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The human telomere is known to form the G-quadruplex structure to inhibit the activity of telomerase.
Its detailed structure has been of great interest. Recently, two kinds of the parallel–antiparallel hybrid
structures have been specified in K+ solution. However, the G-quadruplex structure is generally thought
to be in equilibrium among different structures. Here, we describe the single-pair fluorescence resonance
energy transfer (sp-FRET) experiments on telomere samples with bromoguanine (BrG)-substitutions,
which control the G-quadruplex structures, at different positions and one without any substitution.
The observed FRET distributions were decomposed into five components and the relative population of
these components depended on the BrG-substitution positions. In order to consistently explain the vari-
ety of conformations, we proposed a novel structural model, the so-called triple-strand-core model. On
the basis of this model, the components of the FRET distributions were attributed to the mixed-chair
hybrid structures, which were reported recently, and chair-type antiparallel structures, which can be pre-
dicted from this model. The FRET efficiencies of these structures were explained in terms of partially bro-
ken structures due to steric hindrance and inappropriate capping. This basic model also consistently
explains experimental results reported previously. Furthermore, using this model, the folding pathway
of the hybrid structures and T-loop formation can be predicted.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Telomeres at the ends of eukaryotic chromosomes are thought
to play important roles in biological processes, including cell aging
and death. Telomere commonly contains tandem repeats of Guan-
ine-rich sequences with no genetic information. Telomeres are
shortened on DNA replication and can be elongated by the enzyme,
telomerase. The telomerase’s activity is detected in >80% of cancer
cells1 and hence thought to be related to proliferation of cancer
cells. Telomere inhibits its activity by forming a three-dimensional
structure, the so-called G-quadruplex, and hence it has become an
attractive therapeutic target for the development of novel antican-
cer agents.2–9 Human telomere has a G-rich sequence (GGGTTA)n

and its G-quadruplex consists of stacked G-tetrad planes, which
are stabilized by monovalent cations (K+, Na+) and connected by
TTA linkers. The detailed molecular structure, including the glyco-
sidic syn/anti conformation of guanine residues, the relative orien-
tation of the G-tetrad planes and the conformations of linking
loops, has been of great research interest. In 1993, a basket-type
antiparallel structure was first determined for four-repeat telo-
ll rights reserved.
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mere with the 22nt sequence of d[AGGG(TTAGGG)3] in Na+ solu-
tion by NMR analysis.10 In 2002, propeller-type parallel structure
was obtained for the same 22nt sequence by X-ray diffraction in
a crystal grown in the presence of K+ ions.11 However, the structure
in K+ solution had been unknown for years, although it was an
important structure under the physiological condition. In 2006,
Xu et al. proposed a detailed structure of d[AGGG(TTAGGG)3]
based on CD and NMR experiments.12,13 They investigated the
thermal stability of a series of systematic derivatives of telomeric
DNA, in which guanines were substituted with 8-bromoguanines.
This result indicated that the G-quadruplex consisted of three par-
allel G-tracts and an antiparallel tract connected by two lateral and
a double-chain-reversal loops. The so-called hybrid-1 mixed-chair-
type structure is shown in Figure 1(a). The glycosidic conforma-
tions were also determined identically as indicated by color: anti
as blue and syn as red. At almost the same time, two other groups
reported the same structure with the similar sequences obtained
by NMR measurements.14–16 Within a year, another mixed-chair
structure, the so-called hybrid-2, shown in Figure 1(b), was identi-
fied by NMR.17–19 Hybrid-2 structure has different loop and glyco-
sidic conformations from those of the hybrid-1, but has similar
structure consisting of three parallel and an antiparallel G-tracts
connected by two lateral and a double-chain-reversal loops. While
some solution structures were determined, the structural dynam-
ics among them is not understood well. The folding process to
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Figure 1. Experimentally determined G-quadruplex structures of human telomere
DNA. (a) Hybrid-1 mixed-chair.12–16 (b) Hybrid-2 mixed-chair.17,18 Glycosidic
conformations are indicated by color: anti as blue, syn as red.
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Figure 2. FRET histogram for native species obtained by sp-FRET measurement.
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solution structures is another puzzling problem although there are
some proposed models.20

