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Abstract
Herein we report the de novo design and synthesis of a geometrically flexible bis-indole
carboxamide and a constrained derivative, as a novel class of small molecule scaffold that exhibits
high stabilization potential for DNA G-quadruplex sequences associated with the promoters of c-
kit2 and c-myc.

Targeting G-quadruplex nucleic acids with small molecules is emerging as a potential
strategy for anti-cancer drug design.1,2 G-quadruplex sequence motifs are widespread in
genomic regions such as telomeres,3 and in gene promoters.4,5 Small molecules that
selectively bind and stabilize the telomeric quadruplex can inhibit telomerase, an enzyme
up-regulated in cancer cells.2,3 There is evidence that the binding of small molecules to the
G-quadruplex associated with proto-oncogenes including c-myc,5a KRAS, 5b PDGF-A5c
and c-kit,6,7 can modulate transcription. Recent data suggest that RNA G-quadruplex in the
5′ untranslated regions may also offer another target for small molecule intervention.8

Significant progress has been made during the past few years in the design of small
molecules that target G-quadruplex DNA, and a number of classes of ligands have been
reported.9 Most of them comprise a planar, aromatic core presumed to stack on the terminal
tetrads of G-quadruplex. The scope and utility of G-quadruplex selective molecules were
further broadened by a very recent report on a nucleic acid catalyst based on small
molecule–G-quadruplex recognition.10 Herein we report the design, synthesis and
biophysical evaluation of a conformationally flexible bis-indole carboxamide and a
constrained analogue as a new class of G-quadruplex binding ligands (Fig. 1).

Indole derivatives are privileged scaffolds for medicinal chemistry,11 thus we envisioned
that designing G-quadruplex ligands based on such a structure might lead to novel nontoxic
compounds suitable for cell biology. Moreover, compounds 1 and 2 exhibit a planar central
core,12 having comparable molecular size to the G-quartet (Supporting Information, S.I.†).
13 Another relevant feature in our design is the potential for multiple H-bonding sites in the
flat bis-indole core of 1 and 2. Ligand 2 may contain internally organized H-bonds between
the NH of the indole ring and the pyridine lone pair electrons, whereas ligand 1 can adopt
different conformations due to the geometrical freedom (Fig. 1, S.I.†).

†Electronic supplementary information (ESI) available: Experimental procedure for FRET, CD and NMR data of indole amides. See
DOI: 10.1039/b806042h
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The 2,6-bis(2′-indolyl)pyridine core of ligand 2 has been used as a tridentate ligand12,14
and as synthetic receptors.14 While several methodologies exist for the construction of
indole ring systems,11a only a few approaches12,14,15 have been reported for the synthesis
of the 2,6-bis(2′-indolyl)pyridine core of ligand 2. Our synthesis was based on the
application of Sonogashira coupling,16 and 5-endo-dig cyclization17 (Fig. 1, Scheme 1),
and would be amenable to the preparation of diverse functionalized indole derivatives. The
Sonogashira coupling reaction of iodoaniline derivative 3 with 1,3-diethynyl-benzene (4)
and 2,6-diethynyl-pyridine (5) proceeds with excellent yield to afford the corresponding
diester derivatives 6 and 7. The diacids 8 and 9 were acquired in high yields over two steps
involving a 5-endo-dig type cyclization18 and base mediated hydrolysis of the
corresponding indole diester intermediates. Treatment of diacids 8 and 9 with amine 10 gave
the corresponding bis-amides 1 and 2. The syntheses of 1 and 2 were efficiently achieved
using 4-step protocols in 57% and 51% overall yield respectively starting from easily
accessible starting materials 3–5 (Scheme 1).

We evaluated the ability of ligands 1 and 2 to interact with four different G-quadruplex
forming oligonucleotides based on human genomic sequences using fluorescence resonance
energy transfer (FRET) melting.19 FRET melting analysis determines the ligand-induced
stabilization of a folded quadruplex by measurement of the ligand induced increase in the
melting temperature (ΔTm). The G-quadruplex forming sequences comprised the human
telomeric G-quadruplex DNA (h-telo, FAM-d(G3[T2AG3]3)-TAMRA), two G-quadruplexes
found in the promoter of c-kit (c-kit1,6b FAM-d(G3AG3CGCTG3AG2AG3)-TAMRA; and
c-kit2,6a FAM-d(G3CG3CGCGAG3AG4)-TAMRA) and the G-quadruplex found in the
promoter of c-myc5a (c-myc, FAM-d(TGAG3TG3TAG3TG3TA2)-TAMRA). We have also
evaluated the melting of a duplex DNA (dup, FAM-d(TATAGCTATA-HEG-
TATAGCTATA)-TAMRA) as a non-quadruplex control. The quadruplex melting data are
summarized in Table 1 and Fig. 2 (S.I.†).

