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ABSTRACT: Long human telomeric fragments can form
stable, higher-order G-quadruplex structures, recently
identified in human cells, which are potential drug targets.
However, there are very few examples of ligand binding to
higher-order G-quadruplexes, and all the reported ligands
are proposed to bind at the cleft between two G-
quadruplexes. Here we report that zinc-finger-like chiral
supramolecular complexes prefer binding to higher-order
G-quadruplexes over a single G-quadruplex, with ∼200-
fold higher selectivity. To our knowledge, this is the first
example of a ligand that can distinguish higher-order G-
quadruplexes from a single G-quadruplex with such high
selectivity. Further studies indicate that the nanosized
chiral complex would bind to two well-matched G-
quadruplex units, instead of binding at the cleft between
the two G-quadruplexes. These results provide new
insights into the targeting of higher-order G-quadruplex
ligands. Our work illustrates that dimeric G-quadruplex
units can be ligand-preferred binding sites.

Telomere structures are essential for eukaryotic chromo-
somes that contain highly repetitive guanine (G)-rich DNA

sequences. In humans, telomeric DNA consists of a duplex
region composed of hundreds of TTAGGG repeats, ending in a
shorter G-rich single-stranded protrusion, which can fold into
unique, highly stable four-stranded helices known as G-
quadruplexes.1 Recent studies demonstrate that G-quadruplex
structures are stable and detectable in human cells.2 G-
quadruplexes participate in several key biological events,
especially those that are aging-associated and disease-related.3

They are involved in the activity regulation of telomerase, which
is activated in 80−90% of human tumors and can serve as specific
tumor-selective targets for chemotherapy.4 Thus, compounds
which can stabilize human telomeric G-quadruplex can be
potential anticancer agents.5

A G-quadruplex monomer formed by short human telomeric
DNA sequences (typically 21−26 nt) is usually used as themodel
to screen G-quadruplex-interactive ligands, as its high-resolution
structure is well characterized by X-ray crystallography and
NMR.6 Since the telomeric terminal overhang is ∼200 nt, it can
form more-complex, higher-order G-quadruplex structures
(dimer or multimer), consisting of consecutive G-quadruplex
units connected by TTA linkers.7 Compared with G-quadruplex

monomers, the higher-order G-quadruplex structure8 is more
biologically relevant, and the multimeric quadruplex units can be
a predominant factor in recognizing long telomeric DNA in vivo.
Thus, deciphering how ligands bind to long telomeric DNA is
essential. Until now, most studies focused on ligand binding to
monomeric G-quadruplexes. There are very few reports of ligand
binding to higher-order G-quadruplexes,9 as recently reviewed by
Petraccone.9a In all the reported examples, the ligands are
proposed to bind at the cleft between two consecutive G-
quadruplexes. There is no report of a ligand binding to dimeric
G-quadruplex units rather than binding monomeric G-quadru-
plexes. More importantly, since monomeric G-quadruplexes are
known to be binding sites for ligands bound to single G-
quadruplex DNA, dimeric G-quadruplex units are also potential
targets for large ligand binding to higher-order G-quadruplexes.
Recently, our group reported that a zinc-finger-like nanosized

chiral metallo-supramolecular complex, P-[Ni2L3]
4+ (Ni-P),

displayed chiral and steric selectivity in stabilizing human
telomeric monomeric G-quadruplex.10 However, its enantiomer,
M-[Ni2L3]

4+ (Ni-M), showed no specific binding with the
monomeric G-quadruplex (Figures S1 and S2). The increasing
interest in long telomeric DNA prompted us to study the binding
properties of these chiral supramolecular complexes with higher-
order G-quadruplexes. Here we report that Ni-M can bind to
higher-order G-quadruplexes (dimeric G-quadruplexes) 200-
fold better than to monomeric G-quadruplex (Scheme 1). In
contrast to all the reported ligands, which bind to the cleft

Received: October 25, 2013
Published: November 22, 2013

Scheme 1. Preferred Binding of a Chiral Metallo-
supramolecular Complex to a Higher-Order Dimeric G-
Quadruplex over a Monomeric G-Quadruplex Unit
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between the two G-quadruplexes,9 the nanosized chiral metallo-
supramolecular complex would bind to the well-matched two G-
quadruplex units. To the best of our knowledge, this is the first
example that a ligand can distinguish higher-order G-quadru-
plexes from single G-quadruplexes with such a huge difference.
These results will facilitate design of ligands targeting higher-
order G-quadruplexes, and indicate that dimeric G-quadruplex
units can be preferred binding sites.
On the basis of previous reports,7,8 we chose a dimeric G-

quadruplex (named G2T1) as the higher-order structure to
compare its ligand-binding properties with those of a monomeric
G-quadruplex (named G1). It should be noted that human
telomeric G-quadruplex structures are highly polymorphic. The
“real” structure for the long human telomeric sequence in K+

solution is still an open question.9a In contrast, the conformation
of high-order G-quadruplexes in Na+ solution is clear.8b Thus, we
chose Na+ buffer to carry out our experiments.6b,11

