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ABSTRACT: The G-triplex is a kind of DNA structure
formed by G-rich sequences. Previous studies have shown that
it is an intermediate for the folding of G-quadruplex and has
an antiparallel structure. The folding dynamics of this G-
triplex structure, however, have not been well studied until
now. In addition, whether a parallel G-triplex structure exists,
remains unknown. In this study, by using single-molecule
fluorescence resonance energy transfer and circular dichroism
spectroscopy methods, we have studied the folding dynamics
of the G-triplex and revealed at the single-molecule level, for the first time, that G-triplexes have both parallel and antiparallel
structures. Moreover, we have investigated the effects of proximal DNA on G-triplex folding. We have found that both single-
stranded TTA and double-stranded DNA at either end of a G-triplex sequence can reduce its folding speed. More interestingly,
when located at the 5′ end of a G-triplex sequence, the proximal DNA will favor the folding of parallel over antiparallel G-triplex
structures. As G-triplex is an intermediate for G-quadruplex folding, the present results may also shed new light on the folding
properties of G-quadruplex structures, in terms of dynamics, stability, and the effects of proximal DNA.

■ INTRODUCTION

In human chromosomal telomere DNA, single-stranded
TTAGGG tandem repeats at the 3′-overhangs are abundant.1,2
This kind of single-stranded guanidine-rich sequence also
exists in other chromosomal positions, such as the promoter
regions of several proto-oncogenes.3−5 Recent advances show
that guanidine-rich sequences can form several kinds of
structures such as G-quadruplex (G4),6−8 G-triplex, and G-
hairpin.9−15 Among them, the G4 has been widely studied for
its vital role in the chromosomal replication and as a drug-
target candidate for cancer therapy.16−19 G4 structures can be
formed by a single oligonucleotide strand, stabilized by
Hoogsteen-like hydrogen bonds and base stacking.20,21 The
G-triplex is generally recognized as an important intermediate
in the multistep folding pathway of the G4. Recent single-
molecule experiments using, for instance, magnetic tweezers
and fluorescence resonance energy transfer (FRET) techni-
ques, have revealed the roles of G-triplex in G4 folding.12,22

Although the G-triplex structure has been reported in G4-
folding experiments, few studies have been focused on its own
properties. Besides the importance of G-triplex in G4 folding
and telomere functions, G-triplex also exists in a thrombin
binding aptamer (TBA) as shown by nuclear magnetic
resonance (NMR) experiments.23,24

Previous studies have generally attributed the G-triplex
conformation to an antiparallel type. For example, NMR
studies resolved the antiparallel G-triplex in TBA structure, and
interstrand G-triplex has been confirmed in solution state by
atomic force microscopy.11,14 Recently, circular dichroism
(CD) spectroscopy experiments have reported that a parallel
G-triplex structure may also form in positive ionic environ-
ments.25 However, its existence is still undefined and lacking
evidence at the single-molecule level. In addition, the folding
dynamics of G-triplex have not been carefully investigated
before. Especially, it is revealed that proximal DNA may
influence the folding of G4,26−30 but its effect on G-triplex
folding is totally unknown.
In this report, by combining single-molecule FRET

(smFRET) and CD spectroscopy methods, we have
characterized the conformational dynamics of human telomeric
G-triplex in KCl. We have demonstrated that both parallel and
antiparallel G-triplex structures can form and undergo dynamic
transitions. The G-hairpin as the intermediate of G-triplex
folding is also revealed at the single-molecule level. Moreover,
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we have found that the proximal DNA have great influence on
the conformation and stability of the G-triplex. CD spectros-
copy results showed that single-stranded TTA or double-
stranded stem at either end of a G-triplex sequence will slow
down its folding process. Furthermore, when located at the 5′
end, they will also reduce the proportion of the antiparallel
conformation, which is further confirmed by smFRET
experiments. The present results may deepen our under-
standing of the structure and folding of G-triplex and highlight
the influence of proximal nucleotides. They may also shed new
light on the folding properties of the G-quadruplex structures.

