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ABSTRACT
The design and synthesis of metal complexes that
can specifically target DNA secondary structure
has attracted considerable attention. Chiral metallosupramolecular complexes (e.g. helicates) in particular display unique DNA-binding behavior, however
until recently few examples which are both watercompatible and enantiomerically pure have been reported. Herein we report that one metallohelix enantiomer 1a, available from a diastereoselective synthesis with no need for resolution, can enantioselectively stabilize human telomeric hybrid G-quadruplex
and strongly inhibit telomerase activity with IC50 of
600 nM. In contrast, no such a preference is observed
for the mirror image complex 1a. More intriguingly,
neither of the two enantiomers binds specifically to
human telomeric antiparallel G-quadruplex. To the
best of our knowledge, this is the first example of one
pair of enantiomers with contrasting selectivity for
human telomeric hybrid G-quadruplex. Further studies show that 1a can discriminate human telomeric
G-quadruplex from other telomeric G-quadruplexes.
INTRODUCTION
G-quadruplexes are highly dynamic four-stranded noncanonical DNA structures formed in guanine-rich sequences via stacking of G·G·G·G quartets (1). They are
involved in a range of biological processes such as telomere maintenance (2–6), replication, transcription, epigenetic
regulation and recombination (7–13). As a consequence, the
study of specific and selective targeting of the G-quadruplex
structure is an exciting avenue for exploration of the biological function of this motif, and of course the possi-

bility of regulation of the corresponding processes. Human telomeric DNA sequences can form antiparallel Gquadruplexes in Na+ buffer and hybrid G-quadruplexes in
K+ buffer (14–18). However, up to now only few ligands
have been demonstrated to selectively target these highly
challenging target structures: an acyclic oligoheteroaryle
(TOxaPy) shows selectivity to antiparallel G-qaudruplex,
while N-methyl mesoporphyrin IX shows selectivity to hybrid G-quadruplex with a low binding constant (19–21).
Helical bimetallic complexes (helicates and related structures) resemble ␣-helices in terms of their diameter and
charge. Recently, great attention has been paid to their
diagnostic and therapeutic applications (22–24). This has
been accelerated by recent advances in their enantioselective self-assembly from simple components, thus avoiding chromatographic resolution or lengthy syntheses and
the new ability to make low symmetry systems. They have
been shown to interact with different DNA structures
and showed admirable chiral selectivity (25–29). Our recent works showed that one pair of di-nickel helicates
exhibited chiral selective binding with human telomeric
G-quadruplex the right-handed helix selectively stabilized
antiparallel G-quadruplex, whilst the left-handed compound did not, and both enantiomers stabilized hybrid Gquadruplex (27). Since high K+ concentration is existed in
cells, hybrid G-quadruplex has been considered more predominant than antiparallel G-quadruplex under physiological conditions (30). Thus, the development of chiral compounds to enantioselectively target human telomeric hybrid
G-quadruplex remains an important objective. To the best
of our knowledge, this has not been achieved.
In this work, we investigated the interactions of human telomeric G-quadruplex with a pair of enantiomers
of metallohelices (abbreviated to 1a and 1a) (Figure 1A), which are water-compatible and enantiomerically
pure (22,31). Our results showed that enantiomer 1a
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Figure 1. (A) Structure of 1a and 1a cations. UV melting profiles of the Tel22 in the absence and presence of 1a or 1a in Na+ buffer (B) and K+
buffer (C). Melting assays were measured in 10 mM Tris buffer containing 10 mM KCl or 100 mM NaCl, pH = 7.2. The concentration of 1a/1a was
equivalent with the concentration of Tel22 (1 M in strand).

could enantioselectively stabilize human telomeric hybrid
G-quadruplex and strongly inhibit telomerase activity. In
contrast, 1a showed no such a preference. More intriguingly, neither enantiomer displayed notable binding with
human telomeric antiparallel G-quadruplex. This is the first
example of one pair of enantiomers with contrasting selectivity for human telomeric hybrid G-quadruplex.

Concentrations of the oligomers were determined by measuring the absorbance at 260 nm after melting. Extinction
coefficients were estimated by the nearest-neighbor method
by using mononucleotide and dinucleotide values. Chemicals were purchased from Sigma-Aldrich and used without
further purification. All water used to prepare buffer solutions was obtained by using a Milli-Q water system.

