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Abstract: Telomere is an emerging target for the treatment of human cancers. Here, we report a structure-
based approach to sequence-specific cleaving of human telomeric DNA by G-quadruplex formation.
Oligonucleotide with multiphosphonate [DNA-EDTP ·Ce(IV)] at the 5′ end binds to human telomere DNA
by G-quadruplex formation and causes a sequence-specific strand break. These results provide the first
proof of concept for targeting the human telomere DNA based on G-quadruplex formation, and this may
serve as a starting point for the design of more efficient telomere sequence-specific cleaving reagents by
G-quadruplex formation.

Introduction

Human telomeric DNA consists of a duplex region composed
of TTAGGG repeats, ending in a 100-200 nt G-rich single-
stranded overhang.1-6 Telomeric overhang has been implicated
as a critical component of telomere structures that is required
for telomere end protection.1,7-9 The telomeric overhang DNA
is also a substrate for telomerase, which elongates telomeric
sequence by adding G-rich repeats.1,9,10 Telomerase is activated
in 80-90% of human tumors and is low or undetectable in most
normal somatic cells.11 Thus, telomerase or its telomere DNA
substrate presents a target with good selectivity for tumor over
healthy tissue.12-27

Developing various approaches to targeting human telomeric
DNA is an area of great interest due to its potential role in

discovering anticancer agents.12-27 A promising method has
been to focus on the disruption of the telomere-telomerase
interaction via targeting the telomere DNA substrate, thereby
preventing telomere elongation by telomerase.28,29 Human
telomeric DNA has been identified to fold into four-stranded
G-quadruplex structures.30,31 Recently, we and others reported
a new topology containing the (3 + 1) G-tetrad core for human
telomeric G-quadruplex based on CD and NMR studies.32-35

Patel et al. showed that a dimeric G-quadruplex with the same
topology was formed by the three-repeat and single-repeat
human telomeric sequences (Figure 1a).36 This dimeric G-
quadruplex structure suggests a way of how a segment of three
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G-tracts could bind to a remote G-tract. These pioneering works
led us to develop a novel approach toward inhibiting telomerase
by targeting its telomere DNA substrate. Here, we report a
structure-based approach to sequence-specific cleaving of human
telomeric DNA by G-quadruplex formation.

Results and Discussion

Our strategy involves targeting the human telomeric DNA
sequence by forming G-quadruplex between three G-tracts probe
and target telomeric DNA. A N,N,N′,N′- ethylenediaminetet-
ramethylenephosphonic acid (EDTP) as metal binding group
was conjugated to the three G-tracts oligonucleotide to yield a
strand break at target sequence (Figure 1b,c). Because mul-
tiphosphonate-type ligands (EDTP) exhibit high affinity toward
lanthanide ions, oligonucleotides bearing this kind of terminal
group were efficiently recruiting the catalytic Ce(IV) species
to the target site and resulting in an efficient cleavage (Figure
1c).37-40 The DNA-EDTP probe was prepared by oxime
coupling to link the EDTP group to the 5′ end of the
oligonucleotide (Supporting Information). Formation of a stable
G-quadruplex between the DNA-EDTP probe and the target
sequence is a key step in the cleavage reaction. For this purpose,

