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Abstract—The design, synthesis, biophysical and biochemical evaluation is presented of a new series of benzylamino-substituted
acridines as G-quadruplex binding telomerase inhibitors. Replacement of the previously reported anilino substituents by benzyla-
mino groups results in enhanced quadruplex interaction, and for one compound, superior telomerase inhibitory activity.
� 2007 Published by Elsevier Ltd.
Telomeres are specialized nucleoprotein structures at the
ends of eukaryotic chromosomes protecting them from
degradation and recombination, and allow the DNA
damage response to distinguish between double-strand
breaks and natural chromosome ends.1,2 Telomeric
DNA comprises tandem repeats of simple G-rich
DNA sequence motifs (TTAGGG in human telomeres),
typically several kilobases in length. The extreme 3 0 ter-
minus of telomeric DNA (ca. 150–200 nucleotides) is
single-stranded. This single-stranded overhang is associ-
ated with the hPOT1 protein,3 which plays a key role in
the regulation of telomere length. Telomeres progres-
sively shorten in somatic cells at successive rounds of
replication. As a consequence of the ‘end-replication’
effect, DNA polymerase is unable to fully replicate the
blunt ends. When telomeres reach a critically short
length, cells enter a replicative senescence state and divi-
sion no longer occurs.4

All human cancer cells maintain the integrity of telo-
mere length.5 Over 80% do so by up-regulation of the
reverse transcriptase enzyme telomerase, which catalyses
the synthesis of telomeric DNA repeats,6 thereby stabil-
ising telomeres and contributing to cellular immortalisa-
tion and oncogenesis.7 The telomerase enzyme complex
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comprises two principal components, a catalytic domain
(hTERT) and an RNA template (hTR), and various
approaches have been devised to target one or other as
an anticancer strategy.8 A modified oligonucleotide tar-
geting hTR has recently entered Phase I clinical trial.9

Another approach targets the substrate, the 3 0 single-
stranded end of telomeric DNA, and uses small mole-
cules to induce its folding into quadruplex structures,
which are inaccessible to the RNA template component
of the telomerase complex.10 A large number of such
small molecules have been reported,11 which bind quad-
ruplex DNA and efficiently inhibit telomerase. Most of
them are based on a polycyclic aromatic core that inter-
acts by p–p stacking with the planar G-tetrad motif of a
quadruplex,12 and have cationic side chains that interact
with the negatively charged phosphate backbones in
G-quadruplexes.

We have previously reported13 on a number of 3,6,9-tri-
substituted acridine molecules, one of which, BRACO-
19 (compound 1: Table 1), has been studied in detail.
It produces cell growth arrest, chromosomal end-to-
end fusions,14 and anticancer activity in tumour xeno-
grafts,15 all within a short time after exposure, contrary
to the paradigm that extended exposure to telomerase
inhibitors is necessary in order to induce anticancer ef-
fects. It also, in common with the natural product telo-
mestatin,16 competes with hPOT1 for binding to the
single-strand telomeric DNA overhang, thereby
inducing it to fold into a quadruplex structure.17 The
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Table 1. Data for FRET-based DTm values (�), telomerase inhibition (lM) and cell growth inhibition (lM) for the trisubstituted acridines