DNA UV melting studies12 clearly indicated that Ni-M
showed negligible influence on the melting temperature (Tm) of
G1 (Figure 1A), whereas it significantly increased the Tm of
G2T1 (Figures 1B and S3), demonstrating that Ni-M specifically
bound to high-order G2T1 over G1. By plotting the variations of
DNA melting temperature as a function of complex concen-
tration (Figure S4), we observed a 1:1 binding ratio for Ni-M
binding with G2T1. The binding stoichiometry was further
confirmed through titrating fluorescent TMR-labeled G2T1 by
Ni-M (Ni-M could quench the fluorescence of TMR-labeled
DNA owing to a possible electron-transfer mechanism, as shown
in Figure S5). Clearly, the results of both the titration curve
(Figure S6) and Job’s plot (Figure 1C, inset) illustrate 1:1
binding between Ni-M and G2T1. In addition, the 1:1 binding
between Ni-M and G2T1was verified by isothermal titration
calorimetry (ITC, Figure 1D).
To verify the selectivity of Ni-M for G2T1 over G1, native gel

electrophoresis experiments were performed. We previously
reported that Ni-P can bind to G1monomer but Ni-M cannot.10a

In Figure 2A, in the presence of Ni-P, a new retarded band is
observed due to formation of Ni-P-G1 complex, whereas no new
band is observed for G1 incubated with Ni-M, indicating that Ni-

M did not form a stable complex with G1. In contrast, for G2T1,
both Ni-M and Ni-P led to new retarded bands, ascribed to
formation of Ni-M/Ni-P-G2T1 complex (Figure 2B). These
results clearly reveal that Ni-M selectively binds to G2T1 instead
of G1. Note that nearly 100% of the G2T1 sequence could form
the higher-order structure under the experimental conditions
(lane 2 in Figure 2B and Figure S7). To further certify this
selectivity, Ni-M was incubated with a mixture of G2T1 and G1.
Obviously, G1 and G2T1 formed intramolecular monomeric G-
quadruplex or dimeric G-quadruplex, respectively, without
disturbing each other (Figure 2C, lane 5).13 After addition of
Ni-M to the mixture of G2T1and G1, a new retarded band
corresponding to Ni-M-G2T1 complex appeared (Figure 2C,
lanes 6−8). These results imply that, even while coexisting with
G2T1 and G1, Ni-M can selectively bind to G2T1 owing to its
high binding affinity with G2T1, in agreement with the melting
results.
Competitive binding assays and fluorescence stopped-flow

kinetic studies were next carried out to verify the stronger
binding of Ni-M to G2T1. As shown in Figure 3A, Ni-M just
slightly decreases the fluorescence of TMR-G1, due to the

Figure 1. UV melting profiles of (A) G1 and (B) G2T1 in the absence
and presence of Ni-M. Absorbance changes were measured at 295 nm.
DNA concentration was 2 μM in strand, andNi-M concentration ranged
from 0.5 to 4 μM. (C) Fluorescence emission spectra of TMR-G2T1
titrated by Ni-M, λex = 480 nm. Inset: Job’s plot for complexation of Ni-
M with TMR-G2T1. [Ni-M] + [TMR-G2T1] = 0.3 μM, λex = 480 nm.
(D) Representative ITC profile for the titration of Ni-M into a solution
of G2T1, and (inset) the corresponding normalized heat signals versus
molar ratio. All the experiments were carried out in 10 mM Tris-HCl
buffer, 100 mM NaCl, pH 7.2.

Figure 2.Native gel electrophoretic analysis of (A) G1 and (B) G2T1 in
the presence of various concentrations of Ni-M and Ni-P: lane 1, DNA
marker; lane 2, DNA alone; lanes 3−5, DNA with Ni-P at ratios of 2:1,
1:1, and 2:3, respectively; lanes 6−8, DNA with Ni-M at ratios of 2:1,
1:1, and 2:3, respectively. (C) Native gel electrophoretic analysis of the
mixture of G1 and G2T1: lanes 1 and 2, G1 in the absence and presence
of Ni-M, respectively; lanes 3 and 4, G2T1 in the absence and presence
of Ni-M, respectively; lane 5, mixture of G1 and G2T1; lanes 6−8,
mixtures of G1 (10 μM) and G2T1 (5 μM) in the presence of 4, 8, and
12 μM Ni-M, respectively. Each band is illustrated to the right of the
electropherogram. Gels were run in TB buffer with 10mMNaCl at 4 °C.