MATERIALS AND METHODS
DNA sequences
Tel22: 5 -AGGGTTAGGGTTAGGGTTAGGG-3
HT: 5 -TTAGGGTTAGGGTTAGGGTTAGGGA-3
Ap7: 5 -AGGGTTApGGGTTAGGGTTAGGG-3
Ap13: 5 -AGGGTTAGGGTTApGGGTTAGGG-3
Ap19: 5 -AGGGTTAGGGTTAGGGTTApGGG-3 (Ap
was 2-aminopurine)
Oxytricha: 5 -TTTTGGGGTTTTGGGGTTTTGGGG
TTTTGGGG-3
Tetrahymena: 5 -GGGGTTGGGGTTGGGGTTGGGG3
i-motif: 5 - CCCTAACCCTAACCCTAACCCT-3
Tel22-TTT: 5 -AGGGTTTGGGTTTGGGTTTGGG-3
DNAs were synthesized by Shanghai Sangon Biological Engineering Technology & Services (Shanghai, China).

Synthesis of metallo-supramolecular complexes
Complex 1 and complex 2 were synthesized according to
previous report (22).

The stability of the metal complexes in cells
Hela cells were plated in Dulbecco’s modified Eagle’s
medium, supplemented with 10% (v/v) heat inactivated fetal bovine serum in a 6-well plate grown for 24 h at 37◦ C and
5% CO2 . Then, different amounts of metal complexes were
added for further incubation of 72 h. Then, the cell culture
media was separated from the well for further analysis and
cell lysis solution was added in the well. The lysates were incubated for 30 min on ice and centrifuged 20 min at 12 000
rpm (4◦ C) to obtain cleared lysate for further analysis.
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Thermodynamic analysis
Absorbance measurements and melting experiments were
performed on a Cary 300 UV/Vis spectrophotometer
equipped with a Peltier temperature control accessory. All
UV/Vis spectra were measured in 1.0-cm path-length cell.
For metal complex-containing melting assays, the same
concentration of corresponding metal complex aqueous
solution was used as the reference solution. Absorbance
changes at 295 nm versus temperature were collected at a
heating rate of 0.5◦ C min−1 . Before measurement, the DNA
samples were heated at 95◦ C for 5 min, and gently cooled
from 95◦ C to room temperature, following by incubation at
4◦ C overnight. To prepare the final DNA-complex samples,
the corresponding metal complexes were added to the annealed DNA samples and incubated at 4◦ C for 3 h.
CD spectroscopy
Circular dichroism (CD) spectra were recorded with
a JASCO J-810 spectropolarimeter. CD spectra were
recorded in 1 nm increments with an average time of 2 s and
three scans were accumulated and automatically averaged.
The various concentration of complexes was scanned as a
control and subtracted from the spectra of complex/DNA
mixture to eliminate its influence on CD signal of DNA.

enantiomers (5 M) were placed in the reference and sample cuvettes (1 cm path length), respectively. Then, we measured the absorption spectra in the range of 220–800 nm.
During the titration, aliquot of buffered DNA solutions
was added to each cuvette to eliminate the absorbance of
DNA itself, and the solutions were mixed thoroughly. Afterward, the absorption spectra were recorded. The titration processes were repeated until there was no change in the
spectra for four titrations at least, which indicating binding
saturation was achieved. The changes in the enantiomers
concentration due to dilution at the end of each titration
were negligible.
The binding constant obtained from UV titration experiment was calculated from the following equation:


1/2
(εa − εf )/(εb − εf ) = b − (b2 − 2K 2 Ct [DNA]/s)
/2KCt

(1a)

b = 1 + KCt + K[DNA]/2s

(1b)

[DNA] is the strand concentration of Tel22,  a ,  f and  b
are the apparent extinction coefficient, the extinction coefficient for the free metal complex and the extinction coefficient in the fully bound form, respectively. K is the equilibrium binding constant in M−1 , Ct is the total metal complex
concentration and s is the binding site size (34,35).
Isothermal titration calorimetry (ITC)

