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The structures of human telomeric DNA have received much attention due to its signiﬁcant biological importance. Most studies have focused on G-quadruplex structure formed
by short telomeric DNA sequence, but little is known about the structures of long singlestranded telomeric DNAs. Here, we investigated the structure of DNA with a long sequence
of d[AGGG(TTAGGG)6 ] (G6 -DNA) and the eﬀect of a single repeat sequence d(TTAGGG)
(G01 -DNA) on the structure of G6 -DNA using sedimentation velocity technique, polyacrylamide gel electrophoresis, circular dichroism spectroscopy, and UV melting experiments.
The results suggest that the G6 -DNA can form dimers in aqueous solutions and G01 -DNA
can form additional G-quadruplex structures by binding to G6 -DNA. However, G01 -DNA has
no eﬀect on the structure of DNA with a sequence of d[AGGG(TTAGGG)3 ] (G3 -DNA). Our
study provides new insights into the structure polymorphism of long human single-stranded
telomeric DNA.
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longer human telomeric sequences [13−20], because it
is diﬃcult to study the structures of single stranded
DNA with longer sequences by traditional NMR or
crystallographic methods. Whereas, the structural information of the longer telomeric sequence is valuable for not only understanding of the interaction between DNA and telomerase and other telomeric proteins but also for designing the target drugs. For example, Vorlı́čková and co-workers used circular dichroism
spectroscopy and polyacrylamide gel electrophoresis to
investigate the structure of long human telomeric sequence d[GGG(TTAGGG)n ] (n=1−16) at physiological concentrations of potassium cations. Numbers of
topologies including intramolecular and intermolecular,
antiparallel and parallel forms were observed and the
thermal stabilities of the fragments decreased with an
increasing repeat number of TTAGGG [13]. Yu and coworkers stated that two series of long telomeric DNAs
from Oxytricha and human form bead-on-a-string Gquadruplex structures and individual quadruplex units
do not interact with each other [14]. Petraccone and
co-workers obtained structural models for higher-order
human telomeric DNA by a combination of the molecular dynamics simulation and ﬂuorescence quenching
experiments [15]. A further study from the same
group proposed that the sequences containing 8 and
12 repeats of d(TTAGGG) forms higher-order structure
with the maximum number of possible G-quadruplex

I. INTRODUCTION

Telomeres are the ends of eukaryotic chromosomes
that protect chromosomal DNA from chromosomal fusion and degradation [1]. Human telomeric DNA contains thousands of repeats of guanine-rich sequence
d(TTAGGG) [2], with a 3′ -end overhang of 100−200
nucleotides [3]. The 3′ -end overhang can fold into Gquadruplex through cyclic Hoogsteen hydrogen bonding
and π-π stacking interaction [4, 5]. For example, a fourrepeat human telomeric sequence G3 -DNA forms an antiparallel basket-type structure with one diagonal and
two lateral TTA loop in the presence of sodium ions
[6]. Similar DNA sequences adopt hybrid-type structures in the presence of potassium ions [7, 8]. A diﬀerent intramolecular propeller-type parallel-stranded Gquadruplex with three external loops was observed in
crystalline state in the presence of potassium ions revealed by Parkinson et al. [9]. The G-quadruplex structures have received much attention because they can be
potential anticancer targets [10].
Until now, numerous studies have been carried out
on short human telomeric sequences [11, 12] and only
a few studies have focused on the structures formed by
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TABLE I Oligodeoxynucleotides used in this study.
Abbreviation
Number of nucleotides
G3 -DNA
22
G6 -DNA
40
G01 -DNA
6
a
Extinction coefficient at 260 nm.
b
G-Runs are underlined.

