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ABSTRACT: A scissors-shaped binaphthyl derivative (NPA)
has been found to stabilize the G-quadruplex by intertwist-
ing the whole G-quadruplex with two long chains, through
the cooperation of the two functional groups: binaphthy-
lene and the ethoxy chain. Moreover, NPA exhibits a good
inhibitory effect of telomerase activity as well as excellent
cytotoxic activity against HepG-2 human liver cancer cells.

Telomerase is a cellular reverse transcriptase that maintains
the integrity of the chromosome ends, the telomeres, to provide
genomic stability in highly proliferating normal, immortal, and
tumor cells. Active telomerase has been detected in a majority of
tumor cells (> 85%), while it is inactive in most somatic tissues,
making it an attractive target for antitumor drug design, espe-
cially for cancer chemotherapy (/). Optimal telomerase activity
requires an unfolded single-stranded telomeric overhang (2),
which can form “quadruplex” structure with monovalent cations
(K" or Na™) (3). Therefore, ligands that can stabilize G-quad-
ruplex structures may act as telomerase inhibitors (4). Recent
investigation has shown that only a few of these ligands affect the
processivity of telomerase, although they may lock telomerase
substrates into a folded conformation leading to the initiation of
elongation by telomerase. In fact, these ligands are more effective
inhibitors of telomeric DNA amplification than extension by
telomerase. These observations suggest that quadruplex ligands
act as broad inhibitors of telomere-related processes, rather than
simple telomerase inhibitors (5).

Recently, a number of molecules have been found binding to
G-quadruplex DNA (6). Features shared by most of them include
a large flat aromatic surface and an electron-deficient charge
system (7). The planar aromatic chromophores are thought to be
the key features (8). However, judging from the structures of
G-quadruplexes, molecules can bind to the G-quadruplex
through the face, edge, groove, or loop (9). Therefore, molecules
with novel structures should be able to bind to G-quadruplexes.
Actually, several G-quadruplex ligands without flat aromatic plane
have been reported. For example, a carbocyanine dye, DODC, binds
via a groove interaction, with one end projecting into the thymine
loop region and stacking between the loop thymines and terminal
guanine quartet (10). Moreover, several hemicyanine—peptide con-
Jjugates, derivatives of DODC, were found to bind to the G-quad-
ruplex via loop and groove interactions (/7). In addition, some
macrocyclic molecules [telomestatin (/2), HXDV (13), bistrioxazole
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Scheme 1: Structural Formula of the NPA Molecule
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acetate (/4), and oxazole-based peptide macrocycles (/5)] and
small linear molecules [spermine (/6), triethylene teraamine (/7),
distamycin A (18), and ethanol (/9)] have shown a high affinity for
binding to G-quadruplex DNA. These results strongly suggest a
possibility to find G-quadruplex ligands with novel structures.
Herein, we have found a scissorslike molecule, 3-(2-{ 2-[1-(2-{2-[2-(3-
aminopropoxy)ethoxy|ethoxy} naphthalen-1-yl)naphthalen-2-yloxy]-
ethoxy}ethoxy)propan-1-amine (NPA) (Scheme 1), can also stabi-
lize G-quadruplexes. Surprisingly, only cooperation of two groups,
binaphthanyl (BINOL) and the amino-terminated poly(ethylene
glycol) chain (PEG-NH,), could bind to G-quadruplex structure.
Further two-dimensional (2D) NMR results show the NPA
molecule binds to the G-quadruplex in the entangling mode.

The ability of NPA, BINOL, and PEG-NH, to stabilize
G-quadruplex DNA was then investigated by temperature-
dependent UV measurement in the presence of PBS-K™ (20, 21).
Our results have shown that NPA could stabilize intramolecular
[Hu24-(TTAGGG)4, Hui24A-TTGGG(TTAGGG);A, and Hu22-
AGGG(TTAGGG);] and intermolecular { Hu7{d(TTAGGGT)]4}
G-quadruplex structures by increasing the melting temperature
(AT,,) by 4—9 °C while BINOL and PEG-NH, do not (Table S1 of
the Supporting Information), suggesting a possible cooperation of
these two functional groups in stabilizing G-quadruplex structure.
Such interesting results prompt us to further investigate how this
scissors-shaped NPA molecule stabilizes the G-quadruplex. Thus,
we have conducted NMR experiments to investigate the interaction
between NPA and intermolecular parallel-stranded quadruplex
Hu?7 because this quadruplex exhibits well-resolved NMR signals
with full assignments (22—24).

