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a b s t r a c t

The structural interconversion between the G-quadruplex and duplex in vivo is an important subject. In
the present study, we used human telomeric DNA duplex composed of GGG(TTAGGG)3/CCC(TAACCC)3 as
a model system to investigate its properties under near physiological conditions by spectroscopic
methods. Circular dichroism and fluorescence spectra demonstrated that G-quadruplex structure can be
formed from duplex at near physiological pH (pH 7.4), salt concentration (150 mM Kþ), and temperature
(37 �C) in the presence of molecular crowding agent PEG (400 g/l), whereas the G-quadruplex structure
cannot be formed at 25 �C in buffer containing 150 mM Kþ in the presence of PEG. It is found that the
formation rate of G-quadruplex structure depends on the temperature and the concentrations of both
PEG and Kþ. This work suggests that human telomeric G-quadruplex structure may be potentially formed
from Watson–Crick duplex in vivo.

� 2009 Elsevier Masson SAS. All rights reserved.
1. Introduction

The oliogonucleotides of G-rich sequences can form four
stranded structures called G-quadruplex. It is known that the
sequences which can fold into G-quadruplex structures are widely
dispersed in the human genome [1,2], but the question facing
biologists is whether G-quadruplex structures really exist in vivo at
all times because most of these sequences are in the form of duplex
except 30single-stranded overhang of telomere sequences. There-
fore, the folding of G-quadruplex structure is complex in duplex
G-rich regions since it must separate from the complementary
C-rich strand before it can be formed. Consequently, it is believed
that the formation of G-quadruplex structure depends on the
denaturation of the duplex, as occurs during replication, tran-
scription or recombination [3]. Up to now, it is unclear whether
G-quadruplex can form from classical Watson–Crick duplex in vivo.
Obviously, quadruplex–duplex interconversion is an important
subject and has been studied in vitro for various sequences under
different experimental conditions by diverse methods [4–16].

Recently, a report showed that human telomeric DNA was
predominant in the duplex form at physiological pH, temperature
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and salt concentration [7]. However, this excellent work does not
truly reflect the competition in vivo because a cell is crowded with
various biomolecules such as proteins, nucleic acids and poly-
saccharides that occupies 30–40% of the internal cellular volume
[17,18]. Lately, several groups have studied the contribution of
cellular environment to the quadruplex–duplex interconversion
using molecular crowding agents such as poly(ethylene glyco-
l)(PEG) to mimic the conditions in cell [13–15]. Using Oxytricha
nova telomere sequences, Miyoshi et al. have shown that molecular
crowding prevents any duplex formation between G-rich and
C-rich strands, and structural polymorphism of the telomere DNA is
induced by molecular crowding in vivo [13]. Kan et al. using human
telomeric sequences, obtained similar results, where G-quadruplex
could preferentially form and dominate over duplex structure
under molecular crowding condition [15]. However, since the
duplex has been heated, in the two above mentioned studies, up to
90 and 95 �C in the presence of PEG before to be cooled down to
5 �C and room temperature respectively, they could have been
denaturated to single strands at those high temperatures [13,15]. It
is known that molecular crowding could effectively stabilize
G-quadruplex and destabilize duplex [19]. Two complementary
strands could have annealing resulting in shifting the equilibrium
toward G-quadruplex formation because G-quadruplex structures
are known to be very stable under molecular crowding condition
[19]. For instance, the melting temperature (Tm) of human telo-
meric G-quadruplex is much greater than 80 �C in 150 mM Kþ in
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the presence of PEG 200 (400 g/l) [20]. Therefore, the described
experimental conditions may not truly reflect the competition
between G-quadruplex and duplex in vivo.