units and each G-quadruplex melted independently [18].
Sannohe and co-workers studied end-extended and 8bromoguanine substituted oligonucleotides and found
that the ends of stable G-quadruplex structures point
in opposite directions. In addition, their results proposed rod-like higher-ordered structures formed by human telomeric DNA sequences [19]. On the other hand,
Wang et al. and Kato et al. stated that a parallel Gquadruplexed DNA can be formed from a single repeat
sequence of the human telomere d(TTAGGG) [11, 12].
However, less is known about the eﬀect of this single
repeat sequence of the human telomere on the structure of long single-stranded telomeric DNAs. In this
study, the structure of a single-stranded telomeric DNA
with a long sequence d[AGGG(TTAGGG)6 ] (G6 -DNA)
was studied by sedimentation velocity technique, polyacrylamide gel electrophoresis, circular dichroism spectroscopy and UV melting experiments. Moreover, we
also studied the eﬀect of a single repeat of the human
telomere d(TTAGGG) (G01 -DNA) on the structure of
G6 -DNA.
II. EXPERIMENTS
A. Materials and methods

The synthetic DNA oligonucleotides with diﬀerent
numbers of telomere repeats puriﬁed by high performance liquid chromatography (HPLC) were purchased
from Sangon Biological Engineering Technology and
Services (Shanghai, China) and stored at −20 ◦ C. The
sequences of used DNA oligonucleotides are shown in
Table I. Each lyophilized oligonucleotide was dissolved
in 100 mmol/L Tris-HCl buﬀer (pH=7.5) to form a
DNA stock solution [21, 22]. Before each experiment,
the oligonucleotide buﬀer solution was heated to 95 ◦ C
for 5 min, and then slowly cooled to room temperature. The sample was then placed in a 4 ◦ C refrigerator for further use. The precise concentrations of
the DNA stock solutions were determined by the absorbance at 260 nm with molar extinction coeﬃcients
(Table I) which were calculated from the nearest neighbor model for the unfolded forms [23]. Potassium
chloride (KCl, 99%), sodium chloride (NaCl, 99%),
tris(hydroxymethyl) aminomethane (Tris) (99%), and
concentrated hydrochloric acid (37.5%) were purchased
from Sinopharm Chemical Reagent Co., Ltd. (ShangDOI:10.1063/1674-0068/31/cjcp1804069

εa /(L·mol−1 ·cm−1 )
228500
411800
61300

5′ →3′ sequenceb
AGGG(TTAGGG)3
AGGG(TTAGGG)6
TTAGGG

hai, China) without further puriﬁcation. All aqueous
solutions were prepared with ultrapure water with a resistivity of 18.2 MΩ·cm.
B. Polyacrylamide gel electrophoresis (PAGE)

Each PAGE experiment was performed on a nondenaturing 20% polyacrylamide gel (the ratio of acrylamide to bisacrylamide is 19:1) at 50 V and 4 ◦ C.
The electrophoresis was run in a 40 mmol/L Trisacetic acid buﬀer (pH=7.5) containing 100 mmol/L
KCl. Poly(thymine) with diﬀerent lengths was used as
markers. Gels were stained with Gel-Red for 1 h and
photographed by Tanon-1600 gel image system (Tanon,
Shanghai, China).
C. CD spectroscopy

The CD spectra of DNA oligonucleotides were
recorded using an Applied Photophysics Chirascan
spectropolarimeter. A quartz cell of 3 mm optical
length, response time of 0.25 s, and scanning speed of
100 nm/min was used for the CD spectroscopy experiments. Each spectrum was an average of three scans
between 200−300 nm at 20 ◦ C and was corrected by
subtraction of the spectrum of buﬀer solution.
D. Thermodynamics analysis

UV melting curve of G-quadruplex structures was
measured by a UV-2802 spectrophotometer (UNICO)
at 295 nm. Before the thermodynamics analysis, samples containing 100 mmol/L Tris-HCl and 100 mmol/L
KCl (pH=7.5) were heated to 95 ◦ C for 5 min, gently
cooled to 20 ◦ C and then incubated at 4 ◦ C for 3 days.
UV spectra were measured at a 2 ◦ C interval in the
temperature range of 20−95 ◦ C. The temperature at
the midpoint of the transition was deﬁned as the melting temperature (Tm ).
E. Analytical ultracentrifugation