Fluorescence spectroscopy
Fluorescence measurements were carried out on a JASCO
FP-6500 spectrofluorometer at 25◦ C. For 2-Ap-labeled
oligonucleotides, fluorescence spectra were measured by using an excitation wavelength of 305 nm. DNA concentration was fixed at 0.5 M in strand.
Binding constants obtained by fluorescence titration
Binding constants were measured by fluorescence titration
methods, in which fixed concentrations of 2-Ap-labeled
DNA was titrated with increasing 1a or 1a concentrations. To obtain the proper fluorescence intensity values,
fluorescence data has been corrected for the inner filter effect caused by attenuation of the excitation beam and emission signal because of the absorption by quencher and fluorophore which led to artifical decreases in the fluorescence
intensities. This effect was corrected with knowledge of the
absorbance values from the corresponding spectra (31–33).
The fluorescence of the system can be corrected using the
following equation:
Fcorr = Fobs log−1 [(Aex + Aem )/2]
where Fcorr and Fobs were the corrected and observed fluorescence intensity. Aex was the absorbance value at the excitation wavelength and Aem was the absorbance value at the
emission wavelength.
Absorption spectra titrations
Absorption spectra titrations were carried out at 25◦ C to
determine the binding affinity between DNA and enantiomers. Initially, 500 l solutions of blank buffer and the

Isothermal titration calorimetry (ITC) assays were performed on a NANO ITC System (TA Instruments Inc.,
New Castle, DE, USA). Titrations were performed in buffer
(10 mM Tris–HCl buffer, 10 mM KCl, pH = 7.2). Injections
of 10 l of 0.25 mM 1a/1a was added from a microsyringe at an interval of 600 s into Tel22 DNA (20 M) solution with stirring at 400 rpm at 25◦ C. The experimental
data were analyzed with NanoAnalyze software (TA Instruments Inc.).
NMR spectroscopy
Samples for nuclear magnetic resonance (NMR) were incubated in 10mM Tris–KCl buffer (pH 7.2) at 25◦ C with
10% D2 O added. The final concentration of Tel22 was 140
M. The enantiomer was incubated with Tel22 at 25◦ C before measurement. NMR experiment was carried out on a
Bruker 600 MHz AVANCE NMR spectrometer equipped
with a triple-channel cryoprobe at 5◦ C.
Assay of telomerase activity
Telomerase activity was assayed using a conventional
telomere repeat amplification protocol (TRAP) assay. A total of 5 l of telomerization products with corresponding
complex were added into 45 l of solution which contains
1 × PCR buffer, 200 M dNTPs, 3U of Taq DNA polymerase, 0.1 g of TS primer and 0.1 g of ACX primer.
PCR was carried out in an Eppendorf AG thermal cycler with the following program: 94◦ C for 4 min, 30 cycles
at 94◦ C for 30 s, 58◦ C for 30 s, 72◦ C for 30 s, 72◦ C for
5 min, 4◦ C cold. PCR products were analyzed on a BioRad (Bio-Rad Laboratories, USA) slab electrophoresis system. The 10 l samples were loaded onto a 12% native
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Table 1. Stabilization effects of different ligands on Tel22 G-quadruplex DNA, i-motif DNA and dsDNAa
Tm (◦ C)
Ligand
L1a
L1a
1a
1a

G-quadruplex
0.2
0.1
10.8
0.2

±
±
±
±

0.3
0.1
0.3
0.2

i-motif
− 0.1
0.1
0.2
0.1

±
±
±
±

0.2
0.4
0.3
0.1

dsDNA
0.3
0.4
0.3
0.3

±
±
±
±

0.1
0.2
0.2
0.4

a The

dsDNA is duplex DNA formed by complementary sequence of Tel22 G-quadruplex DNA and i-motif DNA. L1a and L1a are constituent ligands
that used for synthesizing 1a and 1a. Melting assays were carried out in 10 mM Tris buffer containing 10 mM KCl at pH 7.2 or pH 5.5 (only for i-motif
DNA). DNA is 3 M in strand. The concentration of the Ligands is equivalent with corresponding DNA. The values were the average of three independent
measurements.