Figure 1 shows the '"H NMR spectra of Hu7 in the 11—12 ppm
region with three well-resolved signals assigned to G4, G35, and
Go6. Surprisingly, addition of NPA to Hu7 results in progressive
downfield shifts of these NMR signals. Clearly, these changes are
greatly different from those of the known G-quadruplex ligands
with a planar aromatic ring for which these signals shift upfield
upon addition of ligands. For example, binding with TmPyP4
induced the upfield shifts of G4—G6 proton signals because of
the ring current effect (25). Similar behaviors have been observed
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FIGURE 1: "H NMR spectra recorded in the 30% DMSO/70% H,0O
(v/v) solution showing the imino proton resonances for G4, G5, and
G6 in Hu7 with various molar ratios of NPA.

for other molecules, PIPER (26), RHPS4 (27), and quercetin (28),
with similar structural features. Therefore, these results indicate
NPA should exhibit a different mode of binding to the G-quad-
ruplex.

Compared with chemical shift changes of G4 and G6 with the
increase in NPA concentration, the largest changes were ob-
served for G35, suggesting that the NPA molecule binds to Hu7
much closer to G5 than to G4 and G6. Furthermore, judged from
the titration results, NPA and Hu7 could form a 4:1 complex
(Figure S4 of the Supporting Information) because the reso-
nances of the imino protons nearly remain unchanged when the
NPA concentration is more than 4 equiv of the Hu7 concentra-
tion. Moreover, the results of CD titrations (29) (Figures S5 and
S6 of the Supporting Information) also show a similar tendency,
which is consistent with the NMR titration results.

To gain more information about the interactional mode
between NPA and Hu7, we measured the 2D NMR intermolec-
ular NOESY (Figure 2) and TOCSY (Figure S7 of the Support-
ing Information) spectra. Three new NOEs were detected clearly
except for the known correlation peaks (Figure 2a). The GONH
peak at 11.11 ppm exhibits NOEs to the base protons of GGH8
and G5HS, and the connective peaks between the 4,4’ and 3,3
protons of the NPA were also observed. The imino proton of G5 at
11.29 ppm exhibits NOEs with not only the base proton of GSH8
and G4HS but also the 4,4 proton of NPA. From Figure 2b, the
weak but clear NOE cross-peaks of the 9,9’ proton with G6HS,
G4H8, and T2H6 were observed. Additionally, the cross-peaks of
the 3,3 proton with TIH6, T2H6, A3H2, and G6HS and the 4.4’
proton with G6HS and T7H6 were detected (Figure 2c). These
results suggested that NPA is bound to Hu7 from T1 to T7, when
the molar ratio of NPA to the G-quadruplex is 4:1.

Compared with the compounds with amino-terminal side
chains (/5), these primary amines may specifically interact with
the negatively charged backbone phosphates of G-quadruplex
grooves, which help stabilize G-quadruplex. On the basis of the
titration results, the chemical shifts of proton signals of Hu7 are
ranked in the following order: T7CH3 > T2H6 > G5 > G4 >
G6 > A3HS8 > TICH3 (when the molar ratio of NPA to Hu7
varied from 0:1 to 5:1) (Figure S4 of the Supporting Information).
The largest changes in both T7 and T2 could be attributed to the
binding to the negatively charged phosphate backbone of the
G-quadruplex. Combined with the binding mode described above
(Figure S8 of the Supporting Information), these results indicated
that NPA binds to the G-quadruplex via entangle binding.

Further molecular modeling results (Figure S9 of the Support-
ing Information) show that the molecular size of NPA can be

Zhang et al.