Sedimentation velocity experiments were conducted
using a ProteomeLab XL-A analytical ultracentrifuge
(Beckman Coulter Instruments) at 20 ◦ C and a rotor
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FIG. 1 Normalized sedimentation coefficient distributions of
d[AGGG(TTAGGG)6 ] (G6 -DNA), where the concentrations
of DNA were 1.0, 3.0, and 5.0 µmol/L, respectively. The
experiments were measured in 100 mmol/L Tris-HCl buffer
(pH=7.5) containing 100 mmol/L KCl at 20◦ C.

speed of 58000 r/min. Before each sedimentation velocity experiment, samples were kept to equilibrate for
2 h to ensure that the temperature and vacuum degree had been established. Each cell was exposed to a
high centrifugal ﬁeld, and then was scanned sequentially
from the meniscus to the bottom until no further sedimentation was observed. The time dependence of the
solute concentration c(r, t) at diﬀerent radial positions
at a wavelength of 260 nm which is described by the
Lamm equation was measured in each experiment [24].
Data were analyzed by SEDFIT (version 14.1) using
c(s) model with a conﬁdence level of 0.95. The partial speciﬁc volume used for DNA oligonucleotides was
0.55 mL/g [25−27]. The density and viscosity of each
solution were calculated by the Sednterp software. The
data of c(s) distributions were exported to Origin software (Microcal Software, Northampton, MA) for plotting.
III. RESULTS AND DISCUSSION

The structure of human telomeric DNA in aqueous
solutions can be studied by sedimentation velocity experiments [27−32]. In these experiments, sedimentation coeﬃcient distribution can be obtained by ﬁtting
the experimental data to the solutions of Lamm equation using SEDFIT program developed by Schuck [33,
34]. Here, we studied the structure of the DNA with a
sequence of d[AGGG(TTAGGG)6 ] (G6 -DNA) and the
eﬀect of a single repeat of the human telomere DNA
d(TTAGGG) (G01 -DNA) on the structure of G6 -DNA.
FIG. 1 shows the normalized sedimentation coeﬃcient distributions of DNA (G6 -DNA) with a sequence
of d[AGGG(TTAGGG)6 ] at three diﬀerent concentrations. There are two species in the solutions with
sedimentation coeﬃcients of 2.5 and 3.5 S. The molar
masses of these two species are 11000 and 20000 g/mol,
indicating that G6 -DNA can form dimers in the presence of potassium chloride [35]. FIG. 1 also shows that
DOI:10.1063/1674-0068/31/cjcp1804069
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FIG. 2 The equilibrium constant measured by sedimentation velocity at different concentrations of
d[AGGG(TTAGGG)6 ] (G6 -DNA) in 100 mmol/L Tris-HCl
buffer (pH=7.5) containing 100 mmol/L KCl at 20 ◦ C.

the amount of the dimers increases with the increase in
G6 -DNA concentration. The normalized sedimentation
coeﬃcient distributions of DNA at other concentrations
are shown in FIG. S1 in supplementary materials.
The amounts of monomers and dimers at diﬀerent
concentrations of G6 -DNA and equilibrium constant
can be obtained through the integrals of the two peaks
in FIG. 1. FIG. 2 shows the equilibrium constants obtained using this method at 20 ◦ C and reveals that the
equilibrium constant K is nearly a constant and the
value is 0.083±0.01 (µmol/L)−1 .
Thermodynamic properties such as melting temperature of G-quadruplex structures formed by G6 -DNA
can be obtained from absorbance change at 295 nm [36].
FIG. 3 shows the melting curves of G6 -DNA with diﬀerent concentrations of G01 -DNA in 100 mmol/L Tris-HCl
buﬀer (pH=7.5) containing 100 mmol/L KCl. The result shows that there are two transitions in the melting
process, suggesting that at least two structures coexist in the solutions. The data can be well ﬁtted by
two sigmoidal curves with the two midpoints deﬁned
as the melting temperatures (Tm,D and Tm,M ). Note
that Yu and coworkers observed intramolecular and intermolecular G-quadruplex structures formed by long
telomeric DNAs from Oxytricha using UV-Vis spectrometer [14]. They mentioned that the intramolecular structure is more stable than intermolecular structure. So the transitions in the temperature regions of
20−48 ◦ C and 48−80 ◦ C are related to the dimeric Gquadruplex structure and intramolecular structure, respectively. The melting temperatures (Tm,D and Tm,M )
with the addition of diﬀerent concentrations of G01 DNA are summarized in Table II. Note that the melting
temperature of the intramolecular structure is close to
the value reported by Vorlı́čková et al. [13]. Moreover, the results show that the addition of G01 -DNA
has no obvious inﬂuence on the stability of both the
intramolecular and intermolecular G-quadruplex structures.
FIG. 4 shows the sedimentation coeﬃcient distribuc
⃝2018
Chinese Physical Society