polyacrylamide gel (29:1 acryl/bisacryl) in 0.5 × Tris borate ethylenediaminetetraacetic acid. Gels were run at room
temperature for 1 h at 120 V. The gel was confirmed by silver
staining.
RESULTS AND DISCUSSION
Enantioselectivity to hybrid G-quadruplex of Tel22
The stability of the metallohelix enantiomers (1a and
1a) was firstly studied. UV and CD spectra showed that
cation concentration and type had negligible effects on their
CD and UV spectra, implying that 1a and 1a were stable in Na+ /K+ containing buffer (experimental conditions
of this work) (Supplementary Figure S1A–D). In addition,
for testifying whether the complexes can be applied in vivo
or in vitro studies, the stability of metal complexes in cells
was also investigated. As shown in Supplementary Figure
S1E and F, 1a and 1a were stable both in cell culture
media and cell lysate. These results indicated the high stability of such complexes (22).
UV-melting experiments were employed to study the effects of the enantiomers on the melting temperature (Tm )
of human telomeric DNA (Tel22). As shown in Figure 1B
and C, the chiral selectivity of the enantiomers on stabilization of Tel22 was remarkable. 1a stabilized Tel22 in K+
containing buffer and Tm increased by ∼10.8◦ C at 1:1 ratio
of [1a]/[Tel22] whilst there was no measureable stabilization in Na+ containing buffer (Figure 1B and Supplementary Figure S2). In contrast, 1a did not stabilize Tel22 either in K+ or Na+ buffer. According to previous studies,
Tel22 adopted antiparallel G-quadruplex in Na+ buffer but
hybrid G-quadruplex in K+ buffer (15,36). Thus, we concluded that 1a strongly stabilized the former structure but
not the latter, while 1a stabilized neither. As far as we
know, this is the first example of one pair of enantiomers
with contrasting chiral selectivity for hybrid G-quadruplex.
Further studies were next carried out to confirm and extend these unusual observations. Melting studies showed
that neither of the constituent ligands (L1a and L1a , used
for synthesizing 1a and 1a) could stabilize Tel22 Gquadruplex (Table 1). These data confirmed that the selectivity of 1a for Tel22 G-quadruplex originated from
the three-dimensional structure of ligand/metal assembly.
Further, Tm of Tel22 in low Na+ concentration (10 mM)
was shown to be unaffected in the presence or absence
of 1a/1a, thus excluding the possible effect of cation
concentration (Supplementary Figure S3B). The selectivity of the enantiomers to i-motif and double-strand DNA

(formed by Tel22 and i-motif) was also found to be negligible (Table 1 and Supplementary Figure S3), demonstrating
that 1a not only recognizes G-quadruplex but also discriminates against other DNA motifs. Similarly, the stabilization effect of the enantiomers to calf thymus DNA (ctDNA) and Tel22 was compared. After addition of 1a, Tm
of Tel22 G-quadruplex increased by ∼10.4◦ C, however just
∼1.4◦ C increase for ct-DNA (Supplementary Figure S4).
Therefore, from the aspect of stabilization effect, 1a had
a 7.4-fold selectivity for Tel22 DNA against ct-DNA.
For further studying the structural effect of 1a on the chiral selectivity for hybrid G-quadruplex of Tel22, the interactions of other enantiomeric metallohelices (1b and 2a) with
Tel22 were compared (Supplementary Figures S5 and 6).
Although all enantiomers of 1b and 2a had a comparable
size and identical charge with 1a, none of them exhibited
obvious stabilization effect on either hybrid or antiparallel
G-quadruplex of Tel22. It is particularly interesting when
compared with the enantiomers of 1b because the difference
between 1b and 1a is just additional hydroxyl groups at the
termini. This suggests that the structure of end groups of 1a
may play an important role in chiral recognization of human telomeric hybrid G-quadruplex. Considering the large
size of 1a (length ∼2.2 nm), we propose that the end of 1a
could be the binding site for Tel22.
The conformation changes of Tel22 induced by 1a and
1a were determined by CD studies. In K+ buffer, Tel22
alone formed hybrid G-quadruplex characterized by two
positive bands at 294 and 255 nm and a negative band
around 235 nm. After addition of 1a, no obvious signal
change was observed at band of 294 and 235 nm, while a
notable shift was observed at trough of 255 nm (Figure 2A
and Supplementary Figure S7). In contrast, 1a induced
a hypochromism at band of 294 and 255 nm (Figure 2B).
These results implied that, both 1a and 1a disturbed
slightly the conformation of Tel22, but could not alter the
hybrid conformation. Therefore, CD signal of Tel22 displayed different change after treated with different enantiomer. This implied that 1a and 1a might employ different binding mode when interacting with Tel22. In addition, the CD spectra of Tel22 in Na+ buffer were also determined in the absence and presence of the enantiomers
(Supplementary Figure S8). No new bands or band shifts
were observed, indicating that both enantiomers showed no
impact on the antiparallel conformation of Tel22.
Inducing human telomeric G-quadruplex formation is
important for telomeric DNA to exert the desired biological function. Thus, we next studied whether the enantiomer
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Figure 2. CD titration of Tel22 with 1a (A) and 1a (B) in 10 mM KCl, 10 mM Tris buffer, pH = 7.2. Enantiomer was varied from 0 to 2 M. CD
titration of Tel22 with 1a (C) and 1a (D) in 10 mM Tris buffer, pH = 7.2. The concentration of the enantiomer was varied fom 0.5 to 4M.

