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ABSTRACT: Oxytricha noVa telomeric DNA contains guanine-rich short-tandem repeat sequences
(GGGGTTTT)n and terminates as a single strand at the 3′-end. This single-stranded overhang forms a
novel DNA structure, namely, G-quadruplex, comprising four quartets. In this study, we investigated the
structures and dynamics of unimolecular Oxytricha noVa (O. noVa) telomeric G-quadruplexes by performing
single molecule fluorescence resonance energy transfer (FRET) spectroscopy and bulk circular dichroism
(CD) measurements. We observed that unimolecular O. noVa G-quadruplexes exhibit structural
polymorphism according to monovalent cations. In the presence of Na+, only antiparallel conformation
is detected, which was demonstrated in previous studies; however, in the presence of K+, they fold into
two different conformations, a parallel conformation and an antiparallel one different from that induced
by Na+. Furthermore, these G-quadruplexes show extremely high stability in their dynamics when compared
with human G-quadruplexes. While human telomeric G-quadruplexes that possess three quartets display
fast dynamic behavior (<100 s) at low K+ concentrations or high temperatures, O. noVa G-quadruplexes
maintain their conformational state for a long time (>1000 s), even at the lowest K+ concentration and
the highest temperature investigated. This high stability is primarily due to an extra quartet that results in
additional cation coordination. In addition to cation coordination, we propose that other factors such as
base stacking and the size of the thymine loop may contribute to the stability of O. noVa G-quadruplexes;
this is based on the fact that the O. noVa G-quadruplexes were observed to be more stable than the human
ones in the presence of Li+, which is known to greatly destabilize G-quadruplexes because of imprecise
coordination. This extreme stability of four-quartet G-quadruplexes enables telomere protection even in
the absence of protective proteins or in the case of abrupt environmental changes, although only a single
G-quadruplex structure can be derived from the short single-stranded overhang.

Telomeres, which are nucleic acid–protein complexes
located at the end regions of eukaryotic chromosomes, play
an important role in maintaining the stability and integrity
of chromosomes (1–3). Telomeric DNA comprises short
tandem repeats containing many guanines, and the sequence
of tandemrepeatsvariesonlyminutelyamongorganisms(4,5).
This guanine-rich single-stranded DNA forms a novel
structure in Vitro, namely, G-quadruplex (4–7). Moreover,
it has been reported that the G-quadruplex may also exist in
ViVo (8, 9). It has received considerable attention because
of its structural complexity and biological roles. In particular,
the human telomeric G-quadruplex has been extensively
studied because it is considered a target for anticancer
agents (10, 11). Since the parallel structure of the human
telomeric G-quadruplex in the presence of K+ was reported
by X-ray crystallography (12), its structural polymorphism
has received increasing attention, and diverse studies have
been performed in this regard (13, 14). The coexistence of
parallel and antiparallel conformations and their dynamics
in a K+-containing solution was reported by performing

single molecule FRET1 spectroscopy (15, 16). More recently,
a hybrid-type intramolecular G-quadruplex structure with
mixed parallel and antiparallel strands was revealed based
on NMR and CD spectra in K+ solution (17).

The telomeric G-quadruplex of Oxytricha noVa (O. noVa)
has been also extensively investigated to determine various
structural and physicochemical characteristics. X-ray crystal-
lography and NMR revealed that bimolecular O. noVa
G-quadruplexes form an antiparallel fold-back structure in
the presence of K+ or Na+ (18–20). The transition between
the antiparallel and tetramolecular parallel structure was
examined according to cations (21, 22). The thermodynamic
stability of O. noVa G-quadruplexes was also investigated
and compared by differential scanning calorimetry (23).
However, most previous studies have focused on the
structures and kinetics of bi or tetramolecular quadruplexes.
With regard to unimolecular quadruplexes, Wang et al.
revealed that the sodium formation of O. noVa G-quadruplex
is an antiparallel fold-back structure (24); however, potassium
formation of O. noVa G-quadruplex has not been clearly
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demonstrated to date, although potassium ions are more
dominant (∼140 mM) than sodium ions (∼10 mM) in cells
(25).