638

Tian-lei Guang et al.

Chin. J. Chem. Phys., Vol. 31, No. 5

FIG. 3 UV melting spectra of 4.0 µmol/L d[AGGG(TTAGGG)6 ] (G6 -DNA) with and without the addition of d(TTAGGG)
(G01 -DNA). (a) 4.0 µmol/L d[AGGG(TTAGGG)6 ] (G6 -DNA), (b) 4.0 µmol/L G6 -DNA with the addition of 2.0 µmol/L
G01 -DNA, (c) 4.0 µmol/L G6 -DNA with the addition of 4.0 µmol/L G01 -DNA, (d) 4.0 µmol/L G6 -DNA with the addition
of 6.0 µmol/L G01 -DNA. All of the experiments are conducted in 100 mmol/L Tris-HCl buffer containing 100 mmol/L KCl
(pH=7.5).

TABLE II The melting temperature (Tm ) values for 4.0 µmol/L G6 -DNA with different concentrations of G01 -DNA.
Sample
4.0 µmol/L
4.0 µmol/L
4.0 µmol/L
4.0 µmol/L

G6 -DNA
G6 -DNA+2.0 µmol/L G01 -DNA
G6 -DNA+4.0 µmol/L G01 -DNA
G6 -DNA+6.0 µmol/L G01 -DNA

tions of G6 -DNA with diﬀerent concentrations of G01 DNA. The two peaks with the sedimentation coeﬃcients of 2.5 and 3.5 S belong to the intramolecular and
dimeric G-quadruplex structures, respectively, as discussed above. The small peak located at 0.75 S belongs
to the free G01 -DNA without forming complexes with
G6 -DNA. Moreover, the peak related to the dimers becomes smaller with the increase in the concentration of
G01 -DNA, indicating that the addition of G01 -DNA affects the equilibrium between monomers and dimers of
G6 -DNA through the formation of additional quadruplex structure with G6 -DNA.
FIG. 5 shows the CD spectra of G6 -DNA under the
same condition. Previous work using CD spectroscopy
shows that an antiparallel G-quadruplex structure has
a positive peak around 295 nm and a negative peak
around 265 nm, whereas the parallel G-quadruplex has
positive and negative peaks around 260 and 240 nm,
DOI:10.1063/1674-0068/31/cjcp1804069