■ METHODS

DNA Substrate Preparation. All oligonucleotides re-
quired were purchased from Thermo Fisher. All DNA
substrates with double-stranded stems were annealed by
mixing single-stranded DNA (ssDNA) containing the G-triplex
sequence and the complementary ssDNA at a molar ratio of
1:2 in a buffer with 20 mM Tris-HCl (pH 7.5). The
concentration of ssDNA containing the G-triplex sequence
was 10 μM. The annealing reaction was performed by
incubating them at 95 °C for 5 min and then slowly cooling
to room temperature for 6 h. All oligonucleotide sequences
used here are listed in Table S1 in the Supporting Information.
Imaging Buffer for smFRET. A buffer containing 20 mM

Tris-HCl (pH 7.5) with different concentrations of KCl was
used. Glucose oxidase (1 mg/mL), 0.8% D-glucose, catalase
(0.03 mg/mL), and 4 mM Trolox were mixed as an oxygen
scavenger system to restrain photo-bleaching and photo-
blinking. All reagents were from Sigma.
smFRET Data Acquisition. smFRET experiments were

carried out using a self-built prism-type total internal reflection
microscope. Cy3 was excited by a 532 nm laser (Verdi V2,
Coherent). A water immersion 60× objective (NA 1.2) was

used. Fluorescence signals from Cy3 and Cy5 were split by a
dichroic mirror system and collected by an electron multi-
plying charge-coupled device (DU897, Andor). The coverslips
and quartz slides were cleaned by a mixture of sulfuric acid,
hydrogen peroxide, acetone, and sodium ethoxide. Then, the
quartz slide surfaces were coated by a mixture of 99% mPEG
(m-PEG-5000, Laysan Bio) and 1% biotin-polyethylene glycol
(biotin-PEG-3500, Laysan Bio). Streptavidin (10 μg/mL) was
added to the chamber and incubated for 8 min. After washing,
50 pM DNA substrate was added and incubated for 5 min. The
unlinked DNA was then washed away by the imaging buffer.
All smFRET videos were taken at an exposure time of 250 ms,
for a total time of 200 s.

smFRET Data Analysis. The data analysis was carried out
by scripts written in IDL and MATLAB, as was described
earlier.22,31 Briefly, pairs of Cy3 and Cy5 dots were identified
from the experimental movies, and their intensity traces were
measured. Then, the correlation coefficient between the
intensity of the acceptor, IA, and that of the donor, ID, was
calculated. The FRET efficiency, EFRET, was calculated by IA/
(IA + ID). Histograms of EFRET were generated using over 100
individual molecules and fitted by multi-Gaussian distributions.
The hidden Markov model was used to analyze the different
states of EFRET.

CD Spectroscopy. The CD spectra were recorded at room
temperature with a Bio-Logic MOS450/AF-CD optical system
(Bio-Logic Science Instruments, France) using a 1 mm path
quartz cuvette with a reaction volume of 1.2 mL. The DNA
concentration was 2.5 μM in the buffer with 20 mM Tris-HCl
(pH 7.5). The CD spectra were measured before adding 100
mM KCl and at 0, 6, and 24 h after the addition of 100 mM
KCl. The CD spectra were recorded in the UV regions (220−
320 nm) with 1 nm increments. Each curve is an average of 10
repeated measurements.

Figure 1. Observation of the conformational dynamics of G-triplex in KCl by smFRET. The donor fluorophore Cy3 was attached to the thymine of
the second nucleotide from the 3′ end of the G-triplex sequence (GGGTTA)3 and the acceptor fluorophore Cy5 at the third nucleotide from the 5′
end. The duplex stem was attached at the 5′ end of the G-triplex sequence. (A) Schematic representation of the two possible G-triplex structures
(left, antiparallel; right, parallel). Anti and syn denote the different angles of the glycosidic bonds. (B) FRET histograms (left) and typical traces
(right) in the imaging buffer containing different concentrations of KCl. Multipeak Gaussian distributions were used to fit the histograms. (C) CD
spectra of a G-triplex sequence (GGGTTA GGGTTA GGG) measured before and at different times after adding 100 mM KCl. (D) Fractions of
different folding structures at increasing concentrations of KCl, obtained from the areas of individual Gaussian peaks in (B).
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■ RESULTS