In the present study, we have mixed equimolar amounts of
G-rich sequence, GGG(TTAGGG)3, and its complementary C-rich
sequence, CCC(TAACCC)3, to form duplex, and then added PEG to
create molecular crowding condition to mimic physiological envi-
ronment. We used spectroscopic techniques including circular
dichroism (CD), fluorescence and UV absorption spectroscopies to
characterize extensively the human telomeric duplex under
molecular crowding condition. Our results show that human telo-
meric duplex can dissociate into parallel G-quadruplex structure
and random C-sequence induced by molecular crowding at near
physiological pH (pH 7.4), temperature (37 �C) and salt concen-
tration (150 mM Kþ), while it keeps its duplex form when treated
under the described above but at 25 �C instead. Moreover, the
relationship between the formation rate of G-quadruplex structure
and the temperature, and the concentration of either PEG or Kþ is
well established. This work shows that G-quadruplex structure can
be formed from duplex under near physiological conditions.
2. Materials and methods

2.1. Materials

DNA oligonucleotides 50-GGG(TTAGGG)3-30 and 50-CCC(TAAC
CC)3-30 were purchased from Sangon (Shanghai, China), The fluo-
rophore-labeled DNA oligonucleotides (50- FAM-GGG(TTAGGG)3

and 50-FAM-GGG(TTAGGG)3-TAMRA-30, donor fluorophore FAM:
6-carboxyfluorescein; acceptor fluorophore TAMRA: 6-carboxy-
tetramethylrhodamine) (HPLC purified) were ordered from TaKaRa
Biotech (Dalian, China). The strand concentrations were deter-
mined by measuring the absorbance at 260 nm at a high temper-
ature, using the extinction coefficient values published in the
literature [14]. Poly(ethylene glycol) of average molecular weight
200 (PEG 200) was purchased from Alfa Aesar (Tianjin, China). The
concentrated duplex samples were heated to 90 �C for 5 min,
cooled slowly to room temperature and then stored at 4 �C before
use unless otherwise stated. For all experiments, the stock solutions
were diluted by water or PEG 200 to achieve the desired conditions.
It should be noted that PEG 200 is a liquid agent, similar to water,
with the density of about 1.0 g/ml. We directly diluted concentrated
duplex samples by PEG 200 according to the volume of PEG (40%
(v/v)) is almost equal to 400 g/l PEG 200, which is widely used in
the publications. Water used in all the experiments was distilled
and deionized using a Milli-Q A10 water purification system.
2.2. CD spectroscopy

CD spectra were recorded on a dualbeam DSM 1000 CD
spectrophotometer (Olis, Bogart, GA) with a 10 mm quartz cell.
Each measurement was the average of five repeated scans
recorded from 220 to 320 nm at room temperature (about 25 �C).
The scanning rate (nm/min) was automatically selected by the
Olis software as a function of the signal intensity to optimize data
collection. The duplex samples containing PEG were treated as
described above and incubated at 25, 37 and 45 �C overnight,
respectively, before collecting CD spectra. Samples of duplex in
the absence of PEG, single G- and C-rich strands at the concen-
tration of 4 mM oligomer in buffer solution containing 150 mM
Kþ and 400 g/l PEG were heated to 90 �C for 5 min, cooled slowly
to room temperature before use. A background CD spectrum of
corresponding buffer solution was subtracted from the average
scan for each sample.
2.3. Fluorescence spectroscopy

Fluorescence spectra were taken on a spectrofluorometer
model FLS 920 (Edinburgh Analytical Instruments, U.K.) at room
temperature. Samples containing 100 nM fluorophore-labeled
DNA oligomer were treated as described above before the
spectrum collection. Spectra were collected from 500 to 700 nm
while exciting at 480 nm, with the excitation and emission slits
being 3 and 6 nm, respectively. In these measurements, the path
lengths of the quartz cell used were 0.2 cm in the excitation
direction and 1 cm in the emission direction. The contribution
from direct excitation of TAMRA was neglected. All emission
spectra were corrected with background fluorescence and
instrument response.

Kinetics experiments were performed at various concentra-
tions of PEG and Kþ at 25, 37, and 45 �C. The temperature was
controlled with an OXFORD cryostat model Optistat DN (Oxford
Co., Ltd.). The samples were treated as described above and kept
at that temperature for 5 min after mixing before measure-
ments. The sample was excited at 480 nm, and the emission at
520 nm, with both the excitation and emission slits being set at
2 nm. The formation of G-quadruplex was monitored by the
decrease in the fluorescence intensity at 520 nm as a function of
time. The wavelength at 520 nm, rather than 580 nm, was
chosen because the emission of TAMRA (580 nm) can be
quenched by PEG. The data obtained were fitted by Origin 7.0
according to single exponential or double exponential kinetics
equation as follows:

F ¼ A1e�t=s1 þ C (1)

