M s%) Kot (102 s™) K, (10° M™)
Ligands 1Cso/uM
GC AT GC AT GC AT
Quadruplex Quadruplex Quadruplex
duplex duplex duplex duplex duplex duplex
TMPyP4 4.75 339 44.6 6.60 201 24.5 0.72 1.69 1.82 6.5
3a 74.4 368 546 44.6 46.0 35.1 1.67 8.00 15.6 5.0
3b 27.2 0.95 1.67 3.35 2.72 1.74 8.12 0.35 0.96 25.9
4a 82.9 265 233 161 262 73.4 0.51 1.01 3.17 7.3
4b 174 3540 323 103 153 10.9 1.69 23.1 0.30 11.5
5a 0.01 65.8 2.03 0.003 333 1.27 3.66 1.98 1.60 12.8
5b 0.23 0.12 0.18 0.003 0.012 0.004 76.7 10.0 45.0 —
6b 2.36 0.35 5.27 2.07 2.52 3.24 1.14 0.14 1.63 —
Kon: association constant; K, dissociation constant ; K,: affinity constant.
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Fig. (3). Structure of pentacationic manganese(I1I) porphyrin.

with quadruplex DNA. The bulky cationic substituents sur-
rounding the manganese(Ill) porphyrin, which preclude a
close interaction with the double stranded DNA structures,
seemed to decrease the affinity for duplex DNA. Compound
7 was the most efficient agent for the distinguishing between
quadruplex and duplex DNA. It also displayed a good level
of telomerase inhibition with an ICs of 0.58 uM by TRAP
assay. The very high affinity for the four-stranded DNA
structure possibly originated from a combination of interac-
tions between the G-quartet and the porphyrin core on the
one hand, and between the grooves and/or loops and the
flexible cationic arms on the other. This mode of interaction
may be useful in the further design of selective metallo-
organic G-quadruplex ligands.

Copper(II)-porphyrin complexes were reported to interact
with the parallel stranded G-quadruplexes formed by

d(T4G,T4) (n =4 or 8) [34, 17]. Electron paramagnetic reso-
nance spectroscopy showed the bound Cu-TMPyP4 (Fig.
(4)) occupied magnetically non-interacting sites on the quad-
ruplexes. Electrospray ionization Fourier transform ion cy-
clotron resonance mass spectrometry revealed a maximum
Cu-TMPyP4 to quadruplex stoichiometry of 2:1 for the
shortest (n = 4) and longest (n = 10) quadruplexes. Consis-
tent with their previous model for d(T4G4T,), Szalai et al.
suggested that the two Cu-TMPyP4 molecules be externally
stacked at each end of the run of guanines in all d(T4G,T4) (n
=4-10) quadruplexes [17].

Tetramethylpyridinium-porphyrazines 3,4-TMPyPz (Fig.
(5)) were found to bind strongly and selectively to human
telomeric G-quadruplex DNA (dissociation constant Kp =
0.2 £ 0.02 pM) in a 1:1 ratio and induced the formation of
the antiparallel G-quadruplex conformation [35]. The effect



730 Mini-Reviews in Medicinal Chemistry, 2010, Vol. 10, No. 8

Fig. (4). Structure of Cu-TMPyP4.

of zinc(Il) in the binding of 3,4-TMPyPz (Kp = 1.0 £ 0.7
uM) to G-quadruplex DNA was investigated. Though the
zinc(IT) complex was still selective for G-quadruplex over
duplex DNA, the metal atom of zinc changed the binding
stoichiometry between the complex and G-quadruplex DNA
(4:1 ratio), possibly due to the aggregation [34]. In addition,
these porphyrazines did not show any significant binding
affinities against duplex DNA at a concentration up to 5 uM.
Comparing with TMPyP4 (Kp = 14 pM), the stronger bind-
ing of the 3,4-TMPyPz with G-quadruplexes may be attrib-
uted to the more extended porphyrazine m-system, which
might completely overlap the four guanines of the G-tetrad.
Therefore, the dimensions of the aromatic core (m-surface)
are important parameters in the design of high selective G-
quadruplex binding ligands.