Ligand 1 exhibits a high stabilization potential for the c-kit2 quadruplex (ΔTm = 21.7 °C at
1 μM, i.e. a Tm of 93 °C) comparable in magnitude to data obtained for the natural product
telomestatin (ΔTm= 20.4 °C at 1 μM) and for a quinoline macrocycle (ΔTm = 21.4 °C at 1
μM), which are two of the best reported quadruplex ligands.20 The stabilization potential of
1 for c-myc also saturates at 1 μM concentration (ΔTm = 16.5 °C, i.e.Tm = 93.5 °C). Only a
few ligands are reported to interact and modulate c-myc G-quadruplex.9 The ΔTm of ligand
1 for the c-kit1 quadruplex (27.7 °C) was found to be comparable with that of one of the best
ligands (27.1 °C) from our recently reported isoalloxazine series, that also shows biological
activity against c-kit.7 It is interesting to note the comparative ΔTm values for ligands 1 and
2 (phenylene vs. pyridyl). While ligand 1 shows detectable duplex stabilization (ΔTm = 4.2
°C), diminished duplex stabilization (ΔTm = 0.5 °C) was observed for the more
geometrically constrained ligand 2. Similarly there is a large variation of ΔTm of ligand 1
and 2 for h-telo quadruplex. The observed ΔTm of ligand 1 for h-telo was 21.5 °C. Ligand 2
shows stronger stabilization for c-kit1 (ΔTm = 22.1 °C) and c-kit2 (ΔTm = 16.0 °C) as
compared to h-telo (ΔTm = 9.8 °C) G-quadruplex DNA at 1 μM concentration.

Circular dichroism (CD) spectroscopy on DNA sequences known to fold into G-
quadruplexes can be used to monitor the formation of G-quadruplex structure.21 The real
time CD titrations of 1 and 2 were conducted for h-telo, c-kit1, c-kit2 and c-myc quadruplex
forming DNA sequences at room temperature in the absence of added stabilizing salts22
(S.I.Δ) to find out any selectivity for a particular G-quadruplex conformation. The c-kit2
quadruplex exists as a predominantly parallel structure with a small proportion of an
antiparallel conformation.6a The CD spectrum of c-kit2 quadruplex in the absence of any
added salt shows a major positive peak at 260 nm and a minor peak at 293 nm, suggestive of
a mixture of parallel and antiparallel structures.6a,20 Upon titration with ligand 2 in real
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time (Fig. 3B), it was noteworthy in the CD spectroscopic analysis that the ligand dependent
increase in ellipticity at 260 nm is not accompanied by an associated increase in the peak at
293 nm, supportive of selective induction of a parallel G-quadruplex structure.§ The effect
was more prominent at high ligand concentration with the disappearance of the peak at 293
nm. When the titration experiments were carried out with ligand 1, the peaks at both 260 nm
and 293 nm were increased, suggesting that ligand 1 does not show any preference to induce
folding of a particular quadruplex structure (Fig. 3A). In contrast, for the cases of h-telo, c-
kit1 and c-myc an incremental ligand dependent induction in G-quadruplex was not
significant and an apparent quadruplex unfolding was observed at high ligand concentration
(S.I.†).

We have developed an expedient synthetic route to water soluble bis-indole amides, that are
a novel class of de novo G-quadruplex binding small-molecule ligands. These ligands have
shown a level of G-quadruplex stabilization that compares favourably with the best reported
G-quadruplex ligands. CD spectroscopic analysis further reveals strong interaction of the
ligands with c-kit2 G-quadruplex DNA. The properties of these ligands make them attractive
probes to explore hypotheses for the biological function of G-quadruplexes and such
investigations are currently underway.
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Fig. 1.
Design of cationic bis-indole derivatives 1 and 2.
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Scheme 1.
Synthesis of water soluble bis-indole derivatives 1 and 2.
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Fig. 2.
FRET stabilization curves for ligands (A) 1 and (B) 2 upon binding to h-telo ( ), c-kit1 ( ),
c-kit2 ( ), c-myc ( ) and double stranded ( ) DNA.
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Fig. 3.
CD spectra of a 12.5 μM solution of c-kit2 d[G3CG2GCGCGAG3AG4] in Tris buffer (pH
7.4), 0–7 equivalent of ligands (A) 1 and (B) 2.
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