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Telomere structures are essential for genome stability.[1]

Telomere dysfunction can cause cell senescence, death, or
genomic instability.[1] Human telomeric DNA consists of a
duplex region composed of TTAGGG repeats, ending in a
100–200 nucleotide (nt) G-rich single-stranded overhang.[1]

The telomeric overhang is recognized as a critical component
of telomere structures, required for telomere end protection
and extension.[1] It is also particularly attractive as a target for
anticancer therapeutic development.[2] The detailed structural
features and mechanisms of telomeric overhang that are
responsible for protecting the chromosome ends are still
insufficiently understood, although several alternative struc-
tures have been proposed for human telomeric DNA, such as
G-quadruplex or T-loop.[3,4]

The T-loop and G-quadruplex structural models with the
same human telomere sequence seem to leave many ques-
tions unanswered. Some important experimental findings are
not adequately explained by these models. Among those
findings are the following: 1) The T-loop structure, which is
stabilized by the 3’-overhang strand encroaching into the
double-stranded region, cannot explain the inhibition of
telomerase activity by a G-quadruplex stabilizing molecule.[2]

2) Previous studies showed that only one TTAGGG repeat
(6 nt) of 3’-overhang is sufficient for T-loop formation.[5]

However, a recent study showed that, in most senescent
cells, telomeric overhangs are still long, often averaging 50–
100 nt.[6] This finding raises the question of why that DNA
length, seemingly sufficient for T-loop formation, does not
provide a protective structure for prevention of senescence in
cells. For the G-quadruplex structure, most previous studies
focused on individual G-quadruplexes formed by short
telomeric DNA (especially 22 nt unimolecular G-quadru-
plexes).[3] However, it might be more biologically relevant to
take into account the real length of the 3’-terminal single-
stranded overhang of human telomeric DNA in vivo (100–
200 nt) to directly reveal the structural features of long-

telomeric-overhang DNA, owing to its similarity in length to
that of the intracellular telomere.

Several research groups, including our own, have men-
tioned the possibility that long-telomeric-overhang DNA may
form a higher-order G-quadruplex structure (Figure 1).[3]

However, experimental data to directly demonstrate the
existence of such a structure have not been reported to date.
Presumably, higher-order telomeric DNA structures with
relatively large molecular sizes are not amenable to study by
traditional methods such as NMR spectroscopy and crystal-
lography.

Atomic force microscopy (AFM) is a powerful and widely
used imaging technique for visualizing molecular structure at
the single-molecule level.[7] Herein, we use a combination of
AFM, fluorescent resonance energy transfer (FRET), and
circular dichroism (CD) experiments to investigate the
structural characteristics of long-telomeric-overhang DNA.
We found that telomeric-overhang DNA forms a higher-order
DNA structure containing consecutive G-quadruplexes, and
that this structure protects DNA double-strand ends from
being recognized as double-strand breaks and directs against
nuclease hydrolysis. This structure thus addresses the puzzling
questions left unanswered by the T-loop or individual G-
quadruplex structural models. These results provide valuable
information to promote understanding of the structure and
function of human single-stranded telomeric-overhang DNA.

To gain structural information on human single-stranded
telomeric-overhang DNA, we visualized the elongated telo-
mere sequence by atomic force microscopy (AFM). For this
purpose, we designed several DNA samples. DNA 1 and 2 are
shown in Figure 2 a. DNA 1 has a 96 nt human telomere

Figure 1. Schematic drawing showing that the mixed-type
structure (top) reported in previous studies might fold to form a
higher-order telomeric G-quadruplex structure in telomeric-overhang
DNA (bottom).
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TTAGGG repeat sequence at one end. DNA 2 has the same
sequence but at both ends. The AFM image of DNA 1 clearly
shows a half-dumbbell-shaped structure with a globular
protrusion at the end (Figure 2b). The height of the end
protrusion is four times the height of the single-stranded
DNA, suggesting that the end was formed by G-quadruplexes.
A higher-resolution AFM image shows the G-quadruplex
molecular structure at the protrusion ends. The image clearly
shows that the higher-order G-quadruplex consists of blob-
shaped protrusions arranged end-to-end and formed by
adjacent G-quadruplex units (Figure 2d). AFM measure-
ments show that the superhelix structure has a mountain-
shaped profile (heights averaged over 30 images, Figure S1 in
the Supporting Information). The peaks and valleys relate
directly to the difference in height between a G-quadruplex
unit and a single-stranded TTA linker that connects two

adjacent G-quadruplex
units (Figure 1, Figure 2e).
Four blobs, corresponding
to four peaks in the height
profile, are consistent with
the fact that a 96 nt
TTAGGG repeat sequence
can form four consecutive
G-quadruplex units, in
which a minimum length of
21 nucleotides is required to
form a stable intramolecu-
lar G-quadruplex unit.[3]