Figure 3. (A) Normalized fluorescence intensity change of TMR-G1
(0.3 μM) with orderly addition of Ni-M (0.3 μM) and G2T1 (0.15 μM
every time) as indicated. Inset: Stopped-flow study of the competition
binding of Ni-M between G1 and G2T1. (B) Normalized fluorescence
intensity change of TMR-G2T1 (0.3 μM)with orderly addition of Ni-M
(0.3 μM) and G1 (0.3 μM every time) as indicated. Fluorescence was
monitored at 580 nm with λex = 480 nm. Experiments carried out in 10
mM Tris-HCl buffer, 100 mM NaCl, pH 7.2.
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nonspecific electrostatic binding. After addition of G2T1 to the
solution of Ni-M and TMR-G1, the fluorescence of TMR-G1 is
rapidly restored, indicating that G2T1 could competitively bind
to Ni-M and form a more stable complex, leading to the
fluorescence recovery of TMR-G1. Fluorescence stopped-flow
kinetic studies (Figure 3A, inset) show that the displacement
process was completed in <1.5 s. In contrast, G1 exhibits no
influence on the mixture of TMR-G2T1 and Ni-M (Figure 3B).
These results unambiguously illustrate that Ni-M bound much
more strongly to G2T1 than to G1.
As analyzed above, Ni-M interacts with G2T1 in a 1:1

stoichiometry. Thus, we speculated that one Ni-M might
simultaneously interact with the two G-quadruplex subunits of
G2T1. To verify this, a series of dimeric G-quadruplexes with
different length linkers ranging from 1 to 8 TTAs were designed
and interacted with Ni-M (Figure 4A). If one Ni-M bound to two
G-quadruplex motifs simultaneously, a short TTA linker would
favor its binding. Accordingly, the long TTA linkers would
hamper the binding because of the increasing spacial distance
between the two G-quadruplex units. As expected, with linkers
getting longer, the stabilization effect of Ni-M on dimeric G-
quadruplexes became weaker (Figures 4B and S8). These results
support the above speculation that one Ni-M interacts with the
two G-quadruplex units in G2T1. Because the G-quartet was
∼1.1 nm in width14 and the TTA linker was flexible, the distance
from the center of one G-quartet plane to the center of another
G-quartet was considered to be larger than 1.1 nm.
Coincidentally, Ni-M was ∼1.15 nm in length between two
nickel atoms, with diameter of 0.8 nm.15 Thus, stacking on the
end G-quartets of the two G-quadruplex motifs might be its
favored DNA-binding mode (Scheme 1), which would provide a
beneficial effect on shape recognition and electrostatic
interactions between Ni-M and G2T1.
Modification of 2-aminopurine (2-Ap) in different loops was

widely used to estimate the ligand binding mode with quadruplex
DNA.16 To further examine the stacking mode of Ni-M onG2T1
DNA, we performed fluorescence experiments using G2T1 with
substitutions at adenine residue positions 7, 13, 31, and 37
(Figure 4C). It should be noted that, after interacting with Ni-M,
G2T1 maintained its conformation, with both G-quadruplex

subunits still in the antiparallel structure (Figures S9−S11).10a,17
Clearly, adding Ni-M to G2T1 significantly decreased the
fluorescence of Ap7 and Ap31, whereas it only weakly affected
the fluorescence of Ap13 and Ap37 (Figure 4C). This indicated
that, after binding with G2T1, Ni-M has closer contacts with Ap7
and Ap31 than with Ap13 and Ap37. These results are
understandable because the diagonal loops (Ap13 loop and
Ap37 loop) would hinder Ni-M from stacking on the
corresponding end G-quartets. The above results indicated that
Ni-M may stack on the end G-quartets (G-quartet near Ap7 and
G-quartet near Ap31) of the two G-quadruplex units in G2T1, as
shown in Scheme 1 and Figure S12. Although no crystal or NMR
structure of higher-order human telomeric G-quadruplexes is
reported, and we did not get a binding model using molecular
dynamics simulations because of the complexity of the metallo-
supramolecular Ni-M (two Ni2+, a large molecular weight), our
melting results, ITC assays, 2-Ap fluorescence studies, and
competitive binding and fluorescence stopped-flow kinetic
studies indicate that Ni-M could preferentially bind to the end
G-quartets of G2T1 by external stacking. In this sense, dimeric
G-quadruplex units can be novel potential targets for design of
ligands targeting higher-order G-quadruplexes.
Nonlinear least-squares analysis of the fluorescence titration