In this paper, we investigated the G-quadruplex structure of hu-
man telomere DNA using the single molecule measurement of the
fluorescence resonance energy transfer (FRET) and bromogua-
nine(BrG)-substitution. The single molecule measurement is free
from ensemble-averaging and enables us to measure individual
molecules distinctively. This technique is advantageous to the
investigation of G-quadruplex structures, since it has been consid-
ered that the telomere DNA has some structures in K+ solution and
may even be in equilibrium among them. The existence of these
multiple conformations is one of the problems, which had pre-
vented us from identifying the G-quadruplex structure. The FRET
measurement was realized by labeling double-strand DNA
(dsDNA) with two kinds of fluorescent dye molecules. The differ-
ence in molecular conformation can be detected as the ratio of
the fluorescence intensities and resolved in dimensions of ang-
stroms. The single-pair FRET (sp-FRET) measurement has shown
its ability to distinctively detect coexisting molecular species21

and has been successfully employed to investigate the DNA struc-
tures.22,23 Especially, Lee et al. made a series of sp-FRET experi-
ments with human telomere G-quadruplex.23 However, their
discussion was based on contemporary knowledge in 2005, when
the stable structures in K+ solution were unknown, and focused
on the low K+ concentration case presumably because the FRET dis-
tribution with higher K+ concentration seemed broad and unre-
solvable. Here we introduced the technique of BrG-substitution
at specific positions, which can control the G-quadruplex folding
topology.12,13,19,24 We prepared four kinds of oligonucleotides with
BrG-substitution in the G-quadruplex sequence as well as unmod-
ified (native) one and examined the dependence of the FRET effi-
ciency distribution on the BrG-substitution positions. We propose
a novel triple-strand-core model and show that it consistently ex-
plains our experimental results as well as those reported
previously.

2. Results

The distribution of the FRET efficiency for native species was
obtained by the imaging sp-FRET experiment and plotted as a his-
togram in Figure 2. The result composed of two broad distributions
is similar to that obtained by Lee et al. in the presence of 100 mM
K+.23 The distribution at EFRET = 0 corresponds to the signals from
acceptor-inactive species, typically consisting of the molecules,
on which the acceptor is photobleached. Another broad peak is
formed at high FRET region EFRET > �0.4. Since the donor position
of our sample is further from quadruplex part for 4 bases than that
of Ref. 23, the broad peak’s position is shifted toward the lower
EFRET. Since the peak at EFRET = 0 contained no information on the
molecular structure, we focused our attention on the other distri-
butions in the following.

The imaging sp-FRET measurements were conducted for four
other BrG-substituted species and the FRET histograms of all five
species in the region EFRET > 0.3 are shown in Figure 3. The histo-
gram shapes are dependent on the samples, which have different
BrG-substitution positions.

In order to further analyze those distributions, we first com-
posed a data set by taking a summation of all data points in Figure
3 and plotted it as a histogram in Figure 4(a). The components in
the distribution were analyzed using a recently proposed meth-
od.21 Briefly, the FRET efficiency distribution, which was composed
of 1,129 points in the range EFRET > 0.35, was plotted in a style of a
cumulative distribution function (CDF) (Fig. 4(b)) and the plot was
fitted by a sum of error functions. The number of the error func-
tions was varied and fitting residuals were calculated for these fit-
tings (Fig. 4(c)). The number of the components in the distribution
was determined based on the following criterion. When the num-
ber of the function was smaller than that for the best fitting of the
distribution, the residuals should significantly decrease with
increasing the number of the error function. On the other hand,
when the number was larger than the optimal number, the resid-
ual may further decrease but the change should not be significant
with increasing the number further. In this case, the number of
components was determined to be five (Fig. 4(c)) and the peak
positions of these components were determined to be EFRET

�0.44, �0.56, �0.64, �0.73, and �0.82. Here, we named those
peaks as low, mid-low, middle, mid-high, and high, respectively,
in the order of the FRET efficiency. The best-fitted error functions
were converted to the Gaussian functions and are shown on the
histogram in Figure 4(a).