In this article, we investigated the structures of the
unimolecular O. noVa G-quadruplex and its dynamics, mainly
in the presence of K+, by using single molecule FRET
spectroscopy; this technique makes it possible to eliminate
the ensemble-average effect and to observe the conforma-
tional dynamics in real time (26–28). Consistent with earlier
works, single molecule FRET spectroscopy, together with
CD spectroscopy, revealed that the unimolecular O. noVa
G-quadruplex folds to the antiparallel conformation in the
presence of Na+. In contrast, we found that in the presence
of K+, this molecule exhibits two different structures, that
is, a parallel conformation and an antiparallel one different
from that in Na+. Furthermore, the dynamics of the O. noVa
telomeric G-quadruplexes revealed that these G-quadruplexes
are considerably more stable than the human G-quadruplexes.
The former maintains either a folded or unfolded conforma-
tion for more than 1000 s in the presence of K+. This extreme
stability of O. noVa G-quadruplexes is due to the presence
of four quartets. When compared with the human quadru-
plexes, an additional cation can be coordinated in the O. noVa
G-quadruplexes because of an additional quartet; this is a
major contribution to the extreme stability. In addition, by
observing the dynamics in Li+ solution, we demonstrated
that other factors such as base-stacking or the thymine-loop
may exert a minor effect on their stability.

MATERIALS AND METHODS

Sample Preparation. Oligomers for bulk FRET and single
molecule FRET spectroscopy were purchased from IDT
technology. Human and O. noVa telomeric quadruplex
samples were synthesized. Each sample comprised two
strands, one corresponding to the G-quadruplex sequences
and the other to the stem sequences (Figure 1A) as follows:
human G-quadruplex part, 5′-Cy5- GGG TTA GGG TTA
GGG TTA GGG AGA GGT AAA AGG ATA ATG GCC
ACG GTG CG -Biotin-3′; human stem part, 5′-CGC ACC
GTG GCC ATT ATC CTT T*TA CCT CT-3′; Oxytricha
noVa G-quadruplex part, 5′-Cy5-GGG GTT TTG GGG
TTT TGG GGT TTT GGG GAG AGG TAA AAG GAT
AAT GGC CA-Biotin-3′; and Oxytricha noVa stem part, 5′-
CCG TGG CCA TTA TCC TTT* TAC CTC T-3′. Each
3′-end of the G-quadruplex parts was biotinylated to enable
surface attachment. As a donor, tetramethylrhodamine (TMR)
was internally labeled by modifying a thymine (T*) in the
stem part, and Cy5 at the 5′-end of the G-quadruplex part
served as an acceptor. The G-quadruplex part and stem part
were mixed well in a 2:1 ratio and heated to 95 °C. The
mixture was then slowly cooled to room temperature.

Bulk Measurements. A spectrofluorometer (F-4500, Hita-
chi) was used to measure the bulk fluorescence in the
presence of various concentrations of potassium at room
temperature. Annealed O. noVa G-quadruplex samples (200
nM) were used. The samples were excited at 532 nm with a
bandwidth of 1 nm, and the fluorescence emission was
measured from 550 to 750 nm with 1 nm resolution. The
fluorescence data was normalized to the TMR emission peak
at 580 nm. For CD spectroscopy, oligomers containing only
the O. noVa telomeric sequence, that is, 5′-GGG GTT TTG

GGG TTT TGG GGT TTT GGG G-3′, were synthesized
(Bioneer, South Korea) in order to exclude the effects of
the stem duplex and labeled dyes on the CD spectra. A Jasco
J-715 spectropolarimeter was used at room temperature.
About 5 µM of samples were prepared in a buffer solution
with 10 mM Tris-HCl (pH 7.4) and 200 mM K+ or Na+.

Single Molecule Spectroscopy. A microchamber was
constructed by bonding a quartz slide (G. Finkenbeiner,
USA) and a glass coverslip using double-sided tape. BSA-
biotin (A-8549, Sigma) and streptavidin (S-888, Invitrogen)
were successively injected. The chamber was cleaned with
T50 (10 mM Tris-HCl at pH 7.4 and 50 mM NaCl) between
steps. Then 50 ∼100 pM of the samples was added, and the
chamber was incubated at room temperature for 10 min (29).
To wash away the nonadherent samples and exclude the
effects of Na+ in the T50 buffer on the G-quadruplexes, the
chamber was rinsed with buffer lacking cation (10 mM Tris-
HCl at pH 7.4 and 0.4% (w/w) glucose). And the imaging
buffer (10 mM Tris-HCl (pH 7.4), 0.4% (w/w) glucose, 1%
2-mercaptoethanol (125472500, Acros), 0.1 mg/mL glucose
oxidase (G-2133, Sigma), and 0.02 mg/mL catalase (106810,
Roche), which enzymatically reduces the photobleaching of
dyes, was injected along with a specific cation concentration
(30).