Compound Benzylamine R1 FRET (DTm) TRAP EC50 DU145 MCF7 A549

1 HN N N 28 0.12 2.3 2.53 2.42

2 HN
F

F
N 29.5 0.03 9.75 2.26 2.11

3
HN

OMe

OMe

N 32.5 0.35 10.44 3.72 4.57

4
HN N 29.5 1 10 3 1.19

5
HN

CF3

F

N 30.5 0.24 2.53 1 2

6
HN

CF3

CF3

N 27.5 0.86 2.61 1.07 6.3

7 HN
F

F
N 26.5 0.88 2.25 0.52 1.2

8
HN

OMe

OMe

N 30 0.44 0.47 0.2 0.37

9
HN N 31 0.23 0.77 0.46 0.5

10
HN N 24 0.39 0.63 0.58 0.57

11 HN N N 21 0.36 2.57 0.54 2
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identification of BRACO-19 as a potent G-quadruplex
binding molecule and telomerase inhibitor has led to
the concept of these molecules as Telomere Targeting
Agents, whose selective action is due to the uncapping
of telomerase from telomere ends, resulting in the induction
of a rapid DNA damage response and selective cell death.
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This report describes an approach to maximizing
quadruplex target affinity and biological activity for
3,6,9-trisubstituted acridines by rationally altering a
key structural feature in these molecules, the 9-substi-
tuent, which in BRACO-19 and analogues is an ani-
line group. We have used as a starting-point for
structure-based design the crystal structure of the
potassium form of the intramolecular 22-mer human
quadruplex,18 which has an all-parallel topology for
the backbone.19 This structure, with its propeller
loops and large G-tetrad surface area (the G-plat-
form), has been used to represent the quadruplex fold
formed from the single-stranded telomeric DNA over-
hang in the crowded environment of the cell nucleus,
in accord with observations that the all-parallel form
predominates in polyethylene glycol solution.20 We
cannot exclude the possibility of other topologies
for the human intramolecular quadruplex, such as
the mixed parallel–antiparallel arrangement reported
in NMR studies,21 although the sequences analysed
in these studies have been modified from wild-type
telomeric repeats.
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A simulated-annealing and molecular dynamics proto-
col22 was used to explore possible ligand binding modes
and located a plausible low-energy binding geometry for
compound 1 (BRACO-19) with the quadruplex struc-
ture. This geometry for an acridine-quadruplex complex
is distinct from that reported previously13 using the anti-
parallel NMR-derived quadruplex structure23 and has a
6.6 kcal mol�1 lower free energy of binding. In this new
arrangement the central acridine core stacks on two gua-
nines of the G-platform and both the 3- and 6-side
chains straddle the second loop of the quadruplex. The
cationic pyrrolidino end-groups are held in the binding
pockets formed by the TTA loops of the quadruplex.
The 9-substituent N-dimethylanilino group is non-co-
planar with the acridine ring due to steric hindrance
and is orientated out of the plane of the G-platform
(Fig. 1). We envisaged that adding an additional methy-
lene linker at the 9-position would enable the benzyl ring
to be more coplanar with the G-platform (Fig. 1), there-
by improving its affinity to human telomeric quadruplex
DNA. The effects of substituents on the benzyl ring such
as fluorine or methoxy on quadruplex affinity were
explored, to ascertain if they would help to counter
the steric effects of the non-planar methylene bridge. It
was also reasoned that judicious choice of substituents
would enhance the lipophilicity and hence uptake of
these polar compounds and improve their pharmacoki-
netic features. Fluorine substitution would also improve
stability against oxidative metabolism. Molecular
dynamics simulations of the G-quadruplex complexes
for 1 and 2 were undertaken using the AMBER pack-
age24 and binding energies calculated using the Pois-
son-Boltzmann continuum solvent model. This gave
the relative binding free energies of 1 and 2 as
�25.7 ± 0.2 and �28.4 ± 0.2 kcal mol�1, respectively.

In order to test the benzylamine hypothesis and generate
some further compounds for subsequent pharmacologi-
cal evaluation, a small focussed library of ten 3,6,9-ben-
zylamino derivatives has been synthesised as described
in Scheme 1.26 Only the most conservative of changes
were made to the 3,6-side chains, in accord with previ-
ous structure–activity studies,13 which have found that
the pyrrolidino- and piperidino-propionamido substitu-
ents are of optimal size and chain length.
Figure 1. Solvent-accessible surface representations25 of the low-energy quad

simulations. Carbon atoms of the ligand are coloured green. The complex wit

ca. 45� to the G-platform. The complex with compound 2 is on the right, w
Variation of substituents on the benzyl ring was restrict-
ed to simple electron-donating and withdrawing groups.
A detailed synthetic route to these 3,6,9-trisubstituted
acridines has been described previously13 with the excep-
tion of the final step, which has been modified for the
present compounds, enabling the final product to be
precipitated out in the salt form (Scheme 1). All final
compounds were isolated as the free bases from a sol-
vent mixture of DCM/dilute ammonia and were subse-
quently used as such for biophysical and biological
studies.

