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Abstract—A series of tri- and tetra-substituted naphthalene diimides have been designed and synthesized. Several compounds show
exceptional affinity for telomeric G-quadruplex DNA in classical and competition FRET assays and SPR studies. They inhibit tel-
omerase in the TRAP assay, and show potent senescence-based short-term anti-proliferative effects on MCF7 and A549 cancer cell
lines, and localize in the nucleus and particularly the nucleolus of MCF7 cells.

© 2008 Elsevier Ltd. All rights reserved.

Telomeres are highly specialized DNA-protein struc-
tures at the ends of eukaryotic chromosomes' whose
integrity is required for the cell to avoid end-to-end fu-
sions and recombination.” Telomere length progres-
sively shortens in somatic cells with successive rounds
of cell division, leading eventually to senescence and
apoptosis. In contrast telomere length is maintained in
cancer cells and is a major factor in immortalization
and tumorigenesis.’> The reverse transcriptase enzyme
telomerase is over-expressed in ca 80-85% of cancer cell
types* where its ability to catalyze the synthesis of telo-
meric DNA repeats is responsible for telomere homo-
statis. Inhibition of telomerase induces cell senescence
and cell death in cancer cells and it is a validated target
for cancer therapeutics.’

One approach to telomerase inhibition involves seques-
tering its substrate, single-stranded telomeric DNA, by
inducing it to form G-quadruplex (G4) structures.®
Induction of a G-quadruplex conformation can be
achieved by small-molecule ligands; a large number have
been reported,’ although none as yet have reached the
clinic. It has been shown that the induction of G4-ligand
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complexes at the 3’-single-strand telomeric DNA over-
hang displaces telomere-associated proteins such as
hPOT1 and telomerase.® This unmasking of the 3’-over-
hang invokes a rapid DNA damage response, which
rapidly leads to selective cell death and anti-tumour
activity in vivo.’

A number of naphthalene imide and diimide (ND)
monomer and dimer derivatives bind to duplex
DNA.!'? Several show in vivo anti-cancer activity and
two (Amonafide and Elinafide) have been evaluated in
anti-cancer clinical trials in humans,'! although they
have not progressed due to toxicity combined with lim-
ited activity. A series of disubstituted NDs have been
screened as G4 ligands but showed only low affinity.'?
We hypothesized that the planarity of the ND moiety
would nevertheless be an interesting starting point for
the development of more complex ligands since recent
chemical developments'? enabled us to envisage a syn-
thetic route to tetra-substituted analogues, which we ar-
gued, would possess high affinity for G4s such as the
parallel telomeric G4 structure which possesses four tar-
getable grooves.'* This supposition was supported by
molecular modelling studies!® (Fig. 1), and more re-
cently, by crystallographic analyses on several G4-ND
complexes.!® Furthermore, the synthetic route allows
the introduction to the ND core of up to three different
side chains, which in principle can be exploited to
produce ligand diversity that may discriminate between
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Figure 1. Molecular model of 11 bound to the 5’ face of the human
intramolecular G4 structure (van der Waals surface coloured grey with
the 5’ G-tetrad highlighted in yellow), after 5 ns of molecular dynamics

simulation. The MM-PBSA-calculated binding energy is
—60.6 kcal mole™!, compared to —39.4 kcal mole™" for the acridine
ligand BRACO19 84

different types of G-quadruplexes. This feature will be
reported elsewhere.

We report here on a library of tri- and tetra-substituted
ND analogues accessible from commercially available
amines. The differences in the amines have provided
diversity in the library, enabling exploration of the ef-
fects of differing end groups, side-chain lengths, and to
some extent, non-equivalent side chains.

The synthesis of the final compounds (Table 1) was con-
ducted in one or two steps from the key intermediates
2,6-dibromo-1,4,5,8-naphthalene tetra-carboxylic acid
dianhydride (1) or 2,6-dichloro-1,4,5,8-naphthalene tet-
ra-carboxylic acid dianhydride (2) (Scheme 1). The tet-
ra-substituted analogues containing four equal side
chains could be synthesized from either 1 or 2 using neat
amine as a solvent and heating at 150 °C for 10 min in a
microwave. The more economical dibromo compound 1
was preferentially used.

It was found that the tri-substituted (and occasionally
di-substituted) analogues were regularly obtained as
by-products in the reactions using 1. We hypothesized
that the occurrence of these sub-products was due to
radical debromination of the starting materials or inter-
mediates caused by traces of DBI used in a previous syn-
thetic step.'* Although initially unwanted, this side
reaction proved to be useful as the tri-substituted ana-
logues together with the targeted compounds were con-
sistently isolated from the crude reaction product using
HPLC."