G-Triplex Folding Process with an Intermediate G-
Hairpin in KCl. To understand the folding process of G-
triplex at the single-molecule level, we first characterized the
conformational dynamics of G-triplex with human telomere
repeats in KCl by smFRET. The substrate was constructed
with an ssDNA sequence containing donor fluorophore Cy3
attached to the thymine at the second nucleotide from the 3′
end of the G-triplex motif. Its 5′ tail was hybridized with a
complementary stem strand modified by biotin at the 3′ end
for immobilization. In addition, the stem strand was attached
by an acceptor fluorophore Cy5 at the third nucleotide from
the 5′ end (Figure 1A). As the linker between the fluorophore
and thymine is a single carbon chain, the fluorophores could
rotate freely and orientate randomly. The measured FRET
signal of the two fluorophores is the averaged result for the
different orientations of dye dipole moments. Thus, it may
report the distance change of the two fluorophores
accompanying the conformational change of the G-triplex.
The G-triplex DNA was surface-immobilized through a
biotin−streptavidin bridge onto the polyethylene glycol-
passivated microscope quartz slide. Then, the buffer solution
containing 20 mM Tris-HCl (pH 7.5) with the indicated
concentration of KCl and oxygen scavenger system was flowed
into the chamber.
The FRET results of the G-triplex folding at different K+

concentrations are shown in Figure 1B, together with the
representative smFRET traces. We found that there were only
two states around low FRET values of 0.2 and 0.4 without K+.
The third state with higher FRET values (EFRET ≈ 0.6)
appeared with the addition of K+, and its proportion increased
with the K+ concentration. According to the previous reports,
cations such as K+ are essential for G-triplex formation.22,23,25

Thus, the above third state was expected to correspond to G-
triplex folding in a K+ environment. This was further confirmed
by CD spectroscopy experiments where CD peaks at 260 and
290 nm were observed (Figure 1C and see below). As the peak
with the lowest FRET value (E0.2) was attributed to the
unfolded state and that with the highest FRET value (E0.6) to
the folded G-triplex state, the peak with the medium FRET
value (E0.4) is very probably corresponding to a G-hairpin
state, an intermediate for G-triplex folding. This is consistent
with the previous reports.11,14,22 The G-hairpin structure is
suggested to form spontaneously as the first step in G4
folding.32

Fractions of the different structures were obtained by
Gaussian fittings of the FRET histograms with three major
peaks at 0.2, 0.4, and 0.6 (Figure 1D). The folded G-triplex is
not stable enough in 10 mM K+ environment (with a

population of only 34%) but has a dominant population
(52%) at 100 mM K+ concentration. The proportion of the
unfolded ssDNA and G-hairpin decrease gradually with the
increasing K+ concentration, but they still exist (17% for
ssDNA and 31% for G-hairpin) at 100 mM K+ concentration.
A previous study has shown that the Cy3/Cy5 dyes may

stack on the end of the double-stranded RNA and stabilize the
RNA structures.33 To further check whether the dyes could
influence the folding of G-triplex in our experiments, we
elongated the G-triplex sequence at the 3′ end by adding three
thymines and switched the location of Cy3 to the new thymine
nucleotide that is farther away from the G-triplex structure
(Table S1). The same results were observed (Figure S1),
demonstrating that Cy3 labeled at the previous location
(Figure 1A) has no influence on the G-triplex folding.