Zhou’s group reported a cationic substituted zinc(Il)
phthalocyanine (ZnPc, 11, Fig. (5)) as a potent and selective
G-quadruplex binder and telomerase inhibitor with an ICs

M=H 3,4-TMPyPz 9
Zn(ll) 3,4-TMPyPz-Zinc 10

Fig. (5). Structures of zinc(Il)-expand porphyrin complexes.
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value of 0.23 uM [36]. The affinity and selectivity (ATm =
4~25°C in K" and Na' solution) of this compound for G-
quadruplex DNA over duplex DNA was better than that of
TMPyP4. In contrast to 3,4-TMPyPz, ZnPc produced a tran-
sition from antiparallel to parallel G-quadruplex DNA, and
moreover, it could induce the parallel structure formation in
cation-deficient conditions (buffer without added ions). The
planar structure of ZnPc and its positive charges (electro-
static factors) might favor its binding to guanine tetrad. The
special ability of ZnPc to induce structure transition and
formation of G-quadruplexes might be significance in te-
lomere association and drug design.

3.2. Metal-Corroles Complexes

Corrole is a tetrapyrrolic macrocycle, akin to porphyrin,
but with one less carbon atom in its outer periphery and one
additional NH proton in its inner core, as a tri-anionic ligand.
Gross and co-workers were the first to synthesize cationic
corroles and found that they can interact with DNA [37].
Zhou et al. reported that some cationic corroles were capable
of stabilizing G-quadruplex structures and inhibiting the ac-
tivity of telomerase [38]. Some metallated corroles, in which
the metal ions were in high-oxidation states, such as cop-
per(Il1) and manganese(I1I), had also been investigated [39]
Biochemical studies indicated that these copper and manga-
nese corroles (Fig. (6)) could excellently stabilize G-
quadruplex structures in the telomeric sequence and c-Myc
region G-quadruplex sequence. The results of the PCR stop
assay of two metal-corrole complexes toward the Telo sys-
tem (human telomeric sequence 21G and mutated sequence
21Gmu) and c-Myc system (sequence Pu27 and mutated
sequence Pu27mu) were shown in Table 2. The ICs, value,
which indicates the concentration of compound 12 required
to achieve 50% inhibition of the PCR reaction, was found to
be 2.74 uM in the c-Myc system (Pu27: 5’-TGGGGAGGGT
GGGGAGGGTGGGGAAGG-3’) and 3.51 puM in the Telo
system (G21: 5’-GGGTTAGAATTAGGGTTAGGG-3’),
and corrole 13 showed even better activity with an ICs, value
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Fig. (6). Structures of copper and manganese corroles complexes.

of 1.52 uM in the c-Myc system and 2.37 uM in the Telo
system. These results were in consistent with the assumption
that metal ions with high-oxidation states in the core of the
corroles might strengthen the interaction between the cor-
roles and G-quadruplexes [39]. The strong electron-
withdrawing groups (i.e., pyridinium substituents on the pe-
riphery of corrole and the trivalent manganese) decrease the
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A series of square-planar and square-based pyramidal
metal complexes of Ni(Il), Cu(Il), Zn(Il) and V(IV) with
salphen and salen (Fig. (8)) were prepared and studied [21].
The square-planar metal complexes of nickel(Il) and cop-
per(Il) proved to be highly effective quadruplex DNA stabi-
lizers (ATm = 22.9, 21.5°C at 1 puM, respectively, Table 3),
and had a high degree of selectivity for the quadruplex DNA
over duplex DNA by FRET competition assays. The zinc(II)
complex 18 showed bad affinity (ATm = 1.4°C at 1 uM),
possibly due to the nonplanarity of the region around the
zinc coordination and its penta-coordination. The vanadium
complex 19 could also be assumed penta-coordinated, al-
though here the pyramidal distortion was expected to be less
pronounced than in the zinc(II) compound 18. Therefore,
complex 19 had a quasi-planar base which was likely to fa-
cilitate interaction with the guanine quartet of quadruplex
DNA, and this was consistent with the FRET and FID results
obtained (ATm = 10.5°C at 1 uM). As can be seen in Table
3, the concentrations of metal complexes for the stabilization
of quadruplex DNA (ATm = 20°C) are much lower than that
for the stabilization of duplex DNA (ATm = 2°C). In addi-
tion, a displacement assay has been employed to measure the
interaction of small molecules with quadruplex DNA
[““DCso: 50% displacement of the TO (Thiazole Orange)],
and the results are overall consistent with those obtained by

Table 2. Results of the PCR Stop Assay Toward the Telo System and c-Myc System
1Cso (LM) 1Cso (LM) o
Compound Telo selectivity c-Myc selectivity
21G 21Gmu Pu27 Pu27mu
12 3.5142.14 7.09£1.70 2.02 2.7440.40 4.1942.68 1.53
13 2.37£1.01 6.46£1.92 2.72 1.5240.31 3.23£1.70 2.13

electron density of the corrole ring, thus allowing ready in-
teraction with the electron rich guanine G-quadruplex.