substitutions of dG in the syn conformation with a syn-preferring
8-bromoguanosine (BrG) in the DNA-EDTP probe were
performed to form a highly stable G-quadruplex structure
between the probe and target sequence (Figure 1). In previous
studies, we have demonstrated that the proper substitutions of
dG with BrGs can stabilize, or “freeze”, the G-quadruplex
structures.32,33,41 The CD spectrum of a mixture of the
DNA-EDTP probe and a telomere DNA substrate in 200 mM
K+ ion shows a strong positive band at 290 nm, with weak
negative peaks near 255 and 235 nm (Figure S1), which is
characteristic of a hybrid-type G-quadruplex structure consistent
with the results of previous CD and NMR studies.32,33,36 The
BrG substitution at the syn positions in the DNA-EDTP probe
results in a significant increase in thermal stability as compared
to no substitution of the BrG in the DNA-EDTP probe.
According to CD melting experiments, the Tm value of G-
quadruplexes formed by the DNA-EDTP probe with BrG was
increased 8.7 °C over the DNA-EDTP probe without BrG
(Figure S2). The sequence-specific cleavage by G-quadruplex
formation with the DNA-EDTP ·Ce(IV) probe complex was
examined on a 5′-end FAM-labeled 29 mer DNA substrate,
containing a 7 mer human telomeric sequence. The nonradioac-
tive DNA-EDTP probe and 5′-end labeled DNA target were
incubated with 10 µM Ce(IV)/EDTA, 200 mM KCl, 10 mM
HEPES (pH 7.0) for 50 h. Figure 2 shows the DNA cleavage
products analyzed by denaturing PAGE. From the gel-electro-
phoresis, the cleavage at the sequence of telomere DNA was
observed (Figure 2, lane 2). When the DNA-EDTP probe was
omitted, no observable cleavage of the target DNA occurred
even in the presence of Ce(IV)/EDTA (lane 1). To further
confirm that the cleavage results from the formation of a
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Figure 1. (a) Schematic structure of the (3 + 1) core dimeric G-quadruplex
formed by a three-repeat (three G-tracts) and a single-repeat (one G-tract)
human telomeric sequence. (b) Three G-tracts oligonucleotide equipped with
EDTP at 5′ end. The red boxes showed the substitutions of dG in the syn
conformation with 8-bromoguanosine (BrG) in the DNA-EDTP probe,
EDTP-5′-BrGGGTTABrGBrGGTTAGGGT-3. (c) Human telomere sequence-
specific cleavage by G-quadruplex-forming DNA-EDTP ·Ce(IV) probe
complex. (d) The structures of EDTP and BrG are shown.

Figure 2. (a) Denaturing polyacrylamide gel electrophoresis (15% PAGE)
showing the sequence-specific cleavage of human telomere by G-quadruplex
formation. (Lane 1) Control without DNA-EDTP probe with Ce(IV)/
EDTA; (lane 2) 5′-end FAM-labeled 29 mer DNA containing a 7 mer human
telomere sequence at 3′-end with underline, with both DNA-EDTP probe
and Ce(IV)/EDTA; (lane 3) control 5′-end FAM-labeled 29 mer DNA that
does not contain telomere sequence, with both DNA-EDTP probe and
Ce(IV)/EDTA; (lane M) marker oligonucleotides (the number indicated
marker size). Ce(IV)/EDTA ) 10 µM, t ) 50 h, T ) 50 °C, 10 mM HEPES
(pH 7.0), [KCl] ) 200 mM, [target] ) 1 µM, [DNA-EDTP] ) 2 µM. (b)
Enlargement of cleavage sites of lane 2 and histograms of the DNA cleavage
patterns. The numbers indicate the cleavage sites. The heights of the arrows
represent the relative cleavage intensities at the indicated bases.
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G-quadruplex structure in the target DNA, a mutated random
template DNA that did not contain the telomere sequence was
used in a parallel experiment. No cleavage was observed (lane
3). The cleavage location of target DNA produced by the probe
with respect to the position of EDTP group suggested that
G-quadruplex formation results in the sequence-specific cleavage
in the telomere region of template DNA. Enlargement of
cleavage lane corresponding to the scission sites is presented
in Figure 2b, together with a histogram showing the relative
scission efficiencies at each individual phosphodiester linkage.
The cleavage locus extends over five nucleotides, consistent with
the results of our previous studies using the Ce(IV)/EDTA
complex, in which each cleavage locus extends over four or
five base pairs.37-40,43 We presume that a number of cleavage
sites may result from that the Ce(IV) ions are recruited into
target sites by DNA-EDTP probe to generate the extended
cleavage in the DNA scission sites. These results are consistent
with a hydrolytic pathway of DNA scission by a “proximity
effect”, as indicated in our previous studies.43