could induce G-quadruplex formation under Na+ or K+ deficient conditions. As shown in Figure 2C, Tel22 was in an
unfolded single strand DNA in the absence of Na+ or K+ .
After titration with 1a, the intensity of the CD band at 256
nm decreased gradually from positive to negative, and at the
same time, a distinct increase at 288 nm and an emergence of
a shoulder peak at 270 nm were observed. This induced CD
spectrum was similar to that of the hybrid G-quadruplex
in K+ buffer, indicating that 1a can induce the formation
of hybrid G-quadruplex under Na+ or K+ -deficient conditions (37). In contrast, no inducing process was observed
after adding of 1a (Figure 2D). These results further supported the chiral selectivity of 1a for human telomeric hybrid G-quadruplex.
Binding constant and binding mode
Absorption changes of 1a/1a upon addition of Tel22
DNA were investigated by titration experiments. The UV
spectra of the enantiomers were monitored on addition of
aliquots of preformed Tel22 hybrid G-quadruplex DNA
(Figure 3A and B). When treated with DNA, both 1a
and 1a showed notable hypochromism at band of 280
and 570 nm. However, obviously, a stronger hypochromism
was observed for 1a rather than 1a in the presence of
low concentration of DNA (Figure 3B, Inset). For example,
when treated with 3 M DNA, 1a yielded an absorbance
hypochromism of 33.8%. However, just 19.5% was observed
for 1a. This suggested that 1a could bind stronger to
Tel22 than 1a. According to previous reported methods
(34,35), the binding constant of 1a with Tel22 was estimated to be 2.8 × 107 M−1 , whereas 4.5 × 105 M−1 for
1a (Table 2). This indicates that 1a can specifically bind
to Tel22, however, the interaction of 1a with Tel22 may
be just non-specific electrostatic interaction. It should be