The AFM image of
DNA 2, which has the
human telomere
TTAGGG-repeats
sequence at both ends,
shows a dumbbell-shaped
structure at the base of a
globular end protrusion
(Figure 2a and Figure S2 in
the Supporting Informa-
tion). The higher-resolution
AFM image clearly shows a
dumbbell-shaped structure
with clear bright blobs at
the ends (Figure 2c). G-
quadruplex structures can
be recognized at the ends
of both DNA 1 and DNA 2
as a protrusion dot with a
height of 2–3 nm (averaged
over 28 images; Fig-
ure 2b,c), which is consis-
tent with the reported
values for G-quadruplex
determined by AFM and
close to the diameter of G-
quartets (2.4 nm) deter-
mined by X-ray crystallog-
raphy.[8] In independent
AFM experiments, higher-

order G-quadruplex structures were observed at almost
100 % frequency for DNA 1 and DNA 2. Apparently, the
superhelix structures are formed by human single-stranded
telomeric-overhang DNA.

Next, FRET and CD experiments were performed to
further confirm the higher-order G-quadruplex structure.
Formation of a higher-order G-quadruplex was accompanied
by dimer formation by two G-quadruplex units. A fluores-
cence color change induced by FRET between the donor (6-
FAM) and the acceptor (6-TAMRA) in 46 nt human telomere
DNA 3 suggests that a dimeric structure is formed by two G-
quadruplex units (Figure S3 in the Supporting Information).
The formation of a higher-order G-quadruplex structure was
further demonstrated by comparing the CD spectra of single-
stranded DNA having no telomeric sequence and telomere-

Figure 2. Human single-stranded telomeric-overhang DNA folds into a higher-order G-quadruplex structure by
consecutive formation of G-quadruplexes. a) Schematic drawings of DNA models used for AFM visualization.
DNA 1 has a TTAGGG repeat sequence (96 nt) at one end and a single-stranded DNA segment (120 nt).
DNA 2 has a TTAGGG repeat sequence (96 nt) at both ends and a single-stranded DNA segment (240 nt)
linked by a 15 nt duplex. b) AFM image of DNA 1 and schematic drawing of its half-dumbbell structure.
c) High-resolution image of DNA 2 and schematic drawing of its dumbbell-shaped structure. d) High-
resolution AFM image of higher-order telomeric DNA structures. e) Overall view of a possible model for the
higher-order telomeric DNA structure; four G-quadruplex units shown in different colors are linked by added
TTA linkers. f) Schematic drawing of higher-order telomeric G-quadruplex structures formed by DNA 1 and
DNA 2. The 5’ and 3’ ends of each mixed-type G-quadruplex point in opposite directions.
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sequence-containing DNA (DNA 4–8, Figure S4 in the Sup-
porting Information).[9]

In previous studies, a mixed-type G-quadruplex structure
has been demonstrated to form by a 22 nt human telomere
sequence.[3] This structure should easily fold into a higher-
order packing structure by consecutive formation of G-
quadruplex units, because the 5’ and 3’ ends of the mixed G-
quadruplex point in opposite directions, allowing the struc-
ture to fold end-to-end in the elongated telomeric DNA
strand (Figure 1, Figure 2 f).[3] End-to-end connection is
simply accomplished by a TTA linker to connect each 22 nt
G-quadruplex structure (Figure 2e,f).[3] In further support of
the dimeric G-quadruplex, a study by molecular dynamics
simulation showed a stable dimeric G-quadruplex structure
for human telomeric DNA in which the interface between
quadruplex units is stabilized by specific stacking interactions
of loop nucleotides,[10] in contrast to a “string of beads”
model.[11] A crystal structure study also showed that a dimeric
structure with two G-quadruplex units formed by human
telomeric DNA is stabilized by an acridine drug, BRACO-19,
that is sandwiched between the interface of two G-quadru-
plex units.[12]

One important function of telomeres is to protect
chromosome ends from being recognized as double-strand
breaks.[1] Indeed, perturbation of telomeres can efficiently
induce a DNA damage response characteristic of DNA
double-strand breaks.[13] It has been suggested that the
function of a telomere might depend on its state: whether it
is a “capping” or an “uncapping” structure.[1] The consecutive
formation of G-quadruplex units in human single-stranded
telomeric-overhang DNA, proposed above on the basis of
structural studies, may provide a protective capping structure
for the telomere end. To test this hypothesis, we designed a
series of DNA substrates (DNA 9–11) and tested their
capability to activate DNA damage signals in an in vitro