It is known that human telomeric DNA can form an
intramolecular G-quadruplex via a four-repeat telomere se-
quence. Such secondary structure formed on DNA substrate may
hinder the localization of probe to target DNA.30-35 To
investigate the sequence-specific cleavage of the long human
telomeric fragment, cleavage reaction was examined on a 5′-
end FAM-labeled 45 mer DNA substrate that contained the long
sequence d(TTAGGG)4. One cleavage site was observed on the
5′ end of the four-repeat telomeric sequence by comparison with
comigrating DNA markers (Figure 3, lane 3). No cleavage
occurred when the Ce(IV)/EDTA or the DNA-EDTP probe
was not added (lanes 1, 2). We conclude from this result that
the BrGs-modified DNA-EDTP ·Ce (IV) probe complex can
form a stable G-quadruplex with the long telomere DNA target
by interrupting the self-formed intramolecular G-quadruplex
structure in the substrate DNA and induces a telomere sequence-
specific cleavage. It is known that the GGG target sequences
exist in cellular RNAs.44-46 We next examined the cleavage

efficiency of sequence GGG-containing RNA. It was found that
the DNA-EDTP ·Ce(IV) probe complex is not capable of
specific cleaving of the RNA molecule for 2 h reaction at 37
°C in 50 µM Ce(IV)/EDTA (Figure S3), suggesting such
oligonucleotide conjugates are less damaging in RNA molecules
to avoid unintended toxic/off-target effects for cellular application.

The kinetics of human telomeric DNA cleavage by the
DNA-EDTP ·Ce(IV) probe complex was studied in the con-
centration range from 0 to 200 µM (Figure S4). The concentra-
tion dependence of kobs is shown in Figure 4a. The specific
cleavage by the DNA-EDTP ·Ce(IV) probe complex is sig-
nificantly more active than nonspecific cleavage. The ratio of
rates of site-specific to nonspecific cleavage was calculated and
shown in Figure 4b. In lower concentrations, the kobs (specific)
is approximately 9 times larger than the kobs (nonspecific). The
high specificity in lower concentration will be preferable to such
oligonucleotide conjugates for cellular use. A further experiment
on cleavage efficiency as a function of reaction time was
performed, indicating that the specific cleavage is achieved in
a shorter reaction time (Figure S5). Moreover, Kd and kmax are
determined to be 65.7 ( 17.5 µM and (3.79 ( 0.65) × 10-7

s-1. On the basis of these experimental results and together with
our previous studies, one possible mechanism for the specific
cleavage was proposed (Figure 5).43,47,48 EDTP, a strong affinity
ligand for Ce(IV), recruits the Ce(IV) ions into phosphodiester
around target sites to form a complex of EDTP ·Ce(IV). As the
result, the electrons of the phosphate are strongly withdrawn
and lead to activation of the phosphodiester linkage for the
nucleophilic attack by the hydroxide ion. Finally, in the
breakdown of intermediate, the 5′-OH of the 2′-deoxyribonucle-
otide is removed from the phosphorus atom through the scission
of the P-O bond.

In conclusion, this is the first report demonstrating sequence-
specific cleavage of human telomere DNA by G-quadruplex
formation. Our approach toward prevention of telomere elonga-
tion is conceptually different from previous works in the
following aspect: formation of a stable G-quadruplex is used
to directly cleave telomere DNA, whereas traditional works were
to stabilize telomere G-quadruplex structures by small molecular
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Figure 3. PAGE (15%) showing the sequence-specific cleavage of long
strand human telomere by G-qudruplex formation. (Lane 1) Control without
both DNA-EDTP probe and Ce(IV)/EDTA; (lane 2) control without
DNA-EDTP probe with Ce(IV)/EDTA; (lane 3) 5′-end FAM-labeled 45
mer DNA containing a d(TTAGGG)4 human telomere sequence at 3′-end
with underline, with both DNA-EDTP probe and Ce(IV)/EDTA; (lane M)
marker oligonucleotides. Ce(IV)/EDTA ) 10 µM, t ) 50 h, T ) 50 °C, 10
mM HEPES (pH 7.0), [KCl] ) 200 mM, [target] ) 1 µM, [DNA-EDTP]
) 2 µM.

