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G-quadruplexes, which are unique four-stranded structures
formed by guanine-rich (G-rich) nucleic acids, are enriched in
essential regions in genomes and are implicated in the
regulation of gene expression at both transcription and
translation levels. These structures are becoming promising
therapeutic targets against cancer and other diseases.[1] G-
quadruplexes are highly polymorphic in their folding top-
ology,[2] which is sensitive to the sequence composition, the
loop size,[3] and surrounding environmental factors, such as
species of cations,[4] and the presence of chemical ligands[5]

and crowding agents.[6] The control of G-quadruplex folding
and its physiological relevance is not only important for
understanding the in vivo function of a G-quadruplex, but
also for developing effective drugs.[7]

To date, the vast majority of studies have focused on DNA
structures in the thermodynamic equilibrium state. However,
many biological processes that are essential in gene expres-
sion, such as chromatin remodeling and transcriptional
control, are mostly regulated by kinetic control. Specifically,
nucleic acids inside cells are bound to proteins or other
biomolecules, such as complementary strands, and are only
liberated during specific physiological processes, such as
DNA replication and transcription. Potential G-quadruplex
formation during these processes might be dominated by
kinetic rather than thermodynamic control. This issue repre-
sents a potentially important, but hitherto neglected topic in
the field.

We have studied the kinetic versus thermodynamic
control of G-quadruplex folding by using human telomere
DNA as a model system. By employing circular dichroism,
fluorescence spectroscopy, gel electrophoresis, and photo-
cleavage footprinting, we show that when liberated from the
DNA duplex upon duplex disruption or helicase unwinding,

human telomere DNA initially forms a distinct structure from
the one it forms at the equilibrium state in a K+/PEG solution.
This result demonstrates that the conformation initially
adopted by a G-quadruplex in physiological events may not
be the one that it adopts in the equilibrium state, and that the
competition between kinetic and thermodynamic control is an
important factor in determining the biological and pharma-
ceutical relevance of a G-quadruplex.

G-quadruplex formation during duplex disruption was
first studied in a hairpin duplex DNA, which was prepared in
a 150 mm K+ solution (see Figure S1 in the Supporting
Information) and then rapidly mixed into an equimolar K+

solution containing 40% PEG 200. PEG 200 has been shown
to affect the conformation of G-quadruplexes.[6a,b,8] In partic-
ular, PEG 200 dramatically destabilizes DNA duplexes and
stabilizes G-quadruplexes.[8a–c,9] As a result, the duplex was
disrupted and the G-rich region folded into a G-quadruplex
when PEG was added.[9b]

Figure 1 shows the CD spectra that were used to monitor
the structural changes. Initially, the original hairpin in the K+

solution displayed a negative peak at 240 nm and a positive

peak at 260 nm, which are characteristic of a DNA duplex.[10]

Shortly after PEG was added, a positive peak near 285 nm
emerged. The parallel/antiparallel hybrid human telomere G-
quadruplex features a positive peak near 290 nm,[5a, 11] and the
parallel form displays a negative peak near 240 nm followed
by a positive peak near 265 nm[6a] as for many other telomere
sequences.[6b,c,10b, 12]

Figure 1. G-quadruplex formation and structural transition in a DNA
duplex carrying the core telomere sequence G3(T2AG3)3 at the 3’ end
monitored by CD spectroscopy. The DNA hairpin originally formed in a
150 mm K+ buffer converted into a G-quadruplex when the sample was
mixed with an equal volume of the same buffer containing 80% (w/v)
PEG 200. CD spectra were collected at the indicated time after mixing
at 37 8C. PEG= poly(ethylene glycol).
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The appearance of the new peak near 285 nm suggests
that the G-quadruplex might initially assume a parallel/
antiparallel structure upon hairpin duplex disruption and then
gradually convert to a parallel structure, as judged from the
disappearance of the peak near 285 nm and the emergence of
a positive peak near 265 nm. The spectra gradually
approached that of the parallel G-quadruplex at the equilib-
rium state, which was prepared by heat denaturation/renatu-
ration and featured a positive peak at 265 nm and a negative
peak at 245 nm.[6a]

At the equilibrium state, the human telomere G-quad-
ruplex adopts a parallel/antiparallel hybrid structure in K+

solution,[11b,c,13] but a parallel propeller-like structure in K+

solution containing 40% PEG 200,[6a] as it does in K+-
containing crystals.[14] Our CD results suggest that the DNA,
when given a chance to fold in the K+/PEG solution, might
initially adopt a structure that is not the one it adopts at the
equilibrium state in the same solution.