All compounds were evaluated for their ability to bind
and stabilise G-quadruplex structures by a modified
fluorescence resonance energy transfer (FRET) as-
say27,28 using the 21-mer d[GGG(TTAGGG)3] oligonu-
cleotide end-labelled with a fluorescent donor–acceptor
pair, and the change in donor/acceptor excitation emis-
sion monitored with respect to temperature. The result-
ing DTm values provide an indication of the stability of a
given ligand-quadruplex complex. Human telomerase
enzyme inhibition was measured in a modified telome-
rase repeat amplification protocol (TRAP) assay,29

and results are expressed as telEC50 values. Compounds
were also evaluated for in vitro cell growth inhibition,
expressed as IC50 values, using the sulforhodamine B
(SRB) assay in three human tumour cell lines, DU145
(prostate), MCF7 (breast carcinoma) and A549 (non-
small cell lung carcinoma). Results are presented in Ta-
ble 1, which also shows the structures of individual
members of the series.

In general all of the compounds are effective G-quad-
ruplex stabilisers. They produced changes in DTm in
the range of 21.0–32.5� at a ligand concentration of
1 lM. Data at other ligand concentrations (available
as Supplementary Data) show the same overall trends.
The majority of compounds produced an increase in
DTm values when compared to compound 1 (BRAC-
O-19), with 3 showing the greatest ability to stabilise
human G-quadruplex DNA, with a difference in
DTm of 4.5� at 1 lM compared to 1. This broadly
supports the hypothesis that the effects of the benzyl
group at the 9-position result in enhanced quadruplex
affinity. Compounds 3 and 8, with –OMe substituents,
ruplex-ligand complexes from simulated annealing/molecular dynamics

h compound 1 is on the left, with the N-dimethylanilino ring orientated

ith the benzyl ring stacked approximately parallel to the G-platform.
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Scheme 1. Synthetic route to the benzylamino-substituted acridines. In the final step, 8.0 g (16.2 mmol) of the 9-chloro was suspended in 250 mL

acetonitrile. 2.6 g (17.8 mmol) DFBA and 2.3 g (17.8 mmol) DIPEA were added and the mixture heated to reflux for 28 h. The solid was collected by

filtration of the hot reaction mixture and washed twice with hot acetonitrile and dried under vacuum. The product was obtained as a yellow solid in

(8.32 g) 87%.
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are more effective than 2 and 7, with strongly elec-
tron-withdrawing –F substituents, suggesting that the
effects are both steric and electronic. The greater bulk
when two –CF3 groups are present, in compound 6 in
particular, has a deleterious effect on binding (shown
by, for example, compound 5 > 2 > 6), as does the
replacement of the pyrrolidino rings at the 3,6-posi-
tions with piperidino ones. An exception to this is
the superior stabilising ability of 9 compared to 6;
the reasons for this are not apparent. Even so, com-
pounds 7 and 8 are significantly superior quadruplex
binders than the piperidino analogue of BRACO-19,
compound 11. Molecular modelling suggests that the
piperidino are slightly too large for optimal fitting into
the quadruplex grooves (Fig. 1); compound 10, which
also has an extra methyl substituent on this ring, is
unsurprisingly a weaker binder and is the least potent
compound in this group. Compounds 4 and 9 are as
potent quadruplex binders as 2 indicating that the
presence of the methyl group on the benzyl ring can
be tolerated, in accord with the structural model. Ta-
ble 1 shows that benzylamino substituents in the 9-po-
sition bearing electron-withdrawing groups (such as 2
and 5) have lower DTm values than the analogues
bearing electron-donating groups. This is to be expect-
ed since the benzyl ring lies close to the cationic chan-
nel of the quadruplex, which would thus contribute to
its binding.