system (Figure 3). This nuclear extract system, which has been
employed in a previous study,[14] is capable of activating
various DNA damage signals, including phosphorylations of
p53 (Ser-15), in response to exogenous linear DNA. DNA 9, a
24 nt duplex DNA substrate with both ends exposed, was
highly efficient in activating phosphorylation of p53 (Ser-15;
lanes 2 and 3). DNA 10, structurally identical to DNA 9
except that the duplex ends contain two single G-quadruplex
units, was less efficient (lanes 4 and 5). DNA 11, a duplex
DNA substrate with both ends protected by four G-quad-
ruplex units, exhibited no phosphorylation of p53 (Ser-15;
lanes 6 and 7). DNA 9 activated DNA damage signals, thus
suggesting that exposure of the duplex ends is recognized by a
sensor mechanism, presumably a nuclear protein or protein
complex, and that this mechanism initiates a signaling cascade
that includes a key regulator such as DNA-dependent protein
kinase (DNA-PK).[15] In contrast, DNA 11 did not activate
DNA damage signals. A simple explanation for the protective
action of DNA 11 invokes a steric interference model in
which the higher-order G-quadruplex at the ends of DNA 11
may block the access of key regulatory molecules such as
DNA-PK and ataxia telangiectasia mutated (ATM) to the
ends of the duplex.[14, 15] A control experiment suggested that
the G block in the telomeric repeat sequence is important for
the inhibitory activity of the 3’ overhang. DNA 12, which was
structurally similar to DNA 10 except that the G-quadruplex
unit at the duplex ends was replaced with a mutant having no
telomeric repeat sequence, stimulated phosphorylation of p53
(Ser-15; Figure S5 in the Supporting Information).

Our results are consistent with previous studies suggesting
that telomere overhang loss as a molecular signal triggers
senescence.[1] Overhang loss leads to eventual telomere
uncapping, that is, disruption of the proper structure of the
protective cap at the end of the telomere.[1] It is reasonable to
conclude that when the structures are perturbed, the uncap-
ped duplex ends can be efficiently recognized by key DNA
damage regulators such as DNA-PK and ATM, leading to
activation of various DNA damage signals. Without dedicated
protection, linear chromosome ends are identified by the
cell�s DNA damage surveillance machinery as DNA breaks,
which can lead to many types of genome aberrations.[16]

The protective effect was further confirmed by hydrolysis
assay using T4 polymerase.[17] This enzyme with 3’ to 5’
exonuclease activity hydrolyzes both single- and double-
stranded DNA. The assay was performed on DNA 1 and a
control, DNA 13, having no telomeric sequence. The hydrol-
ysis was arrested in DNA 1 as compared with control DNA 13
(Figure S6 in the Supporting Information), indicating that
DNA 1 was protected from digestion and thus suggesting that
higher-order G-quadruplex formation induces a strong exo-
nuclease resistance. These results indicate that consecutive G-
quadruplex units in human single-stranded telomeric-over-
hang DNA may constitute a protective structure against such
hydrolysis by, for example, exonuclease.

The results herein reveal the consecutive formation of G-
quadruplex in human single-stranded telomeric-overhang
DNA. The higher-order DNA G-quadruplex structure pro-
tects DNA double-strand ends from being recognized as
double-strand breaks and directs against nuclease hydrolysis,

Figure 3. Human higher-order DNA G-quadruplex inhibits end-medi-
ated DNA damage signals. DNA 9–11 (see structures in the top panel)
were incubated with nuclear extracts, and p53 (Ser-15) phosphorylation
was measured by immunoblotting with phospho-p53 (Ser-15) antibody
(top). Reaction mixtures were analyzed, after incubation, by western
blotting using phospho-p53 (Ser-15) antibody. For loading controls,
reactions were also immunoblotted with Mre11-specific antibody
(bottom). DNA concentrations: 0, 1, 10 mm.
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suggesting that this superhelix structure might be important
for effectively packing telomeric DNA into a protective
capping state. It is noteworthy that different structural forms
may be important for participation in different biological
functions of telomeres. The higher-order structure and T-loop
may provide conformational flexibility for chromosome ends
in response to environmental conditions such as protein
binding. These results may possibly solve the puzzles pointed
out above. Several telomeric DNA-binding proteins have
been found to associate with telomere G-quadruplex. Pot1 is
known to disrupt telomeric G-quadruplex, allowing telomer-
ase extension.[18] Conversely, Rap1 is believed to promote G-
quadruplex formation.[19] By coordination with such proteins,
the forming and opening of higher-order DNA G-quadruplex
might provide a reasonable mechanism for protecting and
regulating chromosome ends. The proposed structure might
also have clinical implications. Structure-based design of
telomerase inhibitors requires molecular understanding of G-
quadruplex topologies, and this structure is valuable in
providing such information.
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