F ¼ A1e�t=s1 þ A2e�t=s2 þ C (2)

where s1 and s2 are the time constants of the decay, A1 and A2 are
their respective amplitudes, t is the time after initiating measure-
ments, and C is the fluorescence intensity at t ¼N. The mean time
constant CsD for double exponential kinetics fitting was calculated as

hsi ¼ ðA1s1 þ A2s2Þ=ðA1 þ A2Þ (3)

The k was obtained by

k ¼ 1=hsi (4)

The steady state fluorescence experiments of G-quadruplex
formation were carried out as described in the text. The fluo-
rescence spectra were collected every 3 min intervals at 25 and
37 �C (the intervals were1.5 min at 45 �C and the concentration
of 10 mM Kþ). The extent of Fluorescence resonance energy
transfer (FRET) was expressed as F (¼F580/F520). F is the ratio of
the fluorescence intensities at 580 to 520 nm and represents the
magnitude of FRET.
2.4. UV melting studies

UV melting experiments were carried out on a Shimadzu
2450 spectrophotometer (Shimadzu, Japan) equipped with
a Peltier temperature control accessory. All UV/Vis spectra were
measured in a sealed quartz cell with a path length of 1.0 cm.
The samples were treated as described above before collecting
UV spectra. Melting curves of duplex were measured at 260 nm.
Duplex samples were first held at 15 �C for 5 min and then
heated to 90 �C with the temperature gradient of 0.5 �C/min.
The Tm values of the samples were calculated by analyzing their
melting profiles according to the methods described previously
[21,22].
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3. Results

3.1. G-quadruplex formed from duplex under near physiological
conditions is evidenced by CD and fluorescence spectroscopy

First, we used CD spectroscopy to investigate the structure of
human telomeric duplex under different conditions. Fig. 1A shows
the CD spectra of 4 mM human telomeric duplex (1:1 mixture of
G-rich and C-rich sequences and total strand concentration is 8 mM)
in the absence or presence of PEG (400 g/l). The CD spectrum of 1:1
mixture of G-rich and C-rich sequences in the absence of PEG has
a positive peak around 265 nm and a negative one near 240 nm,
which is the characteristic of DNA duplex [12]. The results are
consistent with previous reports [7,8,12,13,15], in which duplex is
the overwhelming form at neutral pH in noncrowding condition.
When this duplex was incubated at 25 �C overnight in the presence
of PEG, the spectrum fails to change, indicating that duplex is also
the predominant species under molecular crowding condition at
25 �C. However, the spectra of sample incubated at 37 and 45 �C
overnight are clearly different from that at 25 �C, their positive
peaks at 265 nm are stronger than that at 25 �C and the negative
peaks shift to about 245 nm, suggesting that the structure of the
duplex has been changed when incubated at 37 and 45 �C
overnight.

Furthermore, the CD spectra of single G-rich and C-rich
sequences were measured separately in the presence of PEG
(Fig. 1B). The spectrum of G-rich sequence has a positive and
Fig. 1. (A) CD spectra of 4 mM human telomeric duplex in the absence (,) or presence
of PEG in 150 mM Kþ solution and incubated at 25 (B), 37 (6) and 45 �C (q) overnight.
(B) CD spectra of 4 mM single G-rich (>) and C-rich (7) sequences in 150 mM Kþ

solution containing PEG. The sum of CD spectra of G-rich and C-rich sequences (�)
overlay the spectrum of duplex incubated in the same buffers at 37 �C (6) overnight.
The spectra of duplex incubated at 37 �C (6) overnight shown here for proper
comparisons.
a negative peak around 265 and 245 nm, respectively, which shows
that the parallel-stranded G-quadruplex structure is formed [20]. In
the case of C-rich sequence, the CD spectrum shows a broad posi-
tive peak around 275 nm and a negative one near 250 nm, which is
different from the characteristic positive (288 nm) and negative
(255 nm) peaks of typical i-motif [23–25]. This spectrum demon-
strates that the C-rich sequence was unstructured single strand
under such conditions. We found that the spectrum obtained by
adding up the individual spectrum of G-rich and C-rich strands was
almost the same as the spectrum of sample incubated at 37 �C
under crowding condition. This result proved that the duplex at
37 �C was induced by molecular crowding into parallel G-quad-
ruplex structure and unstructured C-rich single strand. We can
obtain the similar result for the sample at 45 �C under molecular
crowding condition as that at 37 �C, which was further demon-
strated by fluorescence spectroscopy.