3.3. Nickel(I1)-Salphen Complexes and Analogs

More recently, Neidle and Vilar group reported a new
type of telomeric quadruplex DNA stabiliser based on
nickel(II)-salphen complexes [12]. The Ni(II)-salphen com-
plex (Fig. (7)) incorporates the main requirements for quad-
ruplex stabilizing molecules, that is, a n-delocalized system
prone to stacking on a G-quartet, a positive charge that is
able to lie in the centre of the quartet, and finally, positively
charged substituents which can interact with the grooves and
loops of the quadruplex. Indeed, the Ni(II)-salphen com-
plexes induce a high degree of quadruplex DNA stabilization
(14 and 15, ATm = 33.2, 32.8°C at 1 uM, Table 3) and te-
lomerase inhibition with ECs, values in the range of 0.1 pM.
More important, the selectivity of the Ni(II)-salphen com-
plexes to quadruplex over duplex DNA is above 50-fold. The
planar arrangement of the salphen rings (forced planar by
coordination to the metal center) and their appropriate spac-
ing make the complexes ideal to stack on top of the guanine
tetrads. In addition, the protonated piperidine substituents are
likely to interact with the grooves and loops of the quadru-
plex, which may be important for the quadruplex selectivity.

FRET. This study highligts the importance of both the ge-
ometry of the metallo-organic ligangs and the central metal
ions. Thus, high ATm values are likely to be achieved
through the optimal geometric arrangement of the aromatic
rings around the central metal ion, which would result in

X
—N, N=
Ni
/ N\
o o

02 §
O O
14:X=H; 15: X=F

Fig. (7). Structures of nickel(II)-salphen complexes.
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Fig. (8). The metal Ni(II), Cu(II), Zn(II), and V(IV)with salphen and salen complexes.

Table 3. Results of the FRET and FID Assay Tests
ATm 1uM (°C) [concn] kM ATm = 20 °C [concn] kM ATm=2°C . 4D Cso (LM)
Compound ECs (M)
G4 DNA dsDNA G4 DNA dsDNA G4 DNA
14 332 0 0.2 4.1 0.14
15 32.8 0 0.1 53 0.12
16 22.9 0.4 0.4 3.6 1.70
17 21.5 0 0.7 3.7 0.56
18 1.4 0.1 4.0 9.8 <10.0
19 10.5 0 4.6 42 1.20

increased 7-m stacking between the G-tetrads and these metal
complexes. In addition, the coordination of the metal to the
poly aromatic ligand results in a reduction of electron den-
sity on the ring, which gives a further enhancement of the n-
n stacking interactions.

3.4. Platinum(l1) Complexes with Monosubstituted Phe-
nanthrolines

Following on their first report on nickel(II)-salphen com-
plexes, Vilar and co-workers studied another class of quad-
ruplex DNA stabilizer based on platinum(II) complex with
monosubstituted phenanthroline (Fig. (9)) [13]. Complex 21

induced a high degree of stabilization for quadruplex DNA
with an increase in melting temperature (ATm = 20°C at 1
uM), while for the ligand 20, the ATm is 9°C at 1 uM, con-
siderably lower than the ATm obtained with complex 21. In
addition, at the same concentration of the metal complex, the
ATm for a duplex DNA sequence (5’-FAM-dTATAGCT
ATA-HEG-TATAGCTATA-TAMRA-3’) is negligible
(ATm = 0.5°C at 1 uM), suggesting a 40-fold selectivity of
complex 21 for quadruplex over duplex DNA. This result
also underlines the importance of the central metal in the
stablization of quadruplex DNA through the formation of
planar complexes in favor of the n-n stacking interactions.

Fig. (9). Structures of phenanthroline ligand 20 and platinum(IT) complex 21.
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Fig. (10). Structures of palladium(II)-bis-carboxamidopyridine complexes 22-24.

%@— NHCH,CH,CH,N(CHs),

Fig. (11). Cu(1), Pt(II), Ru(III) and Zn(II) complexes with terpyridine-based ligands.