Further analyses were carried out to verify the observa-
tion by using a format that mimics the separation of the DNA
duplex in vivo, because CD spectroscopy is not a definitive
indicator of folding orientation.[15] Here, the G-rich telomere
strand G3(T2AG3)3 was annealed to a longer complementary
C-rich strand in such a way that the 3’ region of the C-rich
strand protruded out in a single-stranded form (Figure 2).

Because of the intermolecular nature, the duplex was
prepared at a 5 mm strand concentration in a K+ solution to
ensure duplex formation (see Figure S2 in the Supporting
Information), and then diluted 100 times into a K+ or a K+/
PEG solution containing BLM helicase. After a brief
incubation for the helicase to load onto the overhang, the
G3(T2AG3)3 was released from the C-rich strand by the
helicase, catalyzed by the addition of ATP (see Figure 2, and
Figure S3 in the Supporting Information).[16]

The released strand G3(T2AG3)3 formed a G-quadruplex,
as verified by fluorescence resonance energy transfer (FRET)
between the two fluorophores labeled at the two ends of the
G3(T2AG3)3 (see Figure S3 in the Supporting Information).
Because of the requirement of a high DNA concentration (mm

level) and, as a result, a high concentration of helicase, we
were unable to monitor the G-quadruplex formation by CD
spectroscopy. Therefore, the formation of the G-quadruplex
was next examined using G3(T2AG3)3 substituted with 2-
aminopurine (Ap) at different adenine residues (Figure 3).
Ap is a fluorescent adenine isomer whose fluorescence is
sensitive to local conformational changes in DNA, and it has
been used to probe the structure of human telomere G-
quadruplexes.[6a, 17] In particular, Ap was used to distinguish
parallel telomere G-quadruplexes from antiparallel/parallel

ones in K+ solutions.[6a] The relative fluorescence intensities of
the Ap dyes in the three loops of the parallel/antiparallel K+

G-quadruplex are in the order Ap6>Ap18>Ap12, with
large differences.[6a, 17] The emission from Ap6 is about seven
times higher than that from Ap12.[6a, 17a] For the parallel K+/
PEG G-quadruplex, the fluorescence of each of the three Ap
dyes is very similar because of the structural symmetry of the
three external TTA loops. In this case, the fluorescence ratio
of Ap6 to Ap12 is slightly larger than one.[6a]

Figure 3a–d shows G-quadruplex formation as the G3-
(T2AG3)3 was released from the duplex. The fluorescence of
Ap is quenched in the DNA duplex,[18] thus the formation of
the G-quadruplex led to an increase in fluorescence (Fig-
ure 3a, b). The ratio and order of fluorescence intensities of
the three Ap dyes clearly show that the same parallel/
antiparallel hybrid G-quadruplex was formed in both the
absence (Figure 3a, c) and the presence (Figure 3 b, d) of
PEG, and is consistent with the structure adopted in the K+

solution (Figure 3e) instead of the one adopted in the K+/

Figure 3. G-quadruplex formation of G3(T2AG3)3 released from the
DNA duplex by BLM helicase monitored by the fluorescence of the Ap
substituent at different loop positions. Unwinding in a 150 mm K+

solution in the absence (a) or in the presence (b) of 40% (w/v)
PEG 200 was initiated by the addition of ATP, and the fluorescence
was recorded over time at 37 8C. After unwinding, the emission
spectrum of each sample was scanned immediately (c,d) or after a
heat denaturation/renaturation treatment (e, f). A 20-fold excess of
unlabeled G3(T2AG3)3 was added before the heat treatment to prevent
the Ap DNA from re-annealing into a duplex. Dotted black lines in (a)
and (b) are theoretical lines obtained by fitting the curves to a
sequential two-step first-order and a simple first-order reaction,
respectively.

Figure 2. G-quadruplex formation of G3(T2AG3)3 released from the
DNA duplex by Bloom syndrome (BLM) helicase upon addition of
adenosine triphosphate (ATP).
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PEG solution (Figure 3 f) at the equilibrium state by this
DNA after a heat denaturation/renaturation treatment.[6a]

Thus, these results support that the G3(T2AG3)3 initially
formed a parallel/antiparallel hybrid G-quadruplex in the K+/
PEG solution rather than the parallel one it formed in the
equilibrium state.