FRET is a powerful technique for studying G-quadruplex
because there is a large change in FRET between the folded and
unfolded conformers [6,14,26–28]. Fig. 2 shows the fluorescence
spectra of 100 nM human telomeric duplex (1:1 mixture of G- and
C-rich sequences and total strand concentration is 200 nM) in
150 mM Kþ solution in the absence or presence of PEG. We only
observe the fluorescence peak at 515 nm about the sample of 1:1
mixture of G-rich and C-rich sequences under noncrowding
condition, indicating that the two complementary strands form
duplex. This result is consistent with that we obtained from CD
spectroscopy and those reported in previous publications
[7,8,12,13,15]. However, in the presence of PEG, the fluorescence
intensity is shifted from 515 nm to near 520 nm. We also observed
the fluorescence peak at 580 nm in the sample incubated at 37 and
45 �C, which is similar to the spectrum of the sample annealed in
the presence of PEG. This is the characteristic spectrum of FRET,
demonstrating that the G-quadruplex structure is formed. More-
over, the magnitude of FRET at 37 �C is higher than that of 45 �C,
which may result from the effect of temperature because fluores-
cence is sensitive to temperature. However, the sample incubated
at 25 �C, even for a week long, does not exhibit the FRET
phenomenon, suggesting that it has still a duplex structure under
such condition (see below). There is a small peak at 580 nm, which
may result from the approach between acceptor and donor induced
by molecular crowding. Furthermore, FRET was not observed for
Fig. 2. The fluorescence spectra of 100 nM human telomeric duplex in the absence (,)
or presence of PEG and incubated at 25 (B), 37 (6) and 45 �C (q) overnight. The
fluorescence spectrum of the duplex annealed in the presence of PEG was represented
as (�).
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the duplexes incubated at 25, 37 and 45 �C in the absence of PEG,
respectively, suggesting that they also keep the duplex form at
these temperatures under noncrowding condition (Fig. S1, Sup-
porting information). We also performed FRET experiments using
the concentration of 10 nM duplex incubated at 25, 37 and 45 �C in
the presence of PEG. We observed the same results as addressed
above (Fig. S2, Supporting information). All those fluorescence data
are consistent with the above CD results, in which G-quadruplex
structure can be formed from duplex at 37 and 45 �C under
molecular crowding condition, while it cannot be formed at 25 �C.

3.2. Folding kinetics of G-quadruplex formed from duplex under
different experimental conditions

The formation of G-quadruplex structure from duplex will bring
50-FAM close to 30-TAMRA, and lead to a greater energy transfer
from the donor 50-FAM to the acceptor 30-TAMRA. Fig. 3A shows the
effect of temperature on kinetics. As shown in Fig. 3A, the fluo-
rescence intensity at 520 nm of the duplex incubated at 25 �C
shows linear decrease as a function of time. The previous CD and
fluorescence results have shown that duplex structure is the
predominant species under molecular crowding condition at 25 �C.
Moreover, the steady state fluorescence experiments indicated that
the F(¼F580/F520) values of duplex are not changed during 72 h
under molecular crowding condition at 25 �C (Fig. 4A, insert). In
fact, we found that the duplex still kept the helix form for more
than one week under molecular crowding condition at 25 �C. This
observation is consistent with the CD and fluorescence data
addressed above. So, the linear decrease of fluorescence decay at
25 �C may be result from the photo bleaching of fluorescence dyes,
Fig. 3. Fluorescence intensity decay curve of 100 nM duplex under different experimental
rescence intensity decay curve of 100 nM duplex at 25 (,), 37 (B)and 45 �C (6) in 150 mM K
150 mM Kþ solution with 100 (q), 200 (7), 300 g/l (>) PEG at 37 �C. The duplex has a don
10 mM Kþ (,), 50 mM Kþ (q), 100 mM Kþ (6) and 150 mM Kþ (B) (shown here for prop
the quenching of PEG to dyes and the compactness of structure
caused by molecular crowding. Unlike the duplex incubated at
25 �C, the fluorescence decays of the samples at 37 and 45 �C are
double exponential decay and single exponential decay, respec-
tively (Fig. 3A, residuals from double and single exponential fits to
the data were shown in Fig. S3A and B, Supporting information).
The formation rate constants of G-quadruplex structure are 6079
(�1018) s and 1317 (�110) s at 37 �C and 45 �C, respectively (Table
1). The kinetic results demonstrate that the formation of G-quad-
ruplex structure depends on the temperature, and the folding rate
of G-quadruplex is much faster at 45 �C than at 37 �C.