Tm,D /◦ C
37.7±0.9
36.9±0.1
40.6±0.5
37.8±0.1

Tm,M /◦ C
64.9±0.1
63.3±0.3
65.1±0.1
61.3±0.3

respectively [37]. These peaks are attributed to the
stacking of speciﬁc guanine in the folded G-quadruplex
structure [38]. The CD spectrum of G6 -DNA has two
positive peaks around 265 and 295 nm, a small negative
peak at 240 nm, indicating a hybrid structure [16]. The
signals of the CD spectra increase with the addition of
G01 -DNA, revealing that G01 -DNA can form additional
G-quadruplex with G6 -DNA [14].
We also carried out polyacrylamide gel electrophoresis (PAGE) in a buﬀer containing 100 mmol/L KCl and
100 mmol/L Tris-HCl (pH=7.5) at 4 ◦ C and the results are shown in FIG. 6. Poly(thymine) with three
diﬀerent lengths were used as markers (Line 1). The
concentration of G6 -DNA is 4.0 µmol/L and the concentrations of G01 -DNA are 2.0, 4.0, and 6.0 µmol/L,
respectively. The results suggest that there are two
bands for G6 -DNA belonging to monomer and dimer
structures of G6 -DNA, which is consistent with the sedc
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FIG. 6 Polyacrylamide gel electrophoresis (PAGE) of
4.0 µmol/L G6 -DNA with different concentrations of G01 DNA in the presence of 100 mmol/L KCl at 4 ◦ C.
FIG. 4 The sedimentation coefficient distributions of
4.0 µmol/L G6 -DNA with different concentrations of G01 DNA in 100 mmol/L Tris-HCl buffer containing 100 mmol/L
KCl (pH=7.5) at 20 ◦ C.

FIG. 5 Circular dichroism spectra of 4.0 µmol/L G6 -DNA
with different concentrations of G01 -DNA in 100 mmol/L
Tris-HCl buffer containing 100 mmol/L KCl (pH=7.5) at
20 ◦ C.

imentation velocity experiments, as shown in FIG. 4.
In addition, the content of the monomer increases and
the content of the dimer decreases with the addition of
G01 -DNA, further suggesting that G01 -DNA can bind
to the monomeric G6 -DNA and change the equilibrium
between monomers and dimers of G6 -DNA.
FIG. 7(a) shows the sedimentation coeﬃcient distributions of d[AGGG(TTAGGG)3 ] (G3 -DNA) with different concentrations of G01 -DNA in 100 mmol/L TrisHCl buﬀer containing 100 mmol/L KCl (pH=7.5) at
20 ◦ C. The small peak located around 0.72 S belongs
to the excessive G01 -DNA and the large peak around
1.92 S belongs to the G-quadruplex structure formed
by G3 -DNA in 100 mmol/L KCl (pH=7.5) at 20 ◦ C.
FIG. 7(b) shows that CD spectra do not change with
the addition of G01 -DNA, indicating the addition of
G01 -DNA does not change the G-quadruplex structure
of G3 -DNA. FIG. 8 shows the schematic diagram of the
eﬀect of G01 -DNA on monomer-dimer equilibrium of
G6 -DNA.
DOI:10.1063/1674-0068/31/cjcp1804069

FIG. 7 The sedimentation coefficient distributions (a)
and circular dichroism spectra (b) of 4.0 µmol/L
d[AGGG(TTAGGG)3 ] (G3 -DNA) with different concentrations of G01 -DNA measured at 20 ◦ C in 100 mmol/L TrisHCl containing 100 mmol/L KCl (pH=7.5).

IV. CONCLUSION

In conclusion, we have investigated the eﬀect of G01 DNA on the structure of single-stranded telomeric DNA
sequence G6 -DNA. The results show that G6 -DNA can
form an intramolecular and dimer G-quadruplex structures. The intramolecular structure is more stable than
the dimer G-quadruplex structure. Moreover, the addition of short telomeric DNA sequence can aﬀect the
equilibrium between monomer-dimer of G6 -DNA, i.e.
this short telomeric sequence G01 -DNA can bind to the
G-quadruplex structure of G6 -DNA and form an additional G-quadruplex structure. Furthermore, G01 -DNA
c
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FIG. 8 Schematic diagram of the effect of G01 -DNA on
monomer-dimer equilibrium of G6 -DNA.

has no eﬀect on the G-quadruplex structure of G3 -DNA.
We believe that this study is useful for understanding
structure polymorphism of long single-stranded telomeric DNA and oﬀering useful information for drug design.
Supplementary materials: Normalized sedimentation coeﬃcient distributions of d[AGGG(TTAGGG)6 ]
(G6 -DNA) at diﬀerent concentrations are shown in
FIG. S1.
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