The G-quadruplex structure that was adopted by the
G3(T2AG3)3 and released by duplex unwinding was further
verified by gel electrophoresis (Figure 4). The parallel form of

the human telomere G-quadruplex has a sedimentation
coefficient that is 24.9% smaller than that of the antipar-
allel/parallel hybrid form[17a] and, as a result, migrates slower
in gel electrophoresis.[6a] In the K+ solution, the G3(T2AG3)3

formed an antiparallel/parallel hybrid structure upon release
from the duplex, as judged from the two reference structures,
and it remained in this form over time (Figure 4a). From
Figure 4b, it is apparent that in the K+/PEG solution, the
G3(T2AG3)3 initially also formed an antiparallel/parallel
hybrid structure with a faster migration. This structure
slowly transformed to the parallel one, which showed a
slower migration. The slow conversion is in agreement with
the CD data in Figure 1 and with previous results from our
research group and others.[6a, 19]

The parallel/antiparallel hybrid human telomere G-quad-
ruplex features a (3 + 1) G-quartet core, in which three G-
tracts are oriented in one direction and another in the
opposite direction.[11b,c,13,20] This structure can have several
variants according to the order of the loop arrangement,
which is affected by cations, quadruplex-binding drugs, and
flanking sequences.[2c,11b,c,13, 20] To better resolve the structure
identified in our experiments, we next analyzed the G-
quadruplex by using a ligand-induced photocleavage foot-
printing technique that we developed recently.[21] This tech-
nique identifies the orientation of each of the four G-tracts in
a G-quadruplex using the ligand tetrakis(2-trimethylamino-
ethylethanol) phthalocyaninato zinc tetraiodine (Zn-TTAPc),

which induces differential cleavages to the guanines between
the two terminal G-quartets under UV irradiation; therefore,
the orientation of each G-tract can be revealed by comparing
the relative extent of guanine cleavage at its two ends. In this
analysis, the core sequence was flanked by TTA at both the 5’
and 3’ ends in order to efficiently precipitate the cleavage
fragments and separate them on gel.[21] G-quadruplexes at the
equilibrium state were prepared by heat denaturation/rena-
turation.[6a]

In Figure 5, it can be seen that the DNA released from the
duplex in a K+ solution adopted a fl›flfl orientation corre-
sponding to the antiparallel/parallel (3 + 1) hybrid structure

with the first, third, and fourth G-tract in one direction and
the second in the opposite direction, which is identical to the
structure adopted in heat denaturation/renaturation. When
released in the K+/PEG solution, the DNA also adopted a
fl›flfl orientation, as judged from the relative cleavage of the
two guanines at the two ends of the four G-tracts, as well as
from the general cleavage pattern. In contrast, the DNA
subjected to heat denaturation/renaturation showed a flflflfl
orientation corresponding to the parallel G-quadruplex.
These results indicate that the DNA, when liberated in both

Figure 4. G-quadruplex formation and conformational conversion of
G3(T2AG3)3 released from the DNA duplex by BLM helicase monitored
by gel electrophoresis. Unwinding in a 150 mm K+ solution in the
absence (a) or in the presence (b) of 40% (w/v) PEG 200 was initiated
by the addition of ATP at 37 8C, and samples were examined by gel
electrophoresis at the indicated time after unwinding initiation. K+ and
K+/PEG indicate the G3(T2AG3)3 prepared in K+ and K+/PEG solution
with heat denaturation/renaturation used as reference for antiparallel/
parallel and parallel G-quadruplex, respectively. dsDNA is the DNA
duplex before unwinding. The intramolecular nature of the G-quad-
ruplexes was reflected by their fast migration compared with that of
the 21 nt poly-T (T21).[6a]

Figure 5. Zn-TTAPc induced photocleavage of (T2AG3)4T2A released
from the DNA duplex by BLM helicase in a 150 mm K+ solution in the
absence and presence of 40% (w/v) PEG 200. The image at the top
shows the footprinting electrophoresis gel, and the graphs at the
bottom indicate the densitometry profile of the corresponding gel
lanes. The bands indicated by red arrowheads and the peaks in red
correspond to guanines that participated in the G-quartet formation.
The red arrows in the graph were drawn according to the intensity of
the first and last peaks of each G-tract and then combined to obtain
the folding orientations of the G-tracts. The fl›flfl orientation in the
upper three graphs indicates two possible isoforms (schemes on the
right) that differ in the second TTA loop (lateral and diagonal,
respectively). The form 2 structure has been reported to be adopted by
the sequence (T2AG3)4T2A

[21] and TAG3(T2AG3)3T2
[20] in a K+ solution.