Prism-type total internal reflection technique was used for
single molecule imaging (29). The dyes were excited by
using a 532 nm laser (Crystalaser). The fluorescence emitted
from each dye was collected by a water-immersion objective
lens (60×, 1.2 NA, Olympus) and was then split into donor
and acceptor channels via a dichroic mirror (632 DCXR,
Chroma Technology). Each channel was imaged on half the
area of an intensified CCD (iXon, Andor Technology). The
sample temperature was controlled by a homemade apparatus
equipped with a thermoelectric device and a water bath (JEIO
TECH Co., South Korea). The image was processed with
IDL (RSI Inc.), and data analysis was performed by Matlab
(The MathWorks Inc.). FRET efficiency was approximated
with IA/(IA + ID), where IA is acceptor intensity, and ID is
donor intensity. FRET histograms were built by averaging
FRET efficiency in the first 10 frames for each molecule.
The rate constants of the O. noVa G-quadruplexes in the
presence of K+ were obtained by dividing the number of
transitions from one state to the other by the total dwell time
in one state. Meanwhile, the rate constants in the presence
of Li+ were obtained by performing dwell time analysis. A
histogram of the duration for which molecules remained in
a single state was plotted and was then fitted by a single-
exponential decay function. The rate constants were calcu-
lated by inversing the decay time. The relative population
(or duration) of each conformation or species was obtained
by dividing its total dwell time by the sum of the dwell time
of all of the molecules.

RESULTS

Single Molecule FRET Spectroscopy UnraVels the Details
of Bulk Results. The normalized ensemble fluorescence
spectra of the O. noVa G-quadruplexes are shown as a
function of the potassium concentrations (Figure 1B). The
fluorescence of the acceptor (Cy5) increased because of
FRET with the addition of K+ (inset image in Figure 1B).
The increase of FRET may occur for two reasons. One reason
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may be that the addition of potassium ions induces a gradual
structural change in the molecules, reducing the distance
between the donor and the acceptor. The other may be that
as the K+ concentration increases, the number of molecules
in higher FRET states increases. The details were unraveled
by single molecule FRET spectroscopy. Figure 2A shows
single molecule FRET histograms obtained for various
potassium concentrations. The peak at zero FRET efficiency
resulted from molecules whose acceptors were fast pho-
tobleached or from those in which only the donor was
labeled; thus, this peak could be ignored (28). At 10 mM
K+, three distinct FRET peaks other than the zero peak were
observed at 0.2 (low), 0.5 (middle), and 0.76 (high), which
were obtained by fitting the histogram with multiple Gaussian
functions (Figure 2B). In the single molecule FRET histo-
grams, the low peak was highly dominant at low K+

concentrations, while it disappeared at high K+ concentra-
tions. In contrast, high and middle FRET peaks were not
visible at 0.1 mM K+ but gradually appeared as the
concentration increased. The population histograms represent
the conformational states of molecules in equilibrium. This
was confirmed by the relative duration of each state (Sup-
porting Information Figure 1), which was accurately con-
sistent with the changes in the population histograms shown
in Figure 2A. The single molecule FRET histograms revealed
that the increase of FRET occurring in bulk was not derived
from a gradual structural change but from the population in
higher FRET conformations. Here, it must be noted that the
FRET in bulk measurements was considerably lower than
that in single molecule spectroscopy because nonannealed
donor strands as well as the annealed molecules with the
bad acceptor increase only donor fluorescence in bulk.