A3HS A3z Gang b OOHS 33
MRMMJ\J\ ppm

11,1

<

G5

G4<
118

86 85 84 83 82 81 80 79 78 77 76 75 74 73 ppm

-11.2

-11.3

114

115

F-11.6

117

G4H8 44 GeHg [[2H6 33
ppm
-3.1
32
-3.3
-3.4
-3.5
3.6
80 79 78 77 76 15 74 73 72 71 ppm
. T7H6 ,
A3H2 Y GensTIHT2HS 3.3
ppm
NNk
() ®) ] @ L7a
T7HA © o O 76
T1H . Q E
G6HS -
J
4.4 ' 7.8
i @ Jo 0 @ o
% ) 180
NEDS” - BRI
§ 82

T T T T T T T T T T
82 81 80 79 78 77 16 715 74 73 72 ppm

FIGURE 2: Portion of the 2D NOESY spectrum of the 4:1 NPA—Hu7
complex recorded at 298 K with a mixing time of 0.3 s. (a) GN1—-H
NOE base H6/H8 stacking between G- and A-tetrads (—) and cross-
peaks between NPA and G5 and G6 (- - +). (b) Connectivity between
the 9,9 proton of two chain resonances and Hu7. (¢) Connectivity
between the 3,3 and 4,4’ protons of binaphthanyl resonances and Hu7.

perfectly fit to the size of the quadruplex groove. For example,
the lengths of the quadruplex from G5 to T7 and from T2 to G4
are 12.6 and 12.7 A, respectively. The length of the ether chain is
12.2 A. When the molar ratio of NPA to the G-quadruplex is4:1,
the side chains of two adjacent NPA molecules could just match
the length of the G-quadruplex groove. However, the competitive
FRET results (Figure S10 and Table S2 of the Supporting
Information) have shown that the NPA molecule appears to be
less competent because the AT}, value is sensitive to the duplex
competition, suggesting that NPA might not be a good G-quad-
ruplex ligand.

As mentioned above, small molecules that stabilize the G-quad-
ruplex structure might act as telomerase inhibitors. Therefore, the
inhibition of telomerase activity of NPA has been evaluated by
using both a classical telomere repeat amplification protocol
(TRAP) assay (29) and a modified TRAP-LIG assay (30). Figure 3
shows the inhibiting ability of NPA in both assays. The classical
TRAP assay revealed a dose-dependent inhibition of the telomerase
ladder, starting at 0.06 uM and ending at 0.08 M, while telomerase
inhibition occurred at 0.1-0.3 uM NPA by using the modified
TRAP-LIG assay. These results suggested that the telomerase
inhibition activity of the NPA molecule might be overestimated
by using the classical TRAP assay. More importantly, the TRAP
results suggest that NPA is a potential telomerase inhibitor,
although it exhibits only moderate stability of G-quadurplexes.
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FIGURE 3: Inhibition of telomerase activity by the NPA molecule
with a classical (a) and a modified TRAP assay (b and c). Typical
products of telomerase activity are shown by the bands starting from
50 bp, and the internal control results in a single band of 36 bp. The
red boxed areas show the progressive decrease in the intensity of the
ladder (i.e., increase in the level of telomerase inhibition).

Finally, the cytotoxic activities of these three compounds
(NPA, BINOL, and PEG-NH,) were determined by using an
MTT assay (Figure S12 of the Supporting Information). NPA
exhibits a 100% suppression ratio against HepG-2 human liver
cancer cells even though the concentration is as low as 0.1 uM,
while both BINOL and PEG-NH, exhibit no suppression ratios.
This result, together with TRAP-LIG assay, suggested that the
cytotoxicity of this novel molecule may result from its role in
telomerase inhibition.

In summary, a novel scissors-shaped molecule NPA has been
shown to increase the melting temperature of the quadruplex by
the entangling mode, which may be attributed to the cooperation
of binaphthylene and the amino-terminated ethoxy chain in the
NPA molecule. Moreover, the NPA molecule exhibits an ex-
cellent telomerase inhibition and cytotoxic activity. The novel
molecular structure may offer us a hint about constructing new
anticancer agents.
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