Figure 4. (a) The observed ratio constants of specific cleavage of telomere
DNA [kobs(specific)] (purple) and nonspecific cleavage [kobs(nonspecific)]
(blue) as a function of Ce(IV)/EDTA concentration. (b) Ratio of kobs(specific)
to kobs(nonspecific) as a function of Ce(IV)/EDTA concentration. [Ce(IV)/
EDTA] ) 0, 50, 75, 100, 150, 200 µM, respectively; 10 mM HEPES (pH
7.0), [KCl] ) 200 mM, [target] ) 1 µM, [DNA-EDTP] ) 2 µM, T ) 37
°C, t ) 150 h.
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compounds. Our result provides a proof of concept for targeting
the human telomere DNA substrate associated with the G-
quadruplex formation, and this thus serves as a starting point
for the design of more efficient telomere sequence-specific
cleaving reagents based on G-quadruplex formation.

Experimental Section

General Method. Nucleoside phosphoramidite monomers were
purchased from Glen Research Co. The oligonucleotide multiphos-
phonate conjugates were prepared on an automated synthesizer,
purified by the conventional methods, and characterized by MALDI-
TOF MS. The substrate and marker oligonucleotides were com-
mercial products of Sigma Genosys and were purified by the
conventional methods before use. Water was deionized by a
Millipore water purification system and sterilized by an autoclave
immediately before use. Commercially obtainable Ce(NH4)2(NO3)6

(from NACALAI TESQUE) and EDTA ·4Na (from Tokyo Kasei
Kogyo) were used without further purification. Homogeneous
Ce(IV)/EDTA complex was prepared immediately before use by
mixing equimolar amounts of Ce(NH4)2(NO3)6 and EDTA (4Na
salt) in HEPES buffer, as was previously described.42

The hydrolysis of the 5′-end FAM-labeled DNA substrate was
initiated by adding the solution of Ce(IV)/EDTA complex to the
reaction mixtures and carried out at pH 7.0 (10 mM HEPES buffer),

37 or 50 °C; [target DNA] ) 1.0 µM, [DNA-EDTP] ) 2.0 µM,
[KCl] ) 200 mM. The reaction mixtures were then analyzed by
denaturing 15% polyacrylamide gel electrophoresis, and the scission
fragments were quantified with a Fuji Film FLA-3000G imaging
analyzer.

Preparation of DNA-EDTP Probe. The 16 mer oligonucle-
otides with or without BrG were prepared on an automated
synthesizer by the conventional phosphoramidite method. The
support-bound oligonucleotides were treated by hydrazine solution
(1/32/8, hydrazine/pyridine/AcOH, v/v/v) for 30 min at room
temperature and were washed with dry pyridine (2 mL), dry
methanol (2 mL), and dry acetonitrile (2 mL). After being dried
under vacuum, the supports were transferred to microcentrifuge
tubes. By oxime coupling, the EDTP group was linked to the 5′
end of oligonucleotides. The detailed experiments for preparing the
DNA-EDTP probe and related synthesis reagents were described
in the Supporting Information.

CD Measurements and Analysis of CD Melting Profile. CD
spectra were measured using a Jasco model J-725 CD spectropho-
tometer. The spectra were recorded using a 1 cm path-length cell.
Samples were prepared by heating the oligonucleotides at 90 °C
for 5 min and gradually cooling to room temperature. In CD melting
studies, diluted samples were equilibrated at room temperature for
several hours to obtain equilibrium spectra. The melting curves were
obtained by monitoring a 290 nm CD band. Solutions for CD
spectra were prepared as 0.3 mL samples at 5 µM strand
concentration in the presence of 200 mM KCl, 5 mM HEPES buffer,
pH 7.0.
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Figure 5. Proposed mechanism of telomere DNA cleavage by
DNA-EDTP ·Ce(IV) probe complex.
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