Unimolecular O. noVa Telomeric G-Quadruplexes Fold
into Various Conformations Depending on MonoValent
Cations. In general, G-quadruplexes are stabilized by the
process of cation coordination (6, 7). Thus, they are destabi-

lized or unfolded when insufficient cations are present. The
addition of cations induces the folding of guanine-rich single
strands into G-quadruplexes. As mentioned above, with the
addition of potassium ions, the number of molecules in high
or middle FRET states increased considerably, while the
number in the low FRET state decreased (Figure 2A). Also,
when the single-stranded overhang forms a G-quadruplex,
it becomes sterically compact, and the distance between the
donor and the acceptor is reduced. Therefore, we claim that
the low FRET peak represents the unfolded single-stranded
overhang, while the high and middle FRET peaks stand for
the formation of the folded G-quadruplex. This assignment
is compatible with the previous study conducted on human
telomeric DNA (16). It is possible that Cy5 labeling at the
5′-end and the duplex stem may interfere with the normal
formation of G-quadruplexes. However, Ying et al. demon-
strated that dye modification and the duplex stem do not
affect the formation of G-quadruplexes by using UV melting
experiments and CD spectroscopy (15).

It is highly interesting that 2-folded structures were
observed for the unimolecular O. noVa G-quadruplex. This
indicates that this molecule exhibits structural polymorphism
in the presence of K+. To determine the details of this
polymorphism, CD experiments were performed at 200 mM
K+ and Na+ (Figure 3A). In the presence of Na+, the CD
spectra have a peak at 295 nm and a dip at 265 nm, which
are indicative of an antiparallel structure (23). However, two
distinct peaks appeared at 290 and 260 nm in K+. In general,
the parallel conformation produces a strong positive peak
near 260 nm in the CD spectra (23). Therefore, we considered
the two peaks at 200 mM K+ in the CD spectra to represent
the overlapping of the parallel (peak at 260 nm) and
antiparallel (peak at 290 nm) conformations. This suggests
that both types of conformations for O. noVa G-quadruplexes
coexist in a K+-containing solution. The single molecule
FRET histograms at 100 mM K+ and Na+ are shown in
Figure 3B. In the case of Na+, only a single folded peak
appeared at 0.65, which definitely represents an antiparallel
conformation based on the above CD results. A previous
study revealed that the sodium formation of O. noVa
G-quadruplex is an antiparallel fold-back structure (23), and
hence, we considered the peak at 0.65 to represent the
antiparallel fold-back conformation. However, in the pres-
ence of K+, single molecule FRET histogram presented two
peaks, like the CD spectra. These peaks shown at two
different FRET efficiencies implied that the molecules folded
to two different conformations. On the basis of the CD
spectra, we considered that the two peaks in the single
molecule histogram corresponded to parallel and antiparallel
conformations. In our sample configuration, the acceptor is
located in the bottom quartet in the antiparallel conformation
but is near the top quartet in the parallel structure. Sterically,
the acceptor is much closer to the donor in the antiparallel
conformation than in the parallel one. Therefore, the FRET
efficiency of the antiparallel structure is expected to be higher
than that of parallel one. This suggests that peaks at the
high and middle FRET efficiency correspond to antipar-
allel and parallel conformations, respectively. In a previous
study on human telomeric quadruplexes, 2-folded FRET
peaks were observed, and the peaks at high FRET (∼0.79)
and middle FRET (∼0.6) efficiencies were considered to
represent the antiparallel and parallel conformations, respec-

FIGURE 1: Schematic sample configuration and bulk FRET of
unimolecular Oxytricha noVa (O. noVa) G-quadruplex according
to potassium concentration. (A) Schematic diagram of O. noVa
G-quadruplex sample. The sample is composed of two strands, the
G-quadruplex part and stem part. TMR (donor) is internally labeled
at a thymine in the stem part, and Cy5 (acceptor) is labeled at the
5′-end of the G-quadruplex part. Biotin is modified at the 3′-end
of the G-quadruplex part to tether the sample on the quartz slide.
(B) Bulk fluorescence spectra as a function of potassium concentra-
tions at room temperature. The samples were excited at 532 nm
with 1 nm bandwidth, and the emission was measured from 550 to
750 nm with 1 nm resolution. All spectra were normalized with a
TMR (donor) emission peak at 580 nm. Inset: zoomed-in view of
Cy5 (acceptor) emission spectra.
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tively (16). The configuration of the O. noVa G-quadruplex
in our sample is basically identical to that of the human
G-quadruplex, except for the presence of an additional quartet
in the former. Because of this additional quartet, the acceptor
in the parallel conformation is at a greater distance from the
donor; thus, the FRET efficiency in this case is lower than
that in humans. In the antiparallel conformation, the position
of the acceptor near the bottom quartet is not significantly
altered by the additional quartet. Thus, the FRET efficiency
in this case is almost equal to that in the human telomeric
quadruplex. As expected, the difference in the FRET
efficiency of middle FRET peaks is larger (∼0.09) than that
of high FRET peaks (∼0.03). Minor discrepancy in the high
FRET peaks results from a quartet twist due to glycosidic
torsion (6, 7). This highly supports our interpretation of the
high and middle FRET peaks obtained for the O. noVa
G-quadruplexes. It is noteworthy that the FRET efficiency
of the antiparallel peak in the presence of K+ differs from
that of the peak in the presence of Na+. This implies that
the antiparallel conformations differ in the presence of K+

