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ABSTRACT: Single-stranded guanine-rich sequences fold
into compact G-quadruplexes. Although G-triplexes have
been proposed and demonstrated as intermediates in the
folding of G-quadruplexes, there is still a debate on their
folding pathways. In this work, we employed magnetic
tweezers to investigate the folding kinetics of single human
telomeric G-quadruplexes in 100 mM Na+ buffer. The
results are consistent with a model in which the G-triplex
is an in-pathway intermediate in the folding of the G-
quadruplex. By finely tuning the force exerted on the G-
quadruplex, we observed reversible transitions from the G-
quadruplex to the G-triplex as well as from the G-triplex to
the unfolded coil when the force was increased from 26 to
39 pN. The energy landscape derived from the probability
distribution shows clearly that the G-quadruplex goes
through an intermediate when it is unfolded, and vice
versa.

The guanine-rich region with tandem TTAGGG repeats in
human telomeres folds into compact G-quadruplex

structures in which four guanines are held in a plane by
Hoogsteen bonds.1 The guanine planes are further stabilized by
cations such as K+ and Na+.2 G-quadruplexes have attracted
great attention because of their physiological significance in
genome stability maintenance,3,4 chromosome end protection,5

and anticancer drug targeting.6 Knowledge of the folding
pathway of the G-quadruplex, which is directly related to the
dynamics of enzyme-catalyzed unwinding,7 is essential for
understanding the functions of telomeres. Many experiments,
including circular dichroism (CD), differential scanning
calorimetry, and isothermal titration calorimetry analyses,8

fluorescence emission and fluorescence resonance energy
transfer studies,9 and optical tweezers experiments,10 have
established the existence of the G-triplex. Recently, NMR
studies have even revealed the atomic structure of the G-triplex
of thrombin binding aptamer (TBA).11 However, the transition
kinetics of the G-quadruplex, namely, whether the G-triplex
serves as an in-pathway intermediate or exists independently of
the G-quadruplex, is still the subject of debate. The folding
kinetics revealed by ensemble-average assays indicated the
involvement of two kinetic steps in the unfolding pathway.8,12

However, single-molecule techniques seemed not to support
the multistep sequential folding mechanism.10,13−18

The controversial results in the literature indicate that the
folding kinetics of G-quadruplexes is far from being understood.
The present research aimed to answer three questions: (1)
Does a G-triplex exists in a force-induced unfolding process?
(2) If it does exist, does it serve as an in-pathway intermediate
in the unfolding process? (3) What is the corresponding energy
landscape? To this end, we employed magnetic tweezers (MT)
to study the folding kinetics of human telomeric G-quadruplex
structures with the sequence GGGTTAGGGTTAGGGT-
TAGGG. We took advantage of the MT to tune the force
very finely, which is essential for folding/unfolding studies
under equilibrium conditions.
As the ionic conditions have an important impact on the

topology of the G-quadruplexes,19,20 we measured their CD
spectra in a Na+ buffer (100 mM NaCl, 20 mM Tris-HCl, pH
8.0) and in a K+ buffer (100 mM KCl, 20 mM Tris-HCl, pH
8.0) before the MT assay. As shown in Figure 1a, the CD
spectra indicate that the G-quadruplexes have a characteristic
antiparallel structure in the Na+ buffer21 and a mixture of
hybrids in the K+ buffer, consistent with previous reports.19,20

To avoid the uncertainty and reduce the complexity, we
performed the MT experiments in the 100 mM Na+ buffer at
room temperature (24 °C).
The construction of the DNA is illustrated in Figure 1b. One

end of the DNA was anchored to the antidigoxigenin-coated
glass coverslip and the other to a 2.8 μm streptavidin-coated
superparamagnetic Dynabead (Invitrogen Norway), as in our
previous studies.22,23 The tension exerted on the DNA was
finely tuned by the position of magnets above the flow cell, and
the end-to-end extension was recorded. The unfolding
trajectories of the G-quadruplex under different tensions
exhibited a multistate unfolding behavior (Figure 1c). In the
low-tension region (below ∼26 pN), the extension of the DNA
increased smoothly with tension following the wormlike chain
(WLC) model (data not shown).24 Between ∼26 and ∼29 pN,
the extension hopped between two states (Figure 1c, curves i
and ii). When the tension exerted on the same DNA was
increased to ∼32 pN, the trajectory clearly showed the
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existence of three states (Figure 1c, curve iii). The extension of
the third state had the largest value. As the tension was further
increased, the first state became invisible and the extension
hopped between the second and third states (Figure 1c, curves
iv and v). Neither double-stranded DNA (dsDNA) nor single-
stranded DNA (ssDNA) exhibits structural transitions at
tensions below ∼60 pN.25,26 The hops in the extension in
our single-molecule assays are therefore attributed to structural
transitions of the G-quadruplex.
The corresponding tension-dependent probability distribu-