Next, we applied the CDF-based fitting analysis to the five dis-
tributions of single DNA species. The molecules in the range
EFRET > 0.35, the numbers of which were 267, 227, 205, 185, and
245 for native, BrG8, BrG2,8, BrG5, and BrG5,11 species, respec-
tively, were dedicated to the analyses. The positions of five peaks
were fixed at those determined in the above analysis under the
assumption that the distributions consisted of common compo-
nents and they varied their populations depending on the BrG-sub-
stitutions. The populations of five components were plotted in
Figure 5 for the species we investigated. It should be noted that
the populations were normalized so that the sum of five compo-
nents is unity.

3. Discussion

In our results, the broad distributions were observed in all five
species and decomposed into five components, namely, low, mid-
low, middle, mid-high, and high peaks in the order from low to
high EFRET. This result indicates that several structures coexist in
each species possibly under equilibrium. At the same time, it
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Figure 3. FRET histograms of native and four BrG-substituted DNA species in the range EFRET > 0.35. Gaussian functions show the components obtained by the distribution
analyses.
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Figure 4. (a) FRET histogram including all data points from five species in the range
EFRET > 0.35. (b) The same data set is plotted in a CDF-style and analyzed by fitting
error functions. (c) The dependence of the rms of the fitting residual on the number
of fitting functions indicates the number of components is five in this case. The
resolved components are shown as Gaussian functions in (a) and as error functions
in (b).
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should be noted that the fractions of these components are depen-
dent on the species.
For the assignment of DNA species to resolved components, we
paid attention to the dependence of the population on species
(Fig. 5), particularly the effect of the BrG-substitution. First, we
noted that the population of the mid-high peak of the native form
and BrG8 is relatively large compared with those of the other spe-
cies. Considering that the hybrid-1 mixed-chair-type quadruplex is
expected to be stabilized by BrG8, we attributed the mid-high peak
to the hybrid-1 mixed-chair structure. Furthermore, we should
note that this mid-high peak is the highest distribution with a nar-
row width for the native species (Fig. 3). Since the hybrid-1 struc-
ture is the first experimentally determined structure, it is
reasonable that this structure is highly populated under the native
condition. Second, the population of the mid-low peak is character-
istically large for BrG5. It is expected that the BrG-substitution at
G5 stabilizes the syn-type of G5, that is, the hybrid-2 structure.
Hence, we attributed the mid-low peak to the hybrid-2 structure.
Third, the middle peaks of BrG2,8 and BrG5,11 are relatively large
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compared with those of the other species. Therefore, these peaks
correspond to a structure that is commonly preferable for these
two species. Fourth, the high peaks are small and almost constant
for all species. However, examining the distribution in Figure 3, we
noticed that the peak is distinct only for BrG2,8 and the other ones
are rather broad and not distinct. Hence, we consider that the high
peak is related to a preferable structure of BrG2,8. Finally, the low
peak is larger for BrG8 and BrG5,11 than for others and hence is re-
lated to a preferable structure of those species.

In addition to the mid-high and the mid-low peaks, which were
assigned to the previously determined hybrid-1 and -2 structures
as discussed above, other peaks may be related to specific struc-
tures. We would like to further consider the detailed structures
of unspecified peaks, too, based on the above assignments. The
possible structures may be similar to stable hybrid structures
and be modifiable from them by small perturbations like a few
BrG-substitutions. If this is the case, it may be reasonable to con-
sider that the structures consist of a rather rigid core part and a
modifiable peripheral part. Here, we should notice that both the
hybrid structures contain the common structure including anti/
syn glycosidic arrangements. We considered that this common part
could be the core and propose a core structure model of the G-
quadruplex, the ‘triple-strand-core’. Figure 6(a) shows the ‘triple-
strand-core’ consisting of three repeats of the human telomere
DNA sequence. The G-bases coordinate two cations, which may
be K+ under the physiological condition. Three G-tracts are con-
nected by two lateral loops of TTA linkers. A T and an A bases on
a lateral loop coordinate the incomplete G-quartet surface at the
top and the bottom and may stabilize the core by capping as Dai
et al. suggested.16,18 This molecular structure core (Fig. 6(a)) is in-
cluded in both the hybrid-1 and -2 mixed-chair structures, which
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Figure 6. The proposed core structure and equilibrating states. (a) The triple-strand-core
quadruplex with an extra G-tract on the 50-end of the core forms (b) the hybrid-1 or (c)
hybrid-2 or (e) the chair-2 structures. The hybrid-1(2) and the chair-1(2) structures may b
shown under the model (italic indicates broken structures).
are all of experimentally determined structures at this moment.
If there is another repeat of telomere sequence on the 50- or the
30-end as shown with dimmed color in Figure 6, it may be bound
via a double-chain-reversal loop to form the hybrid-1 or -2 struc-
ture, respectively. Considering this core model, we can predict
other possible inter-convertible structures from the hybrid struc-
tures. For example, since the binding of the extra G-tract, which
is connected via a double-chain-reversal loop, may be weaker than
other three G-tracts forming the core, the extra G-tract may be rel-
atively easily unbound from the core and flipped to form the chair-
type antiparallel structures, which were suggested previously12,25