It has been reported that the substitution reaction at the
anhydride groups of compound 1 can be successfully
decoupled from the reactions at the bromines.'® In our
hands, however, this reaction did not show the expected
selectivity and complex mixtures were obtained. For this

reason compound 2 was used for the synthesis of com-
pounds 23 and 24 where two different side chains were
used. For this two-step synthesis compound 2 was trea-
ted with the first amine in acetic acid and subsequently
with the second amine for the substitution at the chlo-
rines. The disubstituted compounds 25 and 26 previ-
ously reported,!%* were synthesized using commercially
available naphthalene dianhydride and the correspon-
dent amine.

The initial assessment of the DNA stabilization ability
of the compounds was done using a FRET melting as-
say.!” We used two different DNA sequences, a human
telomeric G4 and a self-complementary duplex DNA
hairpin. We also ran FRET competition experiments?°
in which affinity for the G4 sequence is evaluated in
the presence of increasing concentrations of duplex
DNA. Together, these experiments enabled us to assess
the selectivity of the ligands for G4 versus duplex DNA
(Table 1 and Fig. 2).

ATy, values are given at ligand concentrations of 0.5 uM
since a high level of G4 DNA stabilization was observed
for a number of the ligands. For example, the AT, of
35.2°C for compound 7 contrasts with the behaviour
of the tri-substituted acridine BRACO19,%%°2 which
produced an equivalent AT, value at a concentration
of 2.5 uM. Overall, the tetra-substituted ligands (4-
ND) show superior G4 stabilization compared to the
tri-substituted ones (3-ND) and these in turn are supe-
rior to the di-substituted counterparts (2-ND). Com-
pounds with four side chains have higher stabilizing
ability regardless of the overall number of cationic
charges as the effect is observed for compounds 15/16,
17/18 and 21/22, which are uncharged or weakly cationic
at pH 7.4 (the pH at which the FRET experiments were
performed). Compounds 3, 7 and 11 and 4, 8 and 12
have the highest AT}, within the 4-ND and 3-ND series,
respectively. They all have side chains of the same length
(3 carbons) and similar end groups (tertiary amines, pro-
tonated at pH 7.4). Their counterparts with shorter side
chains, 5, 9 and 13 and 6, 10 and 14, respectively, all give
lower AT, values. Side chains of at least three carbon
atoms are necessary to deliver the end groups to the
grooves of the G4, as the molecular modelling suggests
(Fig. 1). Substitution of the tertiary amines for morpho-
lino groups in compounds 15, 16, 17 and 18 reduces the
AT, as observed previously in other series of G4
ligands.?! However, these morpholino and also the
hydroxyl analogues 21 and 22 all show a high level of
G4 stabilization. With the notable exception of
telomestatin, to our knowledge, very few other neutral
ligands show a similar degree of G4 affinity.” The
2-substituted NDs examined here (compounds 25 and
26), show poor G4 affinity, in accord with earlier
observations.!?

Most NDs reported here showed at least some interac-
tion with duplex DNA. Compounds 21 and 22 however,
slightly destabilized the duplex sequence. With the
exception of the pair of compounds 5/6, the tri-substi-
tuted NDs are more effective binders to the duplex
DNA than the tetra-substituted analogues, probably be-
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Table 1. ND compounds synthesized and the results of FRET melting studies, where ATy, values are estimated as the mid-points of the melting
transition for Q (human G4 quadruplex) and d (a duplex DNA sequence)

Compound Core® Side chain FRET-Q (°C) FRET-d® (°C)
n° End group® ATy, (0.5 pM) ATy, (0.5 pM)
3 4-ND 3 DMA 33.2 4.5
4 3-ND 3 DMA 26.5 12.5
5 4-ND 2 DMA 28 7.5
6 3-ND 2 DMA 17.2 4.2
7 4-ND 3 DEA 35.2 4.2
8 3-ND 3 DEA 26.2 11.5
9 4-ND 2 DEA 30 4
10 3-ND 2 DEA 21 5
11 4-ND 3 Pyrr 34.5 2
12 3-ND 3 Pyrr 28.2 10.7
13 4-ND 2 Pyrr 29.7 3.5
14 3-ND 2 Pyrr 21.2 6.5
15 4-ND 3 Mor 20.5 3.7
16 3-ND 3 Mor 10.2 32
17 4-ND 2 Mor 13.7 3
18 3-ND 2 Mor 6.2 3
19 4-ND 2 Pip 27.5 22
20 3-ND 2 Pip 17.5 4.7
21 4-ND 5 OH 14.2 —0.5
22 3-ND 5 OH 10.5 —0.5
23 (2 +2)-ND R 3 R': DMA 27.7 0.2
R%2 R?: Pip
24 (2 +2)-ND R": 3 R': DMA 23.7 3.5
R%: 3 R* OH
25 2-ND 3 DMA 5.2 2.7
26 2-ND 2 DMA 3.2 1
Values are the means of two determinations.
#Nomenclature used in the table corresponds to:
R! R R
HOS N0 Oy N0 O N_O R:/(\CH)
g,N N 2)n
OO RO OO
end group
O™°N O O”°N""0 O”°N
R! R R
4-ND (R'=R?) 3-ND 2-ND Side Chain
(2+2)-ND