tions of the extension of the DNA, P(x), are shown in Figure 2.
The distributions were obtained by first removing the thermal
motions of the beads at the end of the dsDNA handles (see
Figure 1b) using the Harr wavelet transform tools in MATLAB.
The details of the evaluations are described in the Supporting
Information (SI).
Two peaks separated by 3.8 ± 0.4 nm were observed in the

probability distributions when the tension on the DNA was
tuned to between ∼26 and ∼29 pN (Figure 2, curves i and ii).
The first peak corresponds to the extension of the DNA with a
folded G-quadruplex (F). The second peak corresponds to the

extension of the DNA with a partially unfolded intermediate
state (I). Details about I will be discussed later. Three states
were observed at ∼32 pN (Figure 2, curve iii). The extension of
the DNA hopped among the three states with a small step of
3.9 ± 0.4 nm and a large step of 6.0 ± 0.4 nm. The first
transition is similar to the one under lower tension. The second
one can be attributed to the transition between I and the totally
unfolded state (U). Beyond ∼37 pN, the first transition became
almost invisible but the second transition continued. When the
tension was increased beyond 40 pN, the intermediate was
destroyed and the structure remained in the unfolded state. The
results clearly show that there is an in-pathway intermediate
during the unfolding of the G-quadruplex. First, the three states
appeared in order as the force was increased. Second, two
reversible transitions, from F to I and from I to U, were
observed. Finally, many transitions with two sequential jumps
were observed in a single experiment (see curve iii in Figure 1c
and more in Figure S3 in the SI).
If the intermediate state is the G-triplex as proposed

elsewhere,8−12,27,28 the first transition can be attributed to the
stripping of a six-nucleotide arm (GGGTTA or TTAGGG)
from the G-quadruplex. The reason for this is as follows. The
length per nucleotide is ∼0.55 nm under a tension near 30
pN.25 Hence, the extension of the arm is 3.3 nm. There are two
types of antiparallel G-quadruplexes: the basket type and the
chair type.29,30 As shown in Figure S2, the change in end-to-end
distance is 0.2 nm for the transition of the basket-type G-
quadruplex and 0.8 nm for the chair-type one.31 The total
increases in extension upon transition from these G-
quadruplexes to the corresponding G-triplexes are therefore
3.5 and 4.1 nm, respectively. These values are very close to our
experimental result of 3.9 ± 0.4 nm. A similar analysis shows
that disruption of the G-triplex results in changes in extension
of 6.1 and 6.0 nm for the basket-type and chair-type G-
quadruplexes, respectively. These values are equal to the
measured value of 6.0 ± 0.4 nm within experimental error. The
estimated overall changes in extension are 9.6 and 10.1 nm for
the complete disruption of the basket-type and chair-type G-
quadruplexes, respectively. The measured steps fit the chair-

Figure 1. (a) CD spectra of the G-quadruplexes in 100 mM Na+ buffer
(black line) and 100 mM K+ buffer (red line). (b) Schematic view of
the magnetic tweezers assay (not to scale). The G-quadruplex is
connected to a lower 699 bp dsDNA handle and an upper 2271 bp
dsDNA handle. (c) Sequential unfolding trajectories of the G-
quadruplex under different constant tensions. Here the data are from a
single G-quadruplex, but the starting time of each measurement is
shifted. The dashed lines correspond to the peaks in the probability
distributions in Figure 2.

Figure 2. Probability distributions of the extension under different
tensions corresponding to the trajectories in Figure 1c. The red lines
are the Gaussian fits to the peaks, and the error bars are the residual
errors of the corresponding fits. Two different step sizes of 3.9 ± 0.4
and 6.0 ± 0.4 nm indicate two different sequential unfolding processes.
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type G-quadruplex better than the basket-type one. The above
analysis, together with evidence collected from the litera-
ture,8−12,27,28 indicates that the G-triplex is the most plausible
candidate for the intermediate structure, although some other
unknown structures cannot be excluded at present.
Energy landscape formalisms provide a fundamental

conceptual framework for describing the formation of three-
dimensional structures of biomolecules.32,33 In this work, the
folding kinetics was measured under equilibrium conditions.
The free energy landscape G(x) can hence be directly derived
from the probability distribution via the relation G(x) = −kBT
ln[P(x)]. We repeatedly measured the folding trajectories and
used those that exhibited multiple states to construct the free
energy landscapes. As shown in Figure 3a, three minima