Both Parallel and Antiparallel G-Triplex Structures
Were Observed. G-triplex was reported to be the
intermediate for G4 folding previously.10,12,22 In the folding
pathway of G4, the ssDNA first forms the G-hairpin and the G-
triplex consecutively before further folding into the final
structure. Considering there are various G4 structures that may
be formed in a K+ environment, such as parallel and
antiparallel types, it is expected that the G-triplex should also
have both the parallel and the antiparallel types. However, the
two folding structures of the G-triplex, if both indeed exist,
cannot be distinguished by the smFRET measurements with
the donor fluorophore Cy3 labeled at the 3′ end of the G-
triplex sequence as shown in Figure 1A, because the distance
between the donor and the acceptor remains, in theory,
unchanged for the two structures.
Before trying to discriminate the two kinds of G-triplex

folding at the single-molecule level by using a new DNA
design, let us first go back to the measured CD spectra given
earlier (Figure 1C). CD spectroscopy is widely used for
obtaining the structural information of DNA substrates, by
measuring the circularly polarized light absorption. The
stacking of guanines in G-triplex can be thus characterized,
which indirectly provides information on the strand
orientations. It has been shown that parallel G4 with anti/
anti guanines generates a positive CD peak at 260 nm, whereas
antiparallel G4 with anti/syn and syn/anti guanines results in a
negative peak at 260 nm and a positive one at 290 nm, in the
K+ environment.34,35 In our CD experiments, we observed two
positive CD peaks at around 260 and 290 nm, for the G-triplex
sequence (GGGTTA GGGTTA GGG) in a 100 mM K+

environment (Figure 1C). This indicates that the G-triplex
structure formed is a hybrid of the parallel and the antiparallel
types, because its CD spectra contain CD features of both the
types. Moreover, when we examine the folding speed of G-

Figure 2. Observation of the conformational dynamics of G-triplex in KCl by smFRET, with Cy3 labeled at the middle of the 2nd loop. (A)
Schematic representation of the two possible G-triplex structures (left, antiparallel; right, parallel) of (GGGTTA)3. (B) FRET histograms (left) and
typical traces (right) in the imaging buffer containing 0 or 100 mM KCl. Multipeak Gaussian distributions were used to fit the histograms.
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triplex in K+, we may find that the CD spectrum right after
adding K+ is close to that at 6 and 24 h, which means that the
ssDNA folds into G-triplex quickly, and the two types of
structures also reach equilibrium quickly.
As the two types of G-triplex structures cannot be

distinguished by the smFRET measurements with Cy3 labeled
at the 3′ end of the G-triplex sequence, as just mentioned, we
then designed a new DNA substrate by changing the position
of Cy3 to the thymine of the 8th nucleotide from the 3′ end, so
that the parallel and antiparallel G-triplex conformations would
result in different distances between the donor and the
acceptor (Figure 2A). The antiparallel type was expected to
have a higher FRET value than the parallel one.
As shown in Figure 2B (0 mM K+), there are two FRET

states (E0.2 and E0.4) without K
+. As in the FRET experiment

discussed earlier (Figure 1), the E0.2 state represents the
unfolded state of ssDNA. However, the E0.4 state here should
be different from the G-hairpin conformation observed in the
earlier FRET experiment, as the new labeling position of Cy3
would result in a different FRET value if a G-hairpin is formed.
As will be discussed below, the present E0.4 state might
represent an intermediate for the folding of the parallel G-
triplex.
With the newly-labeled DNA substrate, the folding of the

antiparallel G-triplex can result in a detected FRET signal with
the highest value, because the donor is the nearest to the
acceptor in this case (Figure 2A, left structure). As expected, in
a 100 mM K+ environment, a high FRET state at E0.8 was
observed (Figure 2B, 100 mM K+), confirming the formation
of an antiparallel G-triplex. Here, it should be pointed out that
the E0.8 state may also consist of a G-hairpin structure folded
from the two telomeric repeats near the duplex stem. The
reason is that this structure is very likely to be an intermediate
for the antiparallel G-triplex and the distance between the two
fluorophores is also the smallest. To confirm this, we
performed a control experiment with a G-hairpin sequence
labeled with Cy3 and Cy5 at its two ends. In this case, we
indeed observed the same E0.8 state (Figure S2).
After adding 100 mM K+, in addition to the appearance of