(Fig. 6(c) and (e)). Hence, the quadruplex structure may be equili-
brated between the mixed-chair hybrid and the chair-type antipar-
allel structures in two systems as shown in Figure 6. Since the BrG-
substitutions in BrG2,8 and BrG5,11 adapt to the chair-1 and -2,
respectively, those structures may be preferable for these species.
If this consideration is correct, the middle peak is assigned to the
chair structures. The high peak is also assigned to the chair struc-
ture but only to the chair-1 since BrG5,11 does not form a distinct
peak at high position as shown in Figure 3(e). Moreover, this ‘tri-
ple-strand-core’ model can explain other previously reported
structures as will be discussed later.

Comparing the hybrid and the chair structures shown in Figure
6, we can explain some of the differences in the FRET efficiency
among the structures. In our system, the distance and the direc-
tions of the 50- and the 30-ends of the quadruplex part are impor-
tant since the acceptor is attached on the 50-end and the donor is
labeled on the double-strand part, which is connected to the 30-
end. In the chair structures, the G-tracts at the 50- and 30-ends
are almost antiparallel and the donor and the acceptor are placed
on the same side of the quadruplex. On the other hand, the dyes
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the chair-1 structures. Addition of an extra G-tract on the 30-end results in (d) the
e equilibrated in solution. For each structure, our assignment to FRET components is
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are separated over the quadruplex and extended to the opposite
direction in the hybrid structures. Therefore, it seems to be reason-
able that the high peak is assigned to the chair-1 showing higher
EFRET than other hybrid structures.

However, there are some questions on a relation between the
assigned structures and the experimentally observed FRET efficien-
cies. (1) Our assignment indicates that the FRET efficiency of the
hybrid-2 (mid-low peak) is lower than that of the hybrid-1 (mid-
high peak). Why is there this difference in the FRET efficiency be-
tween two hybrid structures? (2) Why is the FRET efficiency of
the chair structure (middle peak) lower than that of the hybrid-1
structure? (3) Why is the chair-1 populated both in the high and
the middle peaks while the chair-2 is populated only in the middle
peak? These questions cannot be solved as long as we consider
only the ideal structures (Fig. 6). However, if the G-quadruplex
structures are partially broken, for example, the extra G-tracts is
unbound due to relatively weak bonds in the triple-strand-core
model, the distance between the donor and acceptor dyes may be-
come longer and such structures may show a lower FRET effi-
ciency. Below, we consider instabilities of the G-quadruplex
structures of these isomers caused by some factors arising from
coordination on the G-quartet surfaces to explain these questions.

First, we consider steric repulsion near the 30-end of the quad-
ruplex between the lateral loop and the complementary stem
strand. Although the quadruplex structures are often illustrated
as a parallelepiped as shown in Figures 1 and 6, it is actually a
twisted hexahedron and hence not rotationally symmetrical. The
conformations of the DNA backbone and bases near the G-quartet
surface at the 30-end are illustrated in Figure 7. There is a lateral
loop to provide bases to cap the G-quartet surface.16,18 In the hy-
brid-1 and the chair-1, the lateral loop is connected to the next
two G-tracts on the clockwise side of the 30-end, while the dou-
ble-strand part extends to the counterclockwise side (Fig. 7(