3.5.  Palladium(ll)
Pyridines

Complexes with  Bisubstituted

Vilar and co-workers reported another similar class of
quadruplex DNA stabilizer based on palladium(II) com-
plexes with bisubstituted pyridines (Fig. (10)) [40]. How-
ever, compared to the phenanthroline complexes, these com-
plexes based on the bis-carboxypyridine ligands were not
very effective. Complex 24 yielded the highest quadruplex
DNA stabilization, only with a ATm of 12°C at 1 pM, while
complexes 22 and 23 showed poor affinity (with a ATm of 0
and 1°C at 1 uM). These results indicated that the piperidine
substituent might play an important role in increasing the
strength of the interaction between planar molecules, such as
the phenanthrolines and pyridines under the study, and quad-
ruplex DNA, possibly via the external interactions [40].

3.6. Metal-Terpyridine Complexes

Teulade-Fichou recently reported an interesting study to
issue the importance of the metal complex’s geometry for
quadruplex vursus duplex DNA binding [14]. A series of
copper(Il), platinum(Il), ruthenium(Ill) and zinc(II) com-
plexes (Fig. (11)) with terpyridine-based ligands were pre-
pared and their binding to DNA studied [41, 42]. The cop-
per(Il) complexes (with a distorted square-based pyramidal
geometry) exhibited high-affinity and selectivity for quadru-
plex versus duplex DNA (AT, = 15.3°C, selectivity ~22
fold), and the platinum(II)-terpyridine complexes showed
relatively good affinity and selectivity (AT, = 11.3°C, se-
lectivity ~10 fold) [16]. In contrast, zinc(Il) and ruthe-
nium(I1I) complexes (with trigonal bipyramidal and octahe-
dral geometry respectively) demonstrated to be poor quadru-
plex stabilizers. These results were in consistent with the
idea that a planar and highly delocalized aromatic system

was necessary for optimal m-m interactions with guanine-
quartets. These results also stress the influences of the ge-
ometry of the metal complexes and the nature of the metals
in the recognition of G-quadruplex-DNA.

3.7. Platinum(I1)-Dipyridophenazine Complexes

More recently, Platinum(II) complexes with dipyrido-
phenazine ligands as human telomerase inhibitors and lumi-
nescent probes for G-quadruplex DNA have been developed
[43]. As shown in Fig. (12), complex 29 contains a dipyrido-
phenazine (dppz) ligand with a pendant COOH functional
group, which may be involved in the H-bonding interaction
with the guanine in the external tetrad of G-quadruplex
DNA. This may account for its high b1nd1ng select1v1ty and
affinity (the binding constant K ~10” dm’ mol™") of this com-
plex toward the G-quadruplex, as well as its nanomolar po-
tency against telomerase (ICsy 760 nM). G-quadruplex DNA
binding is accompanied by up to a 293-fold increase in the
intensity of photoluminescence at A,x 512 nm.

| X
N N
= AN
Pt +
/ = 0
ZN| NI N
NN | 7 0
29

Fig. (12). Structure of complexe 29.

3.8. A Metal Moiety Introduced into the Periphery

The use of a metal moiety grafted in the periphery of the
central aromatic core of a G-quadruplex ligand has also been
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reported for various purposes [44, 45]. Fe(Il) terminated ap-
pendages linked to a perylene have been used as probes de-
voted to quadruplex-selective chemical cleavage [44]. In
addition, Fe(II) linked to a naphthalene diimide core such as
ferrocenylnaphthalene diimide (Fig. (13)) proved to be a
tetraplex DNA-specific binder by electrochemical telomerase
assay without relying on PCR. The Tm value increased by
14°C upon addition of 1 equiv of 32 and increased by 30°C
in the presence of 3 equiv of 30 [45].

(\/L\/@

Fe
O UN

Y Y
0O~ 'N° ~O
KAT

30

0

Fig. (13). Ferrocenylnaphthalene diimide complexe 30.

Stimulated by the discovery that the terminal G-quartets
could be platinated [46-48], Teulade-Fichou and coworkers
studied the Pt(II) complexes to provide additional anchorage
of a G-quadruplex binding motif inside the DNA target [49].
The platinum-quinacridine hybrid agent (Pt-MPQ, 31)
showed in Fig. (14), interacted with quadruplex-DNA via a
dual covalent-noncovalent binding mode, targeting preferen-
tially guanines constitutive of exeternal G-quartets. This un-
precedented synergism between n-stacking-directed associa-
tion and a covalent trapping mediated by a mono-functional
Pt complex opens up new perspectives for the development
of novel quadruplex-binding modes.