All of the compounds in this series inhibit telomerase
with telEC50 values <1 lM. There is no simple correla-
tion between telEC50 and DTm values, or with short-term
cell kill (IC50 values). As previously observed13 effective
quadruplex stabilisation is a necessary element but by it-
self is not sufficient for telomerase inhibitory potency. It
also has to be borne in mind that DTm values are not
equivalent to association constants, and so high correla-
tions with biochemical and biological measures of activ-
ity should not be expected. Even so, it is apparent that
high DTm values are consistently associated with telome-
rase potency as estimated by telEC50 values. The most
potent telomerase inhibitor, compound 2, has given an
increased DTm value compared to 1, of 1.5�, but this is
significantly less than that for 3. The increased short-
term cell kill potency observed for the piperidino com-
pounds 7–10 compared to their pyrrolidino counterparts
2–4 appears to be due to the increased lipophilicity of
the former group, and is not related to telomerase inhi-
bition. The calculated logP values for 2 and 7, for exam-
ple, are 1.59 and 2.35, and are a consequence of the
additional two carbon atoms at the ends of the side
chains.
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The favourable DTm and telEC50 values for compound 2
compared to 1 (BRACO-19), together with its improved
lipophilicity and pharmacokinetic behaviour (to be pub-
lished), have led to the selection of 2 as a potential clin-
ical candidate molecule. In vivo antitumour data for 2
will be reported elsewhere, but off-target toxicity has
been more recently observed, and further compounds
with diminished toxicity are now being evaluated.
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were prepared in potassium chloride-cacodylate buffer. 96-
well plates (Bio-Rad MLL9651) were prepared with a
Gilson Cyberlab C-200 Robotic Workstation, each con-
taining 100 lL aliquots per well with an oligonucleotide
concentration of 200 nM and a concentration series
between 0.10 and 10.00 lM for each ligand. The wells
were read in a DNA Engine Opticon 1 real-time PCR
cycler (MJ Research). Fluorescence was measured at 0.5�
intervals whilst increasing the temperature from 30� to
100� at a rate of 1�/min. Excitation was at 450–495 nm and
detection at 515–545 nm. Data analysis was performed
using Origin Pro 7.0 (OriginLab Corporation). Experi-
ments were performed in triplicate and esds are ±0.5�.

29. TRAP assay: the telomerase repeat amplification protocol
(TRAP) assay was used to assess the activity of telomerase
in the presence of the compounds. It was conducted using
a modified version of standard published TRAP proto-
cols.24 The telomerase enzyme source was a cell extract
from exponentially growing A2780 human ovarian carci-
noma cells. The TRAP assay was carried out in two steps.
First, for the elongation of the primer by telomerase, a
TRAP reaction mixture (40 lL) was prepared, containing
the TS forward primer (0.1 lg; 50-AATCCGTCGAGCA-
GAGTT-3 0; Invitrogen, Paisley, UK), TRAP buffer
(20 mM Tris–HCl [pH 8.3], 68 mM KCl, 1.5 mM MgCl2
1 mM EGTA and 0.05% v/v Tween 20), BSA (0.05 lg) and
dNTPs (125 lM). Protein (1 lg) was then incubated with
the TRAP reaction mixture with or without drug for
10 min at 30�. Subsequently, the telomerase was inacti-
vated by heating to 92� for 4 min and cooling to 10�.
During cooling, 10 lL of a PCR mixture containing ACX
primer (0.1 lg; 50-GTG[CCCTTA]3CCCTAA-3 0; Invitro-
gen, Paisley, UK) and Taq polymerase (RedHot, AAB-
gene, Surrey, UK) was added to each tube, thus initiating
the second step of amplification of the telomerase prod-
ucts. The polymerase chain reaction was carried out in 33
cycles of 92� for 30 s, 55� for 30 s and 72� for 45 s. Finally,
the amplified PCR products were run out on a 10% w/v
PAGE gel and visualized by staining with SYBR Green I
(Sigma). The TRAP products were quantified by fluores-
cence and the telEC50 values were calculated using Gene-
Tools software (Syngene, Cambridge, UK) and
OriginPro 7.0 (Originlab Corp., Northampton, MA).
Experiments were performed in triplicate and esds are
estimated to be ±0.02 lM. All compounds were exam-
ined for their ability to inhibit the activity of TAQ
polymerase, and no inhibition was observed at or near
the concentrations required for telomerase inhibition.
Results from the TRAP assay performed in different
laboratories cannot readily be compared since differing
experimental protocols are frequently used, and the
results presented here should be considered as relative
rather than as absolute indicators of telomerase
inhibition.
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