and Na+; however, our results are insufficient to describe
the conformations in greater detail.

O. noVa G-Quadruplexes Exhibit Extreme Stability as
Compared to Human G-Quadruplexes. Most O. noVa G-
quadruplexes fold and are stabilized at high potassium
concentrations (Figure 2A and Supporting Information

Figure 1A). To investigate the intrinsic behavior of these
quadruplexes, we observed the dynamics of the molecules
at a low potassium concentration. Single molecule time traces
of the O. noVa and human telomeric G-quadruplexes at 2
mM K+ are shown (Figure 4A). The O. noVa G-quadruplexes
maintained their conformational state (folded or unfolded)
for a long time (>700 s) and rarely underwent transition
between the folded and unfolded states. In contrast, human
G-quadruplexes frequently underwent transition between the
folded and unfolded states within the same time window.
Heterogeneity in dynamics has been reported for human
G-quadruplexes (16). Molecules occasionally remain in a
particular conformational state for a long time (>100 s, long-
liVed species) and occasionally fluctuates rapidly between
the folded and unfolded conformations (<100 s, short-liVed
species). Considering the same criteria, O. noVa G-quadru-
plexes did not show heterogeneous dynamics at any potas-
sium concentrations. Figure 4B shows the relative population
of long-lived and short-lived species as a function of K+

FIGURE 2: Single molecule FRET results of O. noVa G-quadruplexes. (A) Single molecule FRET histograms of O. noVa G-quadruplexes for
potassium titration. The histograms were built by collecting the FRET values of each molecule, which were averaged for the first 10
frames. (B) Zoomed-in view of the histogram at 10 mM K+. Three distinct peaks are shown at 0.2, 0.5, and 0.76, except for the peak at
zero, which results from imperfect samples.

FIGURE 3: Structural polymorphism of unimolecular O. noVa
G-quadruplexes. (A) Circular dichroism spectra of O. noVa G-
quadruplexes at 200 mM K+ (0) and Na+ (4). In the presence of
K+, two peaks at 260 and 290 nm are observed, which correspond
to parallel and antiparallel conformations, respectively. Meanwhile,
one peak and one dip at 295 and 265 nm in Na+ represent
antiparallel structure. (B) Single molecule histograms of O. noVa
G-quadruplexes from single molecule FRET at 100 mM K+ (top)
and Na+ (bottom). The FRET peaks are fitted by multiple Gaussian
functions. Like the CD results, two folded peaks and one folded
peak are shown in K+ and Na+, respectively.

FIGURE 4: Comparison of dynamics between O. noVa and human
G-quadruplexes. (A) Single molecule FRET time traces of O. noVa
(three figures from top) and human G-quadruplex (one figure at
bottom) at 2 mM K+. (B) Relative populations for long- and short-
lived species of O. noVa and human G-quadruplexes; (9), O. noVa
long-lived species; (O), O. noVa short-lived species; (2), human
long-lived species; and (4), human short-lived species. (C) Unfold-
ing rates and (D) folding rates of O. noVa (9) and human (O)
G-quadruplexes as a function of potassium concentrations. In the
case of O. noVa, the transition to either the folded or the unfolded
state is extremely suppressed at all concentrations.
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concentrations. Each of the species includes both the folded
and unfolded states. In the human G-quadruplexes, the short-
lived species are maximally populated at 2-10 mM K+ and
play an intermediate role between the long-lived unfolded
state at low K+ concentrations and the long-lived folded state
at high K+ concentrations. In contrast, the percentage of
short-lived species was less than 4% at all concentrations in
the case of O. noVa. Thus, the short-lived species were
completely suppressed, regardless of the potassium concen-
tration.