separated by two energy barriers can be identified in the energy
landscape. The three minima correspond to the F, I, and U
states. Under a finely tuned tension of F3 ≈ 32 pN, the free
energy landscape [black curve in Figure 3a, denoted as G3(x) in
the following] clearly shows that the three states have almost
the same free energy. Neglecting the change in extension with
force around F3, the free energy landscapes under other
tensions F are related to G3(x) by G(x) = G3(x) + xΔF, where
ΔF = F − F3. The landscapes calculated using this equation
(dashed lines in Figure 3a) and the ones constructed from the
experiments (solid lines) agree well with each other. However,
this equation cannot be applied to zero tension because the
reduced entropy of the unfolded segment due to stretching is

not considered. According to Liphardt et al.,34 the free energy
change under zero tension, ΔG0, is related to the equilibrium
constant for the transition under nonzero tension, Keq, by ΔG0

= FΔx − ΔGstre − kBT ln(Keq), where ΔGstre accounts for
stretching of the unfolded state. The equilibrium constant Keq
can be derived from the lifetimes of the states (see the SI). The
resulting values of ΔG0 were found to be 6.3 kcal/mol for the
transition from F to I and 13.3 kcal/mol for the transition from
I to U (see the SI for details). The values are slightly higher
than those reported previously,8,28 which is understandable
because the step sizes in the present work (Figure 2) are
slightly larger than those in ref 28.
We performed measurements on more than 200 DNA

molecules, with each being used several times, and analyzed
1641 extension steps. The steps were identified automatically
by using a χ2 step-fitting algorithm.35 The intermediate state
was robust in our experiments. Between 25 and 28 pN, more
than 60% exhibited the transition from F to I as well as that
from I to F with a step size of 3.7 ± 0.4 nm. Between 30 and 35
pN, more than 20% exhibited at least one event with two
sequential jumps. The probability distribution of 863 steps in
the force range between 30 and 35 pN is illustrated in Figure 4.

Besides the two transitions with step sizes of 3.7 ± 0.4 and 6.1
± 0.4 nm, many direct transitions from F to U and from U to F
with a step size of 10.1 ± 0.5 nm were also observed. The
magnetic tweezers enabled us to perform the folding experi-
ments in the force-clamp mode easily. One can catch almost all
of the events so long as one waits long enough. On the other
hand, care must be taken to perform the unfolding experiments
in the velocity-clamp mode.
It is noteworthy that the stability of the G-quadruplex

depends on many conditions, such as the buffer used in the
measurements and the detailed structure of the DNA construct
(Figure 1b). As mentioned above, we used CD spectroscopy to
check the structure of the G-quadruplexes and chose a buffer
containing 100 mM Na+. The intermediate state was robust in
our experiments and began to collapse when the tension was
higher than 32 pN. This value is similar to those for the
unfolding of antiparallel G-quadruplexes measured using optical
tweezers.10 It has been reported that ssDNA protrusions
destabilize G-quadruplexes,4,36 so a DNA construct containing
a G-quadruplex connected to the dsDNA handles through
ssDNA segments may result in a low disruption force in the
stretching experiments.18

In summary, we have clearly shown that the human telomeric
G-quadruplex goes through an intermediate state before it is

Figure 3. (a) Free energy landscapes of the G-quadruplex under
different tensions (solid lines). These are related to each other by the
expression G = G3 + xΔF, where G3 is the landscape at 32 pN;
landscapes calculated using this formula are shown as dashed lines.
The curves have been shifted vertically for clarity. (b) Model proposed
to explain the sequential unfolding pathway of the G-quadruplex.

Figure 4. Probability distribution of the 863 steps identified in the data
sets measured between 30 and 35 pN. The peaks are located at 3.7 ±
0.4, 6.1 ± 0.4, and 10.1 ± 0.5 nm.
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forced to unfold totally, and vice versa. We have also
constructed the tension-dependent free energy landscape,
which possesses three minima separated by two barriers. The
distances between the folded, intermediate, and unfolded states
imply that the intermediate is a G-triplex. The extension of the
DNA hops among the three states near a certain finely tuned
tension. Away from this tension, the structure hops back and
forth between the G-quadruplex and the G-triplex as well as
between the G-triplex and the fully extended state (see Figure
3b for the proposed model). We believe that the present study
reveals a clear sequential unfolding pathway of the G-
quadruplex, which should be helpful for further studies on
helicase-catalyzed unwinding of G-quadruplexes.
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