the E0.8 state, another new FRET state E0.6 also appeared. This
implies that the parallel G-triplex was also formed at 100 mM
K+. The parallel structure (Figure 2A, right) would have a
distance of the two fluorophores that is slightly larger than that
of an antiparallel G-triplex (Figure 2A, left), thus correspond-
ing to a slightly lower FRET state. This can be seen from a
rough estimation of the distance of the two fluorophores from
the molecule structures. The estimated distance for the parallel
G-triplex is 2.9 nm, which is larger than that for the antiparallel
G-triplex (1 nm) (Figure S3). From Gaussian fittings of the
FRET histogram at 100 mM K+ (Figure 2B), we obtained the
proportions of the two high FRET states (E0.6 and E0.8) as 35
and 24%, respectively, indicating that the parallel-type
structure is the major conformation of G-triplex in a 100
mM K+ environment.
Effects of Proximal DNA on G-Triplex Folding

Revealed by CD Spectra. As we know, in human telomeres,
there exist many tandem repeats of TTAGGGG, so a G-triplex
sequence is actually not an individual unit but has nucleotides
at both ends.1,2 To investigate whether the proximal DNA has
influence on the G-triplex folding and structure, we first
performed CD spectroscopy experiments for a G-triplex
sequence, GGGTTA GGGTTA GGG, with additional
nucleotides TTA at its 3′ or 5′ end. The results are shown

in Figure 3. Comparing with the results for the G-triplex
sequence without the additional TTA (Figure 1C), TTA at the

3′ end of the G-triplex sequence obviously reduced the folding
speed of the G-triplex, and the equilibrium was not reached
until 24 h. The final structure of the G-triplex, however,
remained almost the same, as can be judged from the spectra at
24 h in Figures 1C and 3A.
Interestingly, when TTA was added to the 5′ end of the G-

triplex sequence, we found that the folding speed was reduced
even more significantly and the positive peak at 290 nm was
obviously much lower than that for the individual G-triplex
without the additional TTA (Figure 1C). As the peak at 290
nm of the CD spectrum represents the antiparallel G-triplex
structure, it suggests that the nucleotides TTA at the 5′ end
can reduce the population of the antiparallel G-triplex. All
these results show that the nucleotides TTA at either end of
the G-triplex sequence may slow down the folding speed of G-
triplex and, furthermore, TTA at the 5′ end can shift the
equilibrium of structure distribution by partially inhibiting the
formation of the antiparallel G-triplex.
Besides the nucleotides TTA, we note that, in the FRET

experiments, a double-stranded stem DNA is generally added
to one end of the G-triplex DNA. The duplex stem is necessary
to avoid potential physical constraints to the DNA sequence
from the slide surface. We wonder if the duplex stem also has
some influence on the G-triplex folding. To do so, we
examined the CD spectra of the DNA substrates constructed
similarly as that used in the above FRET experiments (Figures
1A and 2A) but without any labeling (dye molecules and
biotin); that is, a duplex stem was linked to one end of the G-
triplex sequence (GGGTTA)3. First, we examined the CD
spectra of a DNA substrate with the duplex stem attached to
the 3′ end of (GGGTTA)3. In this case, the duplex stem only
caused a decrease in the folding speed of G-triplex (Figure 4A),

Figure 3. CD spectra of G-triplex sequence (GGGTTA GGGTTA
GGG) attached with TTA, measured before and at different times
after addition of 100 mM KCl: (A) TTA attached at the 3′ end; (B)
TTA attached at the 5′ end.