To quantitatively analyze the dynamics of the O. noVa
and human G-quadruplexes, the rates of transition between
the folded and unfolded states were determined as a function
of the potassium concentrations (Figure 4C and D). The
transition rates of the human G-quadruplexes are highly
sensitive to the potassium concentration. The unfolding rates
decrease (or the folding rates increase) sharply with the
addition of potassium ions. At low K+ concentrations, the
molecules unfold immediately after they have folded into
G-quadruplexes, while at high K+ concentrations, they refold
immediately after they have been unfolded. This behavior
is mainly due to the short-lived species that determine the
overall dynamics in human G-quadruplexes (16). The transi-
tion rates of O. noVa G-quadruplexes are almost constant
and much lower (∼10-4 s-1) than those of human G-
quadruplexes (16). This indicates that folding (or unfolding)
is a more laborious process in O. noVa G-quadruplexes than
in human G-quadruplexes; hence, the former are more
energetically stable than the latter.

Thermal energy destabilizes G-quadruplexes (31). To
investigate their stability with regard to temperature, we
heated both human and O. noVa G-quadruplexes at 100 mM
K+. In both cases, a large number of molecules still remained
in the folded states despite the increase in temperature (Figure

5A and B). However, the two types of quadruplexes exhibited
a discrepancy in the underlying dynamics. We examined the
relative population of short-lived species in the human and
O. noVa G-quadruplexes (Figure 5C). The short-lived species
in the O. noVa G-quadruplexes remained suppressed, whereas
those in the human G-quadruplexes got populated as the
temperature increased. In human quadruplexes, the short-
lived species mediated the conformational transition from
the antiparallel to the parallel state (Figure 5D). In contrast,
the number of molecules in the parallel and antiparallel
conformations does not change in the O. noVa G-quadru-
plexes because of the suppression of short-lived species.
Consequently, O. noVa G-quadruplexes exhibit greater
thermal stability than human quadruplexes.

O. noVa G-Quadruplexes Are Destabilized by Weakly
Coordinated Li+. It is well-known that lithium ions bind
weakly to G-quadruplexes and cannot stabilize them since
their ionic size is too small to enable efficient coordina-
tion in the cavity between G-tetrads (6, 7). Therefore, we
investigated the conformational dynamics of G-quadruplexes
in situations where cation coordination does not strongly
affect their stability. Destabilization was observed in the
single molecule FRET time traces (Figure 6A and Supporting
Information Figure 2), where the molecules did not retain
their folded state (high FRET) for a long time even at high
Li+ concentrations. FRET histograms obtained for the O.
noVa and human G-quadruplexes at various Li+ concentra-
tions are shown (Figure 6B and C). At a low Li+ concentra-
tion (10 mM), only one peak other than the peak at zero
FRET appeared at 0.2 and 0.25 for the O. noVa and human
G-quadruplexes, respectively. During potassium titration, this
peak was already considered to arise from the unfolded
single-stranded overhang. The difference in FRET efficiency
among unfolded conformations resulted from the length of

FIGURE 5: Temperature dependence of the dynamics of O. noVa and human G-quadruplexes at 100 mM K+. Single molecule histograms of
(A) O. noVa and (B) human G-quadruplexes according to temperature. (C) Relative population of short-lived species in O. noVa (0) and
human (9) G-quadruplexes. (D) Relative population of parallel conformation of O. noVa (9) and human (2) G-quadruplexes, and antiparallel
conformation of O. noVa (0) and human (4) G-quadruplexes. The relative population of each conformation or species was obtained by
dividing its own total dwell time by the total sum of the dwell time of all molecules.
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the single-stranded overhang. It is important to note that
almost all molecules were in the unfolded state at this Li+