The flflflfl orientation in the lower graph corresponds to a parallel G-
quadruplex.[21]
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the K+ and K+/PEG solution, folded into the same antipar-
allel/parallel (3 + 1) hybrid structure. The unwinding in a K+/
PEG solution could not reach 100 % (see Figure S3 in the
Supporting Information), so that a small fraction of the
duplex was present, in which all the guanines were similarly
cleaved.[21] This result may explain why the difference of
cleavage between the two guanines at the ends of a G-tract
was smaller than that observed in the absence of PEG. In
comparison with previous results, the introduction of TTA at
the two ends of the core sequence did not affect the folding
conformation.

The four independent analyses provided convincing
evidence that, when liberated from the duplex in a K+/PEG
solution, the human telomere sequences G3(T2AG3)3 and
T2AG3(T2AG3)3T2A initially adopt an antiparallel/parallel
(3 + 1) hybrid G-quadruplex rather than the parallel one they
adopt at the equilibrium state in the same solution. The fact,
that the same structure was obtained with the different
sequences in Figures 1 and 3–5 suggests that the presence of
flanking sequences did not alter the antiparallel/parallel
hybrid nature of the G-quadruplex. Since the structure
adopted at the equilibrium state is the most stable one
under the given conditions, the initial formation of the
antiparallel/parallel hybrid G-quadruplex implies that the
structure was favored by kinetics rather than stability. This
behavior suggests that the formation kinetics played an
important role in determining the initial conformation of the
G-quadruplex. In a K+ solution without PEG, the kinetic
structure was the same as the thermodynamic structure.

Kinetic studies revealed that telomere DNA folds into a
G-quadruplex within microseconds, which is often followed
by additional isomerization on a time scale ranging from
seconds to hundreds of seconds.[22] The later decrease in
fluorescence in Figure 3a might suggest such an isomerization
process. By fitting the three curves in Figure 3 a to a
sequential two-step first-order reaction model (see Figure S4
in the Supporting Information), a rate constant of 0.015 s�1

was obtained for this possible isomerization that corresponds
to a relaxation time of 65 s. Since the duplex unwinding is 2–3
orders of magnitude slower than the folding of telomere
DNA,[16,22c] the fluorescence traces in Figure 3a, b depict the
time courses of unwinding and accumulation of G-quadru-
plexes. The fitting of Figure 3a provided a rate constant of
0.22 s�1 for the unwinding in a K+ solution. For the unwinding
in a K+/PEG solution, the fitting of Figure 3b to a simple first-
order model provided a smaller rate constant of 0.02 s�1. The
unwinding, the G-quadruplex folding, and the following
isomerization are much faster than the extremely slow
conversion of telomere DNA from the kinetic (3 + 1) hybrid
to the thermodynamic structure (Figure 4b);[6a] this conver-
sion has a rate constant of 9.56 � 10�5 s�1 or a relaxation time
of 2.9 h.[19] This fact suggests that the initial G-quadruplex
formation and isomerization that followed shortly are of more
physiological significance than the much slower long-term
conversion.

The human telomere sequence was used for this study
because it is a simple and well-characterized model system for
G-quadruplex folding; however, the strand release by BLM
helicase is more relevant to situations where a complemen-

tary strand is present. For double-stranded telomere DNA, G-
rich strand separation occurs when it is transcribed[23] or
replicated. The single-stranded telomere overhang can be
bound by proteins such as POT1.[24] The strand releasing may
also approximate that upon dissociation of DNA binding
proteins. Our observation raises the possibility that a G-
quadruplex, when allowed to fold in vivo, may not adopt the
structure that it adopts at the equilibrium state. This behavior
adds more complexity to the physiological relevance of G-
quadruplex structures formed by human telomere DNA and
likely other nucleic acids in terms of molecular recognition
and interaction. When a G-rich telomere DNA is liberated, its
initially assumed structure determines how it will be first
recognized in interactions with other molecules. A better
understanding of the physiological relevance of G-quadru-
plex structures will require more information on the mech-
anism of G-quadruplex folding regulation, competition, and
interconversion between structural variants.

In summary, we have studied the kinetic and thermody-
namic control of the folding of G-quadruplexes and demon-
strated how they may affect the selection of G-quadruplex
conformation. The conformational distinction between the
telomere DNA structures that were produced by the two
folding pathways emphasizes the need to consider folding
kinetics in addition to thermodynamic stability with respect to
the biological and pharmaceutical relevance of G-quadruplex
structures. In this regard, the large number of G-quadruplex
structures identified so far at the equilibrium state may need
to be re-evaluated.
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