The formation of G-quadruplex structure from duplex also
depends on the concentration of PEG. The time evolutions of
fluorescence intensity at 520 nm of 100 nM duplex in various
concentrations of PEG at 37 �C are shown in Fig. 3B. The fluores-
cence decays of the samples incubated in the solution with 100, 200
and 300 g/l PEG show the linear decay as observed for sample
incubated in the solution with 400 g/l PEG at 25 �C. The linear decay
may be explained as above about duplex incubated in 400 g/l PEG at
25 �C. These results indicate that the duplex is still the predominant
form in the solution with 100, 200 and 300 g/l PEG at 37 �C. After
the kinetic measurements for 12 h, the steady state fluorescence
spectra were recorded (Fig. 4B). The spectra of the sample incu-
bated in 100, 200 and 300 g/l PEG at 37 �C show representative
fluorescence spectra of duplex that have only a band around
520 nm. On the contrary, the fluorescence spectrum of the sample
incubated in 400 g/l PEG shows the noticeable spectrum of FRET,
indicating G-quadruplex structure is formed. These results further
reveal that the G-quadruplex structure can be formed from duplex
under near physiological conditions. However, if the concentration
conditions. The spectra were exciting at 480 nm and collecting at 520 nm. (A) Fluo-
þ solution with 400 g/l PEG. (B) Fluorescence intensity decay curve of 100 nM duplex in
or only was shown as (�). (C) Fluorescence intensity decay curve of 100 nM duplex in
er comparisons) in the presence of 400 g/l PEG at 37 �C.



Fig. 4. (A) Changes of F (¼F580/F520) values of 100 nM duplex with increasing time at 37 (B) and 45 �C (6) in 150 mM Kþ solution with 400 g/l PEG. Insert shows Changes of F(¼F580/
F520) values of 100 nM duplex with increasing time at 25 �C. (B) Fluorescence spectra of 100 nM duplex in 150 mM Kþ and 100 (q), 200 (7), 300 (>) and 400 g/l PEG (B) after 12 h
kinetic experiments at 37 �C. (C) Changes of F(¼F580/F520) values of 100 nM duplex with increasing time in the presence of 400 g/l PEG and 10 (,), 50 (q), 100 (6) and 150 mM
Kþ(B) at 37 �C. F(¼F580/F520) of 100 nM duplex in 150 mM Kþ shown here for proper comparisons.
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of PEG is 300 g/l or less, the G-quadruplex structure cannot be
formed from duplex.

Furthermore, the formation rate of G-quadruplex structure from
duplex also depends on the concentration of Kþ. The duplexes
incubated at 37 �C in the presence of PEG with various concen-
trations of Kþ are shown in Fig. 3C. The time evolutions of fluo-
rescence intensity at 520 nm show single exponential decay in the
solution containing 10, 50, and 100 mM Kþ and double exponential
decay in the solution containing 150 mM Kþ (residuals from
exponential fits were shown in Fig. S3). These data imply that the
G-quadruplex structures are formed in these conditions. Moreover,
the formation rate is higher at low concentration than at high
concentration of Kþ. The formation rate constants of G-quadruplex
structure in the solution with 150, 100, 50 and 10 mM Kþ are 6079
(�1018)s, 3618 (�75)s, 2843 (�130)s and 1645 (�228)s, respec-
tively (Table 1). Besides the kinetic results, the steady state fluo-
rescence spectra further confirm that G-quadruplex is formed fast
Table 1
Kinetic parameters of G-quadruplex formation from duplex under different
conditions.