concentration, whereas many of them were folded at the same
concentration of K+ (Figure 2A). This confirms that G-
quadruplexes are destabilized by Li+. Interestingly, the
unfolded peak gradually shifted toward higher FRET ef-
ficiency as the Li+ concentration was increased. This
phenomenon was clearly observed in the single molecule
time traces (Supporting Information Figure 2). This shift
arises from the charge screening effect, wherein cations bind
to the negatively charged DNA backbone, thus increasing
the flexibility of the single-stranded overhang (32). In both
types of G-quadruplexes, the unfolded peak survived even
at high Li+ concentrations because Li+ cannot stabilize these
G-quadruplexes as strongly as K+ does. In the O. noVa
G-quadruplexes, the second peak arose at 0.75 at 30 mM
Li+, and another peak at 0.64 appeared at 300 mM Li+. In
contrast, only a single folded peak was obtained for human
G-quadruplexes at 0.79. Notably, the concentration at which
the folded peak appeared was higher for human G-quadru-
plexes (∼100 mM) than for the O. noVa ones (∼30 mM).
Through dwell time analysis for the short-lived species, the
folding and unfolding rates were obtained as a function of
the concentrations (Figure 6D and E). The rate constants at
1 M Li+ could not be determined in the human G-quadru-
plexes because the unfolded states could not be distinguished
from the folded states. In both types of quadruplexes, the

unfolding rates in the presence of Li+ are approximately 103-
fold higher than those in the presence of K+, indicating that
the coordination of Li+ has only a small effect on the
stabilization of G-quadruplexes. The unfolding and folding
rates of the O. noVa G-quadruplexes were 2- or 3-fold lower
than those of the human G-quadruplexes, regardless of Li+

concentrations (Figure 6D and E). This demonstrates that
O. noVa G-quadruplexes are more stable than human ones,
even when the cation coordination is not dominant.

DISCUSSION

Structural polymorphism is one of the important issues
with regard to G-quadruplexes because their structure may
significantlyaffect theirbiological functions inViVo (10,11,33).
We found that the unimolecular O. noVa G-quadruplexes
form two types of folded structures, that is, parallel and
antiparallel conformations, in the presence of K+. In the
presence of Na+, however, they present only a single
structure, that is, an antiparallel conformation that differs
from that in the presence of K+. For the unimolecular human
telomeric G-quadruplex, different types of antiparallel con-
formations were proposed (14). Similarly, the unimolecular
O. noVa G-quadruplexes can form different types of anti-
parallel conformations, although we were unable to demon-
strate the details of these structures. Interestingly, in addition
to the antiparallel conformation, the unimolecular O. noVa

FIGURE 6: Destabilization of O. noVa and human G-quadruplexes at room temperature in the presence of Li+. (A) Single molecule FRET
time traces of O. noVa (top) and human (bottom) G-quadruplex at 300 mM Li+. Even at the high concentration, only short-lived species
are observed. Single molecule FRET histograms for (B) O. noVa and for (C) human G-quadruplexes. For both cases, the unfolded peak still
survives and moves to higher FRET as the concentration increases. Transition rates as a function of Li+ concentrations: (D) folding rates
of O. noVa (9) and human (O) G-quadruplexes, and (E) unfolding rates of O. noVa (9) and human (O) G-quadruplexes. The transition rates
of human G-quadruplexes at 1 M could not be obtained because the unfolded and folded FRET states were indistinguishable.
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G-quadruplex exhibits a parallel conformation in K+. In bulk
solutions, it is possible that a four-stranded parallel structure
may develop. However, Qi et al. reported that the four-
stranded parallel conformation of unimolecular quadruplexes
is not dominant in K+ solution by native gel experiments
(13). Although the possibility of four-stranded parallel
quadruplexes occurring in bulk solution cannot be completely
excluded, we can guarantee that, in single molecule experi-
ments, unimolecular O. noVa G-quadruplexes only form the
intrastrand parallel structure becaue of the absence of
interaction among individual molecules. With regard to this
intrastrand parallel conformation, two possibilities can be
considered. The first possibility is a propeller-like parallel
structure similar to the potassium formation of human
telomeric G-quadruplex that was reported by Parkinson et
al. via X-ray crystallography (12). The second possibility is
a hybrid structure comprising a combination of parallel and
antiparallel strands (17). The CD spectra of this hybrid
structure exhibit double peaks at 268 and 290 nm, similar
to our results. The configuration of the donor and acceptor
in this hybrid structure is identical to that in the propeller-
like parallel conformation, and hence, the hybrid structure
could exhibit a peak at 0.5. This structural diversity of
unimolecular O. noVa G-quadruplexes in Vitro according to
monovalent cations implies that the folded conformation is
altered depending on the surrounding conditions, and hence,
the interaction of these quadruplexes with external biomol-
ecules is also expected to change in ViVo.