data of Ap7 by Ni-M yielded binding constants of 4.6 × 107 M−1

for G2T1 and just 1.9× 105M−1 for G1, as shown in Table 1. The

results are in good agreement with the binding constants
determined by ITC (2.7 × 107 M−1 for G2T1 and 1.1 × 105 M−1

for G1). This indicates that binding of Ni-M to G2T1 was ∼200-
fold stronger than its binding to G1. This huge difference in
binding affinity is consistent with melting, native gel electro-
phoresis, and competition binding results. To the best of our
knowledge, there is no previous report of a ligand bearing such
high affinity and excellent selectivity for higher-order G-
quadruplexes over monomeric G-quadruplexes.
To further understand the selectivity of Ni-M between G2T1

and G1, the thermodynamic parameters for Ni-M binding to
G2T1 and G1 were evaluated by ITC (Figures 1D and S13), and
the data are listed in Table 2.18 The results imply that Ni-M

Figure 4. (A) Schematic structure of various dimeric G-quadruplexes
with different length linkers. (B) Variations of the melting temperature
of various dimeric G-quadruplexes induced byNi-M binding. (C) Plot of
normalized fluorescence intensity at 370 nm of 2-Ap individually labeled
G2T1 versus binding ratio of Ni-M/[G2T1]. Inset: illustration of the 2-
Ap position in G2T1. (D) Plot of normalized fluorescence intensity at
370 nm of 2-Ap individually labeled G1 versus binding ratio of Ni-M/
[G1]. Inset: illustration of the 2-Ap position in G1. Experiments carried
out in 100 mM NaCl, 10 mM Tris buffer, pH 7.2.

Table 1. Binding Constants of Ni-M with G2T1 and G1a

1Ka (M
−1) 2Ka (M

−1)

G2T1 4.6(±0.8) × 107 2.7(±0.3) × 107

G1 1.9(±0.5) × 105 1.1(±0.4) × 105

aBinding constant 1Ka was measured by fluorescence titration method.
Binding constant 2Ka was measured by ITC method. The values are
the averages of two independent measurements. Experimental details
are described in the Supporting Information.

Table 2. Thermodynamic Parameters for the Interaction of
Ni-M with G2T1 and G1a

G2T1 G1

n 1.1 ± 0.1 1.6 ± 0.2
ΔG°25 (kcal mol −1) −10.1 ± 0.2 −6.8 ± 0.4
ΔH° (kcal mol −1) −19.9 ± 0.8 −10.8 ± 0.9
TΔS° (kcal mol−1 K −1) −9.8 ± 0.4 −4.0 ± 0.7

aAll data were derived from ITC experiments. ΔH° and n
(stoichiometry) were directly obtained from ITC. ΔG°25 was obtained
from the relation ΔG° = −RT ln Ka (values for Ka are listed in Table
1). TΔS° was obtained from the relation TΔS° = ΔH° − ΔG°. The
values are the average of two independent measurements.
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stabilizing G2T1 was due to a more favorable enthalpy
contribution. We also obtained the binding parameters by
melting analysis.8b,19 The results indicate that the favorable
enthalpy plays a key role in the binding between Ni-M and G2T1
(Figures S14−S16), in good accordance with the ITC results.
Binding of Ni-P, the enantiomer of Ni-M, to G2T1 or G1 was

also studied. Like Ni-M, Ni-P exhibits stronger binding to G2T1
than to G1 (Figures S17−S19); it can be concluded that both Ni-
M and Ni-P prefer binding to G2T1 over G1. The chiral
selectivity of Ni-M and Ni-P in stabilizing G2T1 was also
compared. DNA melting results show that Ni-P has a stronger
stabilizing effect than Ni-M (Figure S20)not surprising
because Ni-P bound more tightly to G-quadruplex monomers
than Ni-M.10a These results indicate that the chiral selectivity still
existed when the two enantiomers bound to higher-order G-
quadruplexes.
In summary, our results indicate that nanosized chiral

supramolecular complexes prefer binding to higher-order G-
quadruplexes over single G-quadruplex units with ∼200-fold
different selectivity. There is no report to show that a ligand can
distinguish higher-order G-quadruplexes from single G-quadru-
plexes with such high selectivity. Unlike the few reported ligands
which can bind to the cleft between the two G-quadruplexes, the
nanosized chiral metallo-supramolecular complex would bind to
two well-matched G-quadruplex units. Our work indicates that
dimeric G-quadruplex units can be novel binding sites for large
ligands targeting higher-order G-quadruplexes.
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