also noted that, upon addition of high enough concentration of Tel22, the two enantiomers displayed a comparable hypochromism. These results were understandable because both enantiomers were highly positive-charged and
DNA was highly negative-charged. Thus, in the presence of
high concentration of DNA, mutiple non-specific electrostatic interactions and stacking between DNA and 1a and
1a were occurred, which could cause hypochromism.
Modifying 2-aminopurine (2-Ap) in different loops of
quadruplex DNA is a widely used strategy to estimate the
binding mode of DNA with ligand (38). Herein, for exploring how the two enantiomers binding to hybrid Tel22
G-quadruplex, fluorescence experiments were carried out
using Tel22 with different 2-Ap substitutions at adenine
residue position 7, 13 and 19 (Figure 3C). First, CD studies
showed that 2-Ap modified Tel22 had almost an identical
CD feature with the original unmodified Tel22, indicating
that 2-Ap modified Tel22 had the same conformation as the
wild-type Tel22 (Supplementary Figure S9). In addition, after interacting with 1a, the CD signal of Tel22 was slightly
changed, indicating that 1a did not disrupt the structure
of Tel22 and Tel22 maintained hybrid conformation (Figure 2A). These offered the prerequisite for investigating the
binding mode by using 2-Ap fluorescence assay. As shown in
Figure 3D, addition of 1a decreased the 2-Ap fluorescence
significantly and the order was Ap19 > Ap7 > Ap13. These
indicated that, after binding with Tel22, 1a had a close
contact with Ap19 and Ap7, not with Ap13. As previously
reported, in K+ solution, Tel22 adopts two distinct (3 + 1)
topologies: hybrid-1 and hybrid-2 form (13). The two forms
are coexisted in a certain state of equilibrium, as shown in
Figure 3C. Based on the results of 2-Ap fluorescence studies,
we proposed that 1a preferably bound to hybrid-1 form
rather than hybrid-2 form and 1a could bind to the end
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Figure 3. Absorption spectra of 1a (A) and 1a (B) in the presence of Tel 22 DNA. Enantiomers was 5 M, and Tel22 was varied from 0.5 to 10 M.
Arrow showed the absorption change of the enantiomer along with the addition of Tel22. Inset: plot of ( a - f )/( b - f ) versus concentration of Tel22. The
assays were measured in 10 mM Tris buffer containing 10 mM KCl, pH = 7.2. (C) Schematic illustration of the individual 2-Ap position in Tel22 and the
two types of Tel22 G-quadruplex conformations. (D) Plot of normalized fluorescence intensity at 370 nm of 2-Ap individually labeled Tel22 versus molar
ratio of [1a]/[DNA] in 10 mM KCl, 10 mM Tris buffer, pH = 7.2. 2-Ap labeled Tel22 was 0.5 M in strand. (E) Job plot for complexation of 1a and
Ap19-Tel22 in 10 mM KCl, 10 mM Tris buffer, pH = 7.2. [1a]+[Ap19-Tel22] = 0.3 M.
Table 2. Binding constants of Tel22 DNA with 1a and 1aa
(M−1 )

Complex

1K

1a
1a

2.8(±0.2) × 107
4.5(±0.8) × 105

a

a Binding constant 1 K was measured by UV titration method.
a
3 K was measured by ITC method. The values were the average
a

2K

a

(M−1 )

3.5(±0.5) × 107
6.9(±07) × 105

3K

a

(M−1 )

0.92(±0.4) × 107
1.81(±0.3) × 105

Binding constant 2 Ka was measured by fluorescence titration method. Binding constant
of three independent measurements.

G-quartet near 5 end of hybrid-1 form by external stacking
mode. This binding mode can well response to the order of
Ap19 > Ap7 > Ap13. The binding mode can be benefited
from the compatible size between 1a (diameter ∼1.2 nm)
and G-quartet (length ∼1.4 nm, width ∼1.1 nm) (39).
According to Job plot, a 1:2 binding ratio was found between 1a and Tel22 G-quadruplex, indicating that two

Tel22 bind with one 1a (Figure 3E). The binding stoichiometry was also confirmed by ITC studies (Supplementary Figure S11 and Table 3). In our previous work, we
reported that a di-nickel helicate, [Ni2 L3 ]4+ , exhibited 1:1
binding with Tel22. We propose that two aspects may cause
different binding ratio for 1a and [Ni2 L3 ]4+ . First, 1a
(length ∼2.2 nm, diameter ∼1.2 nm) has a larger size than
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Table 3. Binding stoichiometry and thermodynamic parameters for the interaction of Tel22 DNA with 1a and 1aa
1a
n
G0 25 (kcal mol −1 )
H0 (kcal mol −1 )
TS0 (kcal mol−1 K −1 )

0.5
− 9.4
− 15.4
− 6.0

±
±
±
±

1a
0.1
0.4
1.4
0.4

0.6
− 7.2
− 11.8
− 4.6

±
±
±
±

0.2
0.5
0.7
0.5

data were derived from ITC experiments. H0 and n (stoichiometry) was directly obtained from ITC. G0 25 was obtained from the relation G0 =
-RTlnKa (Ka was listed in Table 1). TS0 obtained from the relation TS0 = H0 -G0 .