In the presence of K+, the dynamics of the O. noVa
G-quadruplexes differs remarkably from that of the human
quadruplexes. On the basis of our quantitative analysis, the
folding and unfolding rates of the O. noVa G-quadruplexes
are by far lower than those of the human ones. These results
imply that the energy barrier between the folded and unfolded
conformations is considerably higher in the case of O. noVa
quadruplexes when compared with human G-quadruplexes.
Previous X-ray crystallographic experiments have revealed
that O. noVa G-quadruplexes possess three cation binding
sites (18), that is, one site more than human G-quadruplexes
possess (12). This additional coordination increases the
energy barrier between the folded and unfolded states.
Consequently, the folded (unfolded) states last for a long
time at low (high) K+ concentrations despite the small
number of molecules in these states. It is noteworthy that
the short-lived species in O. noVa G-quadruplexes are highly
suppressed in the presence of K+. This induces the all-or-
nothing behavior of O. noVa G-quadruplexes. In other words,
no intermediate energy states between the folded and
unfolded conformations exist in these G-quadruplexes. On
the basis of the dynamics observed in the presence of Li+,
the origin of short-lived species appears to be weak or
imperfect cation coordination. Thus, the single-stranded
overhang of the O. noVa telomeric sequence only folds into
the G-quadruplex once it has taken up enough cations to
stabilize the four quartets by perfect coordination, and it is
completely stabilized. However, the folded molecules unfold
and become stable by discarding all of the cations that they
had taken up.

During Li+ titration, O. noVa G-quadruplexes show greater
stability than the human ones. This higher stability is reflected
well in the dynamics of the quadruplexes in that the overall
transition rates of the former are 2- or 3-fold lower than those

of the latter. Li+ is known to destabilize G-quadruplexes
because of highly weak and imprecise coordination (6, 7).
Even when the coordination effect is greatly diminished by
Li+, O. noVa G-quadruplexes are more stable than human
ones. This suggests that factors other than cation coordination
may contribute to the stability of the four-quartet G-
quadruplexes, although the effects of the increased number
of coordinated lithium ions on their stability cannot be
completely ignored. As mentioned above, the O. noVa
G-quadruplex possesses one quartet more than the human
one. Thus, four additional double hydrogen bonds are formed
between guanines in this extra quartet. In addition, base
stacking probably contributes to the higher stability of the
four-quartet quadruplexes. Base stacking is one of the crucial
stabilizing factors for single- or double-stranded DNA and
is made up of the London dispersion force and hydrophobic
interaction (34). Especially, G-quadruplex structure involves
the stacking of four bases, and hence, the stacking effect is
stronger than that of B-DNA. Another possible contributing
factor is that the side loop of the O. noVa G-quadruplex
possesses one thymine residue more than that of the human
G-quadruplex. G-quadruplexes with four-thymine loops are
reported to be energetically more stable than those with three-
thymine loops (35).

The basic role of telomeres in eukaryotic cells is to protect
the degradation of chromosomes. In humans, the end of the
telomeres consists of a single strand of about 1-2 kb and
forms novel structures, namely, D-loop and t-loop (36), and
furthermore is protected by proteins such as POT1 that bind
to the single strand. The G-quadruplex that is occasionally
formed in telomeres is also considered as one of the
protective mechanisms against external intrusions (10).
Moreover, the possibility of multiple G-quadruplexes has
been suggested for higher-order compaction in human
telomeres (17, 33). In contrast to the human telomeres, the
end of O. noVa telomeres comprises an extremely short single
strand (about 12 nt) that can only form a single G-quadruplex.
Although TEBPR and TEBP� may function in shielding the
telomere (37–39), the telomere should be protected from
external disturbances and should be maintained even in the
absence of protecting proteins or in the cases of the abrupt
changes in the environmental conditions. This may explain
why O. noVa G-quadruplexes comprise four quartets and are
extremely stable.
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