® Number of carbons in the side chain linker.
°DMA, dimethylamine; DEA, diethylamine; Pyrr, pyrrolidine; Mor, morpholine; Pip, piperidine; OH, hydroxyl.
4 See supplementary data for materials and methods.
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Scheme 1. Synthesis of tri- and tetra-substituted naphthalene diimide
analogues. Reactions and conditions: (a) Amine RNH,, 150 °C,
10 min, MW; (b) Amine R'NH,, acetic acid, 120 °C, 10 min, MW;
(¢c) Amine R>NH,, 150 °C, 10 min, MW.

cause of steric reasons. Compound 23, with mixed-
length side chains, has the highest G4/duplex selectivity
of all while being a strong G4 binder. The reason for this
selectivity is not understood and further investigation is
underway.

The 4-NDs showed the best selectivity for G4 versus du-
plex DNA in the competition experiments, followed by
the 3-NDs and then the 2-NDs (Fig. 2). Compounds
15, 16 and 18, and particularly the hydroxyl compounds
21 and 22, stood out as the most G4 selective com-
pounds within the series.

Biosensor-SPR binding studies were conducted on a rep-
resentative set of NDs with an immobilized human G4
model sequence as previously described.?>23 A table of
binding (K,) and dissociation rate constants (kg) is in-
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Figure 2. Competition FRET results. Y-axis represents the G4
stabilization ability of the compounds when in presence of a duplex
DNA competitor (in the ratios depicted in X-axis, G4:duplex)
normalized using 100% for the experiment without duplex competitor.
See Supplementary Data for a full description of methods and results.

cluded in the Supplementary Data. The sensorgrams for
all compounds reach a steady-state plateau between 100
and 200 s after initiation of compound injection. The
steady-state RU values were determined by averaging
in the steady-state region and were plotted versus the
free compound concentration in the flow solution for
determination of the K, values. Sensorgrams for binding
of 4-ND 7 and 2-ND 25 are compared in Figure 3 and a
sensorgram plus a binding plot for compound 8 are
shown in the Supplementary Data. Although both com-
pounds in Figure 3 bind to the G4, significant differences
can be seen in the sensorgrams, especially in the dissoci-
ation rate, which is much slower for 7 than for 25. Be-
cause of surface absorption of the compounds in the
initial period of injection, it is not possible to quantita-
tively determine their association kinetics constants. For
the dissociation reaction, however, it is clear that the 2-
ND dissociates in the first few sec of buffer flow while
the apparent half-life for dissociation of the 4-ND is
approximately 35s. The 3-NDs have k4 rates that are
more similar to the 4-NDs than the 2-NDs. An excep-
tion is compound 22, which has considerably weaker
binding and faster dissociation rates from the G4 than
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Figure 3. SPR sensorgrams for compounds 7 and 25.

7. 7 has a single very strong binding site with K, of
3.1x 10" M~" and a weaker secondary site with a K ca
50x weaker. The binding of 25 is almost 10x lower with
K, of 45x10°M~! and a still weaker second binding
site. In agreement with the 7, studies, compound 3
has a K, that is similar to but slightly weaker than that
for 7 while binding of 5 is somewhat weaker than for 3.
These results show that the 4-NDs are among the stron-
gest G4 binding compounds found to date.?’ In agree-
ment with its T, 5, with a two-methylene linker, is
the weakest binding 4-ND, with the highest k4 while 7,
with three methylenes, has the highest K, and lowest k4.

A group of ligands representative of the diversity in the
library were also evaluated as telomerase inhibitors
using a modified TRAP assay?* (Table 2). Values of
ECso between 12 and 28 uM were obtained with the
exception of compound 17 (>50 uM). No simple corre-
lation between the FRET and TRAP data is evident
but compound 17 is the poorest ligand in the FRET as-
say in the group. Two established G4 ligands, BRAC-
019892 and TMPyP4%°, were also evaluated in the
TRAP assay and the ECs, values are consistent with a
recent report using a direct telomerase assay.?® The
ND compounds have potencies of the same order as
BRACOI19 or TMPyP4. Note that these values are not
comparable with most previously published TRAP as-
say results, which have not taken into account the need
to remove ligand from the second (PCR) step of the as-
say. These results are more comparable with recent di-
rect telomerase assay data.?®

The ability of the compounds to produce short-term cell
growth inhibition against two cancer cell lines (MCF7
and A549, both of which express telomerase), and a nor-
mal human fibroblast line (WI38) was assessed using the
sulforhodamine B (SRB) assay. The compounds as a
class show potent cell growth arrest, especially in the
cancer cell lines (Table 3), although there is wide varia-
tion in behaviour, with the most potent compounds such
as 4, 5, 12-14 having ICsy values of 5-10 nM. The
MCF7 cell line is consistently the most sensitive. In gen-
eral, potency correlates with high G4 affinity. This is
especially evident for the morpholino compounds 16—
18, which are relatively non-toxic in the three cell lines
(although the cell uptake of these compounds may be
low—see below).