Figure 4. CD spectra of G-triplex sequence (GGGTTA)3 attached
with a double-stranded stem DNA, measured before and at different
times after the addition of 100 mM KCl: (A) Stem DNA attached at
the 3′ end; (B) Stem DNA attached at the 5′ end.
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which is similar to the case when TTA was at the 3′ end of the
G-triplex sequence (Figure 3A). When the duplex stem was
attached to the 5′ end of (GGGTTA)3, not only the folding
speed of G-triplex was decreased, but the fraction of
antiparallel G-triplex (corresponding to the CD peak at 290
nm) was also reduced (Figure 4B), similar to the case when
TTA was at the 5′ end of the G-triplex sequence (Figure 3B).
Taken together, the above results suggest that the duplex

stem DNA and the single-stranded TTA have similar effects on
the folding behaviors of G-triplex, and these effects depend on
their positions relative to the G-triplex sequence. This finding
should be important not only for designing DNA substrates in
smFRET experiments, but also for studying the folding
properties and functions of G-triplex in vivo.
Verification of the Effects of Proximal DNA on G-

Triplex Folding by smFRET. The above ensemble-averaged
results obtained by CD spectra revealed the significant
influence of proximal DNA on G-triplex folding. To further
confirm it at the single-molecule level, we performed the
smFRET experiment using a DNA construct with the duplex
stem at the 3′ end of (GGGTTA)3 and the donor Cy3 on
thymine of the 5th nucleotide (i.e., on the second TTA loop)
from the 5′ end (Figure 5A). In this assay, the parallel and the
antiparallel types of G-triplex can be identified, with similar
FRET states to those obtained in the smFRET experiment
described in Figure 2, where the duplex stem was at the 5′ end
of (GGGTTA)3. We found that the proportions of the two
FRET states (E0.2 and E0.4) without K

+ (Figure 5B, 0 mM K+)
were similar to those observed earlier (Figure 2B, 0 mM K+)
(Figure 6). In the 100 mM K+ environment, however, the
proportion of the FRET state E0.6 decreased from 35 to 25%,
and that of the state E0.8 increased from 24 to 43% because of
the relocation of the duplex stem from the 5′ to the 3′ end of

the G-triplex sequence. As the FRET state E0.6 denotes the
parallel G-triplex whereas E0.8 consists of the antiparallel G-
triplex and the intermediate G-hairpin, the proportion changes
of the two FRET states indicate that the population of parallel
G-triplex is reduced by the relocation of the duplex stem.
In the E0.8 state, we cannot determine the ratio between the

antiparallel G-triplex and the G-hairpin. However, considering
that this kind of G-hairpin is likely to be an intermediate for
the folding of the antiparallel G-triplex, the increase in
proportion of the E0.8 state with the relocation of the duplex
stem suggests that the antiparallel type is the preferred
conformation of the folded G-triplex when the duplex stem is
at the 3′ end of the G-triplex sequence. These smFRET
observations are consistent with the previous CD spectrum
measurements (Figure 4) showing that the fraction of
antiparallel G-triplex (corresponding to the CD peak at 290
nm) is higher when the duplex stem is located at the 3′ end
than at the 5′ end.

■ DISCUSSION

In this report, by using smFRET, we have studied the folding
dynamics of the human telomeric G-triplex. By changing the
labeling position of the fluorophore donor, we have revealed, at
the single-molecule level, that G-triplexes have both parallel
and antiparallel structures. Moreover, we investigated the
effects of proximal DNA on G-triplex folding by using CD
spectroscopy and found that both the nucleotides TTA and the
double-stranded DNA located at either ends of the G-triplex
sequence can decrease the folding speed of G-triplex. More
interestingly, when the proximal DNA is added to the 5′ end,
fractions of the two G-triplex conformations will change, with
more parallel and less antiparallel structures. The results from
the CD experiments were further confirmed by smFRET
experiments.
Here, it should be noted that we have assumed that

interstrand folding does not occur in all our smFRET and CD
experiments. Although different G-strands may form tetramo-
lecular or bimolecular G-quadruplexes at high concentra-
tions,36,37 a previous study has shown that the melting
temperatures of the G-rich oligonucleotides including G-triplex
sequence are independent of the DNA concentration (7−15
μM) in the presence of K+, suggesting no intermolecular G-
quadruplex or aggregation has formed.25 In our experiments,
the concentrations of the G-triplex DNA substrates in
smFRET (50 pM) and CD spectroscopy (2.5 μM) are well
below 7 μM.