a All

[Ni2 L3 ]4+ (length ∼1.8 nm, diameter ∼0.8 nm). Second,
there are six phenyls in middle part of [Ni2 L3 ]4+ , where provide a tight stacking platform for Tel22 G-quadruplex by
- interaction. Thus, Tel22 possibly locates in the middle
part of [Ni2 L3 ]4+ . In contrast, there are only three phenyls
in the middle part of 1a, which may not be suitable for
providing tight -stacking with Tel22. Thereby, Tel22 may
bind to the two identical ends of 1a, thus resulting in 1:2
binding ratio.
Non-linear least-squares analysis of the fluorescence
titration data of Ap19 by 1a yielded a binding constant of
3.5 × 107 M−1 (Table 2). In contrast, for 1a, the binding
constant was 6.9 × 105 M−1 (Supplementary Figure S10).
The results were in good agreement with ITC and UV titration data (Table 2). In addition, the thermodynamic parameters for Tel22 binding with 1a were estimated by ITC and
the data were listed in Table 3. The results indicated that
1a binding to Tel22 G-quadruplex DNA was favorable
enthalpy-driven.
The interactions between the enantiomers and Tel22 were
further studied by 1 H-NMR experiments (Figure 4A and
Supplementary Figure S12). In K+ buffer the guanine imino
protons of the G-quadruplex were observed at characteristic chemical shifts (10–12 ppm) (14,16). With addition of
1a, the signal at 11.11 ppm was shifted to 10.9 ppm, indicating a strong interaction with the G-quartets (40–42).
In contrast, addition of 1a just resulted in broadening of
the signals, implying a labile interaction (39). This further
supports1a specificically binds to Tel22 G-quadruplex.
However, unfortunately, as we mentioned above (43), Tel22
adopts two hybrid conformations, hybrid-1 and hybrid-2, in
K+ condition and the two forms are coexisted. This conformational diversity prevented us to clearly resolve the 1 HNMR of Tel22 upon binding with 1a/1a. The above
2-Ap titration assays indicated that 1a preferred binding
to hybrid-1 G-quadruplex of Tel22. As previously reported,
another human telomeric DNA sequence, HT, can just form
hybrid-1 G-quadruplex in K+ buffer (15). Therefore, we
studied the interaction between HT and 1a by NMR. As
shown in Supplementary Figures S13 and 14, after adding
1a, HT guanine imino protons peaks displayed obvious
chemical shifts. These results confirmed the strong binding between 1a and hybrid-1 G-quadruplex. The imino
peaks corresponding to G3 and G5 underwent the largest
chemical-shift changes upon 1a binding, indicating 1a
preferentially binding to the top G-quartet (Supplementary
Figure S15), in good agreement with the results of 2-Ap
titration assays (44). The NOESY data of HT binding with
1a was shown in Supplementary Figure S16. It can be seen
that imino proton peaks in G3 and G5 are shifted remark-

ably, further supporting the strong interaction between HT
and 1a. However, it should be pointed out that we can not
provide a clear assignment of the NOESY data because of
the complexity.
On the basis of all the above results, the binding between
Tel22 hybrid G-quadruplex and 1a shows the following
characteristics. First, 1a can stack on the end G-quartet
of the hybrid G-quadruplex with a preference for hybrid1 form. Second, the terminal structure of 1a has strong
influence on its binding to G-quadruplex. Third, one 1a
binds with two Tel22 G-quadruplex units. A possible binding mode was shown in Figure 4C.

Discrimination between G-quadruplexes
To further explore the selectivity of the metallohelicates for
human telomeric G-quadruplex, we studied the interactions
of 1a/1a with tetrahymena and oxytricha telomeric Gquadruplexes. CD spectra of the tetrahymena and oxytricha
telomeric G-quadruplexes were not substantially affected
by the metallohelicate enantiomers, indicating weak conformation changes of the G-quadruplexes (Supplementary
Figure S17). Melting studies showed that no matter in Na+
or K+ condition, both 1a and 1a could not stabilize the
two telomeric G-quadruplexes (Table 4 and Supplementary
Table S1). These results confirmed the chiral selectivity of
1a for human telomeric hybrid G-quadruplex.
It should be emphasized that, although both Tel22 and
tetrahymena telomeric G-quadruplex adopted hybrid conformation in K+ condition, 1a cannot stabilize tetrahymena telomeric G-quadruplex (Table 4). This indicated that
the topology of Tel22 was not the only determinant for
its selectivity of 1a. Previous studies have demonstrated
that the loop sequence of G-quadruplex DNA plays a crucial role in DNA binding (45,46). Evidently, a significant
difference between Tel22 and tetrahymena telomeric Gquadruplex is the adenine base in the loop region. Thus,
to investigate how the loop sequences influence the binding
behavior of Tel22, we substituted the TTA loops with TTT
(abbreviated to Tel22-TTT), in which the adenine was replaced by a thymine. CD indicated that Tel22-TTT adopted
the same hybrid conformation as the wild-type Tel22 (Supplementary Figure S9B). However, intriguingly, neither 1a
nor 1a can stabilize Tel22-TTT (Table 4). This indicates
that adenine in the loop of Tel22 plays important roles in
chiral selection for hybrid Tel22 G-quadruplex. Thus, based
on discussion mentioned above, both the hybrid topology of
G-quadruplex and TTA loop sequence of Tel22 are crucial
for determination the chiral recognition.