Table 2. TRAP telomerase inhibition results®

Compound TRAP ECsp (uM)
3 25

4 17

7 21.3

8 27.9

11 21

13 12.3

17 >50°

BRACO19 7.9

TMPyP4 16.4

#Values are the averages of two independent experiments, apart from
13.
®No inhibition observed at concentrations of up to 50 pM.
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Table 3. SRB and senescence data for the ND compounds

Compound I1Csy (nM)? Senescence
MCF7 As49  wizg (Yo of cells)
after 1 wk treatment
3 104.7 28.7 292.3 35.0 = 3 (at 70 nM)
4 54 13.3 42.8 na’
5 9.2 15.3 40.1 n.a.
6 18.5 25.1 137.5 n.a.
7 18 10.7 86.7 n.a.
8 17.9 48 83.7 35+ 3 (at 15nM)
9 219 273.9 971.9 n.a.
10 164.4 144 466.8 n.a.
11 81.3 115.3 167.2 45 £ 6 (at 75 nM)
12 10.5 96 62.6 n.a.
13 10.2 13.6 63.4 n.a.
14 11 18.3 63.9 n.a.
15 437 1190 965 n.a.
16 800 1320 1220 n.a.
17 6700 >10000 >10000 51 %3 (at 3.5 uM)
18 1610 2750 8500 n.a.
19 295.7 204.5 1460 n.a.
20 128.9 145.6 438.9 n.a.
21 8300 >10000 >10000 n.a.
22 9200 >10000 >10000 n.a.
23 26.9 57.1 57.7 n.a.
24 287.7 1700 10000 n.a.
25 135.2 113.8 210.9 n.a.
26 118.9 99.1 171.1 n.a.

#Standard deviations omitted for clarity.
®n.a., not available.

The observation of cellular senescence as a result of G4
ligand action at telomeres is well-documented.®>’ The
senescence phenotype was investigated in MCF7 cells
treated for one week with sub-cytotoxic concentrations
for a few compounds.?® All those evaluated showed a
significant increase in the percentage of senescence cells
after treatment (Table 3), surprisingly even for those
with higher ICs, values. We conclude that the senes-
cence effects are consistent with telomerase inhibition
and that the ability of NDs to selectively kill cancer cells
is at least in part a consequence of telomere targeting
and telomerase uncapping effects.

The ND-3 and ND-4 compounds reported here show
profound fluorescence. This facilitated localization of a
selected group of compounds within MCF7 cells using
confocal microscopy. Compounds 3, 8 and 11 localize
exclusively in the nucleus following 30 min exposure at
a concentration of 0.5 uM (Figure 4-1). For 17, less in-
tense and more widespread distributed fluorescence
was observed upon cell exposure even up to a concentra-
tion of 50 uM (Figure 4-2). This may partially account
for the lower toxicity of 17 and the other morpholino
analogues 15, 16 and 18. The compounds that concen-
trated in the nucleus showed preference for the nucleolus
(Figure 4-3). It may be significant for their action that
telomerase trafficking is associated with the nucleolus.?’

We have shown here that a number of tri- and tetra-
substituted NDs are exceptional G4 binding agents, with
AT,, values for the human intramolecular G4 that are at
least twofold greater than that of the acridine compound

e 3

Figure 4. Cell uptake detection using fluorescence confocal micros-
copy. (1) Transmission/fluorescence composite image of 11 localized in
the nucleus of MCF7 cells after 30 min exposure at 0.5 uM; (2) non-
specific and low uptake of 17 after 30 min exposure at 50 uM; (3)
Image of 3 localized in the nucleolus after 30 min at 0.5 pM.

BRACOI19, and significantly greater than the effects
produced by TMPyP4 and telomestatin (data not
shown). Whether this is a significant factor in the po-
tency shown by a number of these NDs in inhibiting
cancer cell growth, remains to be demonstrated. The
flexible synthetic route described here may yield new li-
gands with improved G4/duplex selectivity, which will
help to further define their mechanism of action. The
crystal structures of G4-ND complexes'® may also facil-
itate future structure-based design studies.
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