Multistructures of G-Triplex and the Folding Path-
ways. On the basis of the smFRET and CD spectroscopy
experimental results, we propose a mechanism for the folding

Figure 5. Observation of conformational dynamics of G-triplex at 0 or 100 mM KCl by smFRET, with Cy3 labeled at the middle of the 2nd loop
and the duplex stem located at the 3′ end. (A) Schematic representation of the two possible G-triplex structures (left, antiparallel; right, parallel) of
(GGGTTA)3. (B) FRET histograms (left) and typical traces (right). Multipeak Gaussian distributions were used to fit the histograms.

Figure 6. Fractions of different folding structures of the G-triplex
sequence (GGGTTA)3. Cy3 was labeled on the 2nd loop and the
duplex stem was located at the 5′ or 3′ end. Fractions of different
folding structures were obtained from the Gaussian fittings in Figures
2B and 5B.
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of the human telomeric G-triplex in a K+ environment (Figure
7). For each of the two types of G-triplexes, there is a folding

pathway. To form the antiparallel G-triplex (Figure 7, upper
pathway), the unfolded ssDNA substrate (corresponding to
the FRET state E0.2) may first fold into G-hairpins, which have
antiparallel structures.11,15,22 For the DNA substrate with Cy3
labeled on the 2nd loop (as shown in the figure), the G-hairpin
will manifest itself as FRET state E0.2 or E0.8, corresponding to
the G-hairpin being away from the stem or close to the stem,
respectively. Then, the G-hairpin further folds into the
antiparallel G-triplex (E0.8).
For the parallel G-triplex (Figure 7, lower pathway), there

exists at least one intermediate structure in the G-triplex
folding. The intermediate structure corresponds to the FRET
state of E0.4, which is between E0.2 for the unfolded ssDNA and
E0.6 for the parallel G-triplex, as was observed in the FRET
traces (Figure 2B). The structure of this intermediate is
unknown; we suppose it is probably a parallel structure formed
by the two GGGTTA tandem repeats, as shown in Figure 7,
which corresponds to a distance of the fluorophore pair slightly
larger than that in the parallel G-triplex structure (E0.6). It is
noted that the fraction of the intermediate state (E0.4)
decreases with the increase of that of the parallel G-triplex
(E0.6) with the addition of 100 mM K+ (Figure 2B), which is
further evidence of the existence of an intermediate in parallel
G-triplex folding. Note that the existence of another
intermediate structure for parallel G-triplex folding is equally
possible. It is also a parallel structure of two tandem repeats
but will manifest itself as FRET state E0.2 because it is far away
from the stem DNA and thus the two fluorophore molecules
are more distant from each other. As this intermediate
structure was mixed with the unfolded ssDNA in the FRET
state E0.2, it could not be observed separately in the smFRET
experiments.
Now, let us reanalyze the experimental results in Figure 1 by

referring to the proposed folding pathways in Figure 7. When
Cy3 was labeled at the 3′ end of the G-triplex sequence, all the
intermediate structures would correspond to the same distance
between the two fluorophores, which is determined by a DNA

duplex plus 6-nt ssDNA (i.e., GGGTTA). Thus, in the
smFRET experiment, they would all belong to the same FRET
state (E0.4), as we have mentioned before. Similarly, the two G-
triplex structures would correspond to the same distance
between the two fluorophores and belong to the same FRET
state. Note that this state has a FRET value of 0.6 as measured
in the experiment (Figure 1B), but according to the G-triplex
structures in Figure 7, this state should have a FRET value
lower than 0.6 if Cy3 is labeled at the 3′ end. We think one
possible reason for this discrepancy is that the TTA tail
actually may not be totally free, but tends to bind in some way
to the G-triplex structure, as it has been shown previously that
the TTA tail can influence the folding of the G4 structures.38