Conditions (Concentration of PEG and Kþ temperature) CsD (s) k (10�5 s�1)

400 g/l PEG, 150 mM Kþ, 25 �C – –
400 g/l PEG, 150 mM Kþ, 37 �C 6079 � 1018 17 � 3
400 g/l PEG, 150 mM Kþ, 45 �C 1317 � 110 77 � 6
400 g/l PEG, 100 mM Kþ, 37 �C 3618 � 75 28 � 1
400 g/l PEG, 50 mM Kþ, 37 �C 2843 � 13 35 � 2
400 g/l PEG, 10 mM Kþ, 37 �C 1645 � 228 62 � 9
300 g/l PEG, 150 mM Kþ, 37 �C – –
200 g/l PEG, 150 mM Kþ, 37 �C – –
100 g/l PEG, 150 mM Kþ, 37 �C – –
at low concentration of Kþ (Fig. 4C). It is shown that G-quadruplex
structure can be completely formed within 2 h in 10 mM Kþ, while
within 10 h in 150 mM Kþ.
3.3. UV melting of duplex under different experimental conditions

To investigate why G-quadruplex structure can or cannot be
formed from duplex under different experimental conditions, UV
melting method was used. We examined the effect of concentra-
tions of PEG on the Tm of the duplex. Melting curves of duplex at
260 nm with various concentrations of PEG and 150 mM Kþ are
disclosed in Fig. 5A. As documented previously [19], the duplex are
destabilized by PEG, and the Tm of duplex gradually descends from
65 to 44 �C while the concentration of PEG increases from 0 to
300 g/l. The melting curve of duplex under 400 g/l PEG has an
inflexion around 37 �C, and the absorbance increases slower upon
melting from 37 to 55 �C than that upon from 30 to 37 �C and
slightly decreases above 55 �C. It is known that the absorbance
will descend when the G-quadruplex structures are formed [7].
Therefore, this interesting melting profile can be divided into three
stages: (i) the melting of duplex from 15 �C to around 37 �C (the
inflexion point), (ii) the melting of duplex and formation of
G-quadruplex structure from 37 �C to 55 �C (the maximum absor-
bance, may be some G-quadruplex structures dissociate at this
stage) and (iii) the formation of G-quadruplex structure at
temperature higher than 55 �C (may be some G-quadruplex
structures also dissociate at this stage). We also detected the
absorbance of duplex in the absence or presence of PEG at 295 nm
(Fig. S4, Supporting information). In the absence of PEG, the melting
profile is consistent with the results in the previous report [7].



Fig. 5. UV melting curves of human telomeric duplex at 260 nm (A) UV melting curves of 4 mM duplex in 150 mM Kþ solution in the absence or presence of 100, 200, 300 and
400 g/l PEG. (B and C) UV melting curves of 4 mM duplex in 10, 50, 100 and 150 mM Kþ solution in the absence of PEG (B) or in the presence of PEG (C). Arrows indicate the
concentration increasing of PEG or Kþ in A, B and C panels. (D and E) UV melting curves of 0.2 (,), 0.5 (B), 1 (6), 2 (7), 4 (>), 6 (q) and 8 mM (�) duplex in 150 mM Kþ solution
in the absence (D) or presence of PEG (E). UV melting curves of 4 mM duplex in 150 mM Kþ solution in the absence or presence of 400 g/l PEG are included in corresponding
panels for proper comparisons.
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Interestingly, in the presence of 400 g/l PEG, the melting profiles of
duplex at 295 nm also can be divided into three stages as we
observed at 260 nm, which support our results observed at 260 nm
(Fig. S4, Supporting information). G-quadruplexes are very stable
under molecular crowding condition. It has been reported that G-
quadruplex structure could be stabilized by PEG, which may result
from the release of water molecules from Hoogsteen base pairs
[19]. We obtained the same results as shown in the Supplementary
Material, the Tm of G-quadruplex is higher than 85 �C in the
presence of PEG (Fig. S5, Supporting information). Consequently,
the melting behavior of sample is very complex when the
temperature is higher than 37 �C. The melting profiles of duplex in
the solution with 300 and 200 g/l PEG also show absorbance
decreasing when the temperature is higher than 70 �C, which
implies that some G-quadruplex structure may be formed.
However, the Tm of duplex which is 61 �C for the solution with
100 g/l PEG, is much higher than 37 �C, suggests that the duplex
cannot dissociate to form G-quadruplex structure under such
condition at 37 �C. The UV melting results further supports the
conclusion obtained from the CD and fluorescence spectra that
G-quadruplex structure can be formed from duplex under near
physiological conditions.