Downloaded from https://academic.oup.com/nar/article-abstract/45/9/5026/3294593/Chiral-metallohelices-enantioselectively-target
by University of Warwick user
on 19 October 2017

Nucleic Acids Research, 2017, Vol. 45, No. 9 5033

Figure 4. (A) 1 H NMR spectra of Tel22 in the absence and presence of 1a/1a. The assays were measured in 10 mM Tris–KCl buffer containing 10%
D2 O. (B) Telomerase inhibition by 1a/1a by using TRAP assay. Line 1: no enantiomer; Line 2–5: PCR products in the presence of 0.2, 0.5, 1, 2 M 1a,
respectively; Line 6–9: PCR products in the presence of 0.2, 0.5, 1, 2 M 1a, respectively. (C) Schematic illustration of the chiral enantiomer selectively
interacts with human telomeric hybrid G-quadruplex DNA.
Table 4. Stabilization effect of 1a and 1a on different telomeric G-quadruplex DNA in K+ containing buffera
Telomeric DNA

Structure

Human (Tel22)
Oxytrichab
Tetrahymenab
Tel22-TTT

Hybrid
Antiparallel
Hybrid
Hybrid

DNA Tm (◦ C)
54.6
61.6
58.2
64.8

±
±
±
±

0.3
0.2
0.1
0.3

+1a Tm (◦ C)
10.8
− 5.0
0.7
0.2

±
±
±
±

0.3
0.5
0.3
0.3

+1a Tm (◦ C)
0.2
− 4.7
0.8
0.4

±
±
±
±

0.2
0.4
0.3
0.2

assays were carried out in 10 mM Tris buffer containing 10 mM KCl at pH 7.2. DNA is 3 M in strand. The concentration of the Ligands is
equivalent with corresponding DNA. The values were the average of three independent measurements.
b The T of the was measured in 1 mM K+ containing buffer.
m
a Melting

Inhibition of telomerase activity
Human telomeric G-quadruplex is associated with the activity regulation of telomerase, which is activated in 80–90%
of human tumors and is considered to be a specific target
for cancer therapy (47–51). Our results indicate that 1a
can selectively and strongly bind to human telomeric hybrid G-quadruplex DNA. This intriguing finding promoted
us to investigate telomerase inhibition effect of 1a by using TRAP assay. As shown in Figure 4B, 1a can inhibit
telomerase efficiently with an IC50 of 600 nM. In contrast,
1a shows weak inhibition on telomerase. These results encouraged us to examine the behavior of tumor cell treated
with 1a and 1a. Further studies are undergoing and will
be reported in due course.

bilizes hybrid human telomeric G-quadruplex and shows no
effect on the antiparallel conformer. In contrast, the mirror image compound 1a showed no stabilization on both
hybrid and antiparallel G-quadruplex. To the best of our
knowledge, this is the first example of one pair of enantiomers showing such distinct chiral selectivity for human
telomeric hybrid G-quadruplex. In addition, only 1a was
found to effectively inhibit telomerase activity. These findings provide new insights into rational design and synthesis
of specific G-quadruplex targeting metal complexes.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.

CONCLUSION
In summary, our water-stable metallohelices, synthesized
directly via diastereoselective self-assembly, are capable of
discriminating human telomeric hybrid G-quadruplex with
high chiral selectivity. One enantiomer, 1a, selectively sta-
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