Although antiparallel G-triplex structures have been
proposed in previous studies using NMR, atomic force
microscopy, FRET, and magnetic tweezers methods,11,12,22,24

the parallel G-triplex structure is not confirmed yet at the
single-molecule level. Our previous work also reported the G-
triplex folding by smFRET,22 however, the two topologies of
G-triplex were not distinguishable due to the limitation of the
fluorophore molecule positions. In the present study, we
designed a new DNA substrate with Cy3 labeled on the 2nd
loop in order to distinguish the two types of G-triplex
structures. We confirmed, for the first time, the existence of
parallel G-triplex at the single-molecule level. Coexistence of
the two structures was also observed in our CD experiments.
As for the G-triplex folding pathway, our previous study only

provided the folding pathway for the antiparallel G-triplex with
the hairpin as the intermediate.22 In the present study, we
further defined another folding pathway for the parallel G-
triplex, and observed an unknown parallel intermediate
probably formed by two GGGTTA tandem repeats. More
importantly, the multistructures and folding pathways of G-
triplex may shed new light on the folding mechanisms of the
G4 structures because G-triplex should be an intermediate
structure in the folding of G4. In a K+ environment, G4 have
four different structures: antiparallel, parallel, hybrid I, and
hybrid II.27,39−41 The antiparallel G-triplex may be an
intermediate for the folding of the antiparallel, the hybrid I,
and the hybrid II G4 structures, whereas the parallel G-triplex
may be an intermediate for the folding of the parallel G4
structure.

Effects of Proximal DNA on G-Triplex Folding. The
influence of proximal DNA on the folding conformation and
stability of G4 has been studied by using NMR, CD, UV-
spectroscopy, and differential scanning calorimetry meth-
ods.27−30,42 In our previous work, we found that less
antiparallel and/or hybrid G4 was formed when the double-
stranded stem DNA was at the 5′ end of G4, but the reason
was not clear.22 In the present study, for G-triplex, we have
revealed that its conformational stability is also affected by the
proximal DNA, including single-stranded TTA and double-
stranded stem DNA. When the proximal DNA is located at the
5′ end of the G-triplex, it will partially inhibit the folding of the
antiparallel G-triplex. Considering the intermediate role of the
antiparallel G-triplex in the antiparallel and the hybrid G4
folding, the reduced antiparallel G-triplex could explain the less
formation of the antiparallel and hybrid G4. Moreover, for the
conformational dynamics, we further found that the proximal
DNA located at either the 3′ or the 5′ ends of a G-triplex
sequence can slow down its folding speed and the equilibrium
state is not reached until 24 h (Figures 3 and 4). This is in
contrast with the isolated G-triplex, which folds more quickly

Figure 7. Proposed multipathways for the G-triplex folding of the
human telomeric sequence (GGGTTA)3. The upper pathway is for
the folding of the antiparallel G-triplex structure and the lower one is
for the folding of the parallel G-triplex structure. The FRET states of
all the structures correspond to the case when the DNA substrate is
labeled with Cy3 (green dot) on the 2nd loop and Cy5 (red dot) at
the third nucleotide from the 5′ end, that is, on the double-stranded
stem DNA which is attached at the 5′ end.
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on the addition of K+ and the equilibrium is reached more
rapidly (Figure 1C).

■ CONCLUSIONS
In summary, our smFRET and CD spectra experiments reveal
more complex dynamic properties of G-triplex folding than
ensemble experiments with untethered G-triplex sequences.
The structural diversity of G-triplex and its dependence on the
proximal DNA environments should be kept in mind when
studying G-triplexes linked to single- or double-stranded DNA.
In FRET experiments with G4, a double-stranded stem is
usually attached to the G4 DNA substrate, which might be the
reason for contradictions in the folding speed and
conformation fractions of G4 between the smFRET experi-
ments43,44 and ensemble experiments using simply isolated
DNA sequences.45 It is worth mentioning that the human
telomeric sequence has TTA at both the ends of each GGG
sequence, thus, from our observations of the effects of TTA on
G-triplex folding, there should be more parallel G-triplex and
consequently more parallel G4 in vivo. This speculation needs
future verifications.
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