The effect of concentrations of Kþ on the Tm of the duplex was
also examined. It is clearly shown in Fig. 5B that the Tm of duplex
strongly depends on the concentration of Kþ in the absence of PEG.
The melting temperature is greater for high concentration than for
low concentration of Kþ. For instance, the Tm of duplex is 51 �C for
10 mM Kþ whereas is 65 �C for 150 mM Kþ. However, the Tm of
duplex depends less on the concentration of Kþ in the presence of
PEG (400 g/l) than in the absence of PEG (Fig. 5C). Previous studies
have shown that PEGs are neutral polymers and do not interact
with G-quadruplex structure because the interaction is
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thermodynamically unfavorable. The crowding environment can
alter DNA hydration and has different effect on the thermody-
namics of diverse DNA structures [19,29,30]. Therefore, the differ-
ence may result from water molecules taken up during the
formation of the duplex structures [19]. Like the melting curve of
duplex in the solution with 150 mM Kþ, the melting profiles of
duplex in the solution with 10, 50 and 100 mM Kþ all have
inflexions at 33, 35 and 36 �C, respectively, suggesting that
G-quadruplex structures may start to form at these temperatures.
Furthermore, the inflexions enhancement when the concentration
of Kþ is increased, could explain the rate of G-quadruplex formation
in various concentration of Kþ. The duplexes in the solution con-
taining 10 mM Kþ when incubated at 37 �C, start to dissociate to
form G-quadruplex structure quicker because the inflexion is the
lowest among those tested (10–150 mM Kþ) (Figs. 3C and 4C).

It is well known that the Tm of the duplex depends on the
concentration of nucleic acids because it is an intermolecular
reaction. In fact, as shown in Fig. 5D, the Tm depends on the
concentration of nucleic acids. For example, in the absence of PEG,
the Tm of 0.2 mM duplex is 58 �C whereas that of 8 mM is 67 �C. In the
presence of PEG (400 g/l), the Tm of samples depend much less on
the concentration of nucleic acids and this is supported by the
observation that all the melting profiles show inflexion around
37 �C (the concentrations of samples vary from 0.2 mM to 8 mM)
under these conditions (Fig. 5E). This independence may be asso-
ciated with the alteration of DNA hydration caused by crowding.
We have observed that the related melting profiles of these
different concentrations of duplexes exhibit similar behavior to that
of the experiment performed on 4 mM duplex in the presence of
PEG (three different stages observed in all cases). We have
measured 16 mM duplex at 245 nm under molecular crowding
condition (we chose this wavelength, not that at 260 nm used in the
study, because the absorbance is beyond the limits of our appa-
ratus), it shows similar melting behavior as the duplex concentra-
tion between 0.2 mM and 8 mM (data not shown). These UV melting
results further demonstrate that the G-quadruplex structure can be
formed from duplex.
4. Discussion

Potential G-quadruplex sequences are distributed throughout
the human genome, such as promoter regions of some oncogenes,
centromeres, and especially telomeres. However, most of such
sequences should form the stable duplex structures with their
complementary C-rich sequences in the genomic context, accord-
ing to the Watson–Crick base pair, other than the end of a chro-
mosome. Therefore, formations of G-quadruplex are in competition
with the normal Watson–Crick duplex structures in vivo. It is
believed that the formation of G-quadruplex structure from duplex
can occur in many biological events, such as replication, tran-
scription and recombination [3]. Although several recent
researches support the presence of G-quadruplex structure which
may occur at 30single-stranded overhang of telomere in vivo [31,32].
The question long-standing is whether G-quadruplex structures
can be formed in the double-stranded regions in vivo. In addition to
the problem of competition between G-quadruplex and duplex, the
physiological milieu is highly crowded with a diversity of molecules
inside the cell, and these crowding components occupy a signifi-
cant fraction of the total volume [17,18]. Molecular crowding
exhibits significant effect on the G-quadruplex. For example,
Chaires et al. found that molecular crowding with PEG induces
dramatic changes in the human telomeric G-quadruplex structure
in the presence of Kþ [33], other studies observed that molecular
crowding induces structural transition of G-quadruplex structure
[20,29,34,35], enhances the stability of G-quadruplex structure
[19], and prevents duplex formation [13–15].