In addition, a platinum-acridine hybrid agent, Pt-
ACRAMTU 32 (Fig. (15)) is worth to be noted. It exhibited
excellent activity in a variety of cancers including cisplatin
sensitive and resistant ovarian, non-small cell lung, colon,
leukemic, glioblastoma and pancreatic cell lines (for exam-
ple, the 1Csy values for Pt-ACRAMTU was 0.13 uM in HL-
60 leukemia cells) [50-53]. More recently, Pt-ACRAMTU

HzN\ /NHZ H
o t\H/\/O\/\O/\/N
2

31: Pt-MPQ

Fig. (14). Structures of Pt-MPQ and Pt-ACRAMTU complexes.

Jiang and Liu

was found to interact with G4 DNA significantly faster (t;, =
1.2 h) than with dsDNA (t;, = 2~3 h), indicating it could be
developed as a G4-specific ligand [54].

4. CONCLUSION

Overall research in the field of quadruplex ligands is get-
ting more and more exciting as knowledge increases and
progress is also being made in developing ligands that can
discriminate between different quadruplexes, essential for
pharmaceutical success. Metal complexes with planar geo-
metries and m-delocalised ligands are emerging as a new
class of quadruplex DNA stabilisers with unique features for
optimal binding. Most of this kind of metallo-organic ligands
bind to G-quadruplexes through terminal stacking or external
binding, with high affinity and selectivity [14], in some cases
depending on their metal-mediated conformations [55].
Among the metal-porphyrins (such as Ni(I)-, Mn(III)-,
Cu(Il)-, Fe(IIl)-, Zn(II)-, Pt(II)-complexes) reported, penta-
cationic manganese(III)-porphyrin is the most efficient quad-
ruplex stabilizer, with a 10000-fold selectivity over duplex
DNA. Ni(I)-salphen complexes also can induce a high de-
gree of quadruplex DNA stabilization with good selectivity.
These achievements have enlightened the promising pros-
pects of G4 ligands as anticancer agents with reduced side
effect and toxicity. Further studies are currently being under-
taken to benefit from the selective recognition of quadru-
plex-DNA by the metallo-organic complexes.

Some principles for the design of selective metallo-
organic G-quadruplex ligands as anticancer agents have been
established. In general, ionic interactions between cationic
ligand species and the anionic backbone of the G-
quadruplex, along with the appropriate spacing for two or
more ionic interactions, will be considered. In addition, in-
side intercalation between tetrads, outside- or endstacking,
groove binding, or a combination of two or more of these
modes could give rise to binding specificity. Therefore, an
effective and high selective metallo-organic ligand should
interact with G-quadruplex in multiple modes, with consid-
eration of electrostatic and geometric factors, n-m stacking,
external or groove/lope bindings. With a better understand-
ing of the biological role and structures of G-quadruplex
DNA, we can anticipate that more effective G4 ligands with
high affinity (K4 < 1 nM) and high specificity (10000-fold or
lower affinity to all other nucleic acids) will be developed
for cancer therapy in the near future.

32: PT-ACRAMTU
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ABBREVIATIONS

TMPyP4 = 5,10,15,20-Tetrakis(N-methylpyridinium-
4-yl)-21H,23H-porphyrin

1Cs = concentration causing half-maximal inhi-
bition

TRAP = thrombin receptor-activating peptide

SPR = surface plasmon resonance

Ka = affinity consistent

H,TMPyP4 = 5,10,15,20-Tetrakis(1-methyl-4-pyridyl)-

21H,23H-porphine

Cu-TMPyP4 = Cu®" derivative of 5,10,15,20-tetrakis(1-
methyl-4-pyridyl)-21H,23H -porphine

3,4-TMPyPz = 3,4-tetramethylpyridiniumporphyrazine

ZnPc = zinc(l1) porphyrazines

™™ = melting temperature

ECsp = cpncentration for half-maximal contrac-
tion

FRET = fluorescence resonance energy transfer

FID = flame ionization detector

Dppz = dipyrido[3,2-a:2',3'-c]phenazine

PCR = protochlorophyllide reductase

Pt-MPQ = platinum-(mono-para-quinacridine)

ACRAMTU = 1-[2-(acridin-9-ylamino)ethyl]-1,3-

dimethylthiourea
[PtClI(en)(ACRAMTU)](NO3),

Pt-ACRAMTU
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