To clarify how duplex behaves under cell-mimicking conditions,
we used the short human telomeric duplex (GGG(TTAGGG)3/
CCC(TAACCC)3) as an original model to study the interconversion
between duplex and G-quadruplex. In the present study, we
prepared duplex, then directly added PEG to the solution of duplex
to mimic the intracellular environments, and incubated the sample
under various experimental conditions. The methods we used,
which avoid heating the duplex to high temperature in the pres-
ence of PEG, may reflect the behavior in vivo because most
sequences are in the form of duplex under physiological conditions.
We observed that G-quadruplex structure can be formed from
duplex under near physiological conditions (400 g/l PEG, 150 mM
Kþ, pH 7.4 and 37 �C). If the incubation temperature set at 25 �C, the
duplex is the predominant species under molecular crowding
condition. Moreover, the complementary strand, C-rich sequence,
does not form i-motif structure in the presence of PEG (pH 7.4). The
reason for this is that the formation of i-motif involves H-bonding
between hemiprotonated cytosineþ–cytosine base pair. Thus, this
structure can be formed at acidic pH whereas the pH used here was
7.4. We also found that the rate of G-quadruplex formation depends
on the temperature and the concentrations of both PEG and Kþ

(Figs. 3 and 4). Kinetic data analysis reveals that the kinetics of
G-quadruplex formation follows double exponential decay under
near physiological conditions (400 g/l PEG, 150 mM Kþ, pH 7.4 and
37 �C), which implies that there are two steps of G-quadruplex
formation. We postulated that the first step is the dissociation of
duplex, and the second is the formation of G-quadruplex. Due to
the fast folding of the human telomeric DNA into G-quadruplex
structure [36], the dissociation of duplex may be a prerequisite of
G-quadruplex formation. Therefore, we assume that the rate-
determining step is the dissociation of duplex.

Interestingly, when the concentration of PEG decreased to less
than 300 g/l, the G-quadruplex structure cannot form from duplex
at 37 �C (Figs. 3B and 4B). From the UV melting results, their Tms are
59 �C, 50 �C and 44 �C in 100, 200 and 300 g/l PEG, respectively
(Fig. 5A). All of these Tms are much higher than 37 �C. Although we
did not observe the formation of G-quadruplex structure in the
solution with less than 300 g/l PEG in the present work, there are
a number of cellular proteins that can promote the formation of
G-quadruplex structures in vivo [37–41]. For example, the ciliate
telomere end binding proteins greatly stimulate the formation of
G-quadruplex structures of the Oxtricha and Tetrahymena sequence
d(TTGGGGTTGGGG) in vitro under physiological-like conditions
[38]. Therefore, G-quadruplex structures may be formed in vivo in
the help of these proteins. Furthermore, G-quadruplex specific
ligands such as telomestatin can also induce the formation of
G-quadruplex structure [42].

In conclusion, the present study shown that molecular crowding
could induce the formation of G-quadruplex structure from duplex
under near physiological conditions, whereas the G-quadruplex
structure cannot be formed in the same environment except the
temperature is at 25 �C. Moreover, our kinetics results indicate that
the formation rate of G-quadruplex structure depends on the
temperature and the concentration of PEG and Kþ. UV melting
experiments provide profound understanding about why G-quad-
ruplex structure can or cannot be formed from duplex under
different experimental conditions. Finally, in our system, our results
proved that G-quadruplex structure may potentially form from
Watson–Crick helix under near physiological conditions. Never-
theless, many of molecules are clearly not neutral particles in vivo.
A previous work has shown that molecular crowding with neutral
polymers has different effect on G-quadruplex structure compared
to molecular crowding with a polycation [29]. We used the shortest
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repeats of human telomeric sequences and neutral PEG 200 as sole
crowding agent to mimic of the cell components. Indeed, the effect
of molecular crowding on the thermal stability of DNA depends on
nucleotide length, the structure of crowding agents, and even the
size of crowding agents [43]. Moreover, the duplex–quadruplex
interconversion can be affected by the loop length and its compo-
sition between G-tracts [44]. Therefore, although our results
support the hypothesis that G-quadruplex structure can be formed
from duplex under near physiological conditions, other factors such
as the length of duplex, the loop and its composition between
G-tracts, the structure of crowding agents, the size of crowding
agents and different kinds of crowding agents, including charge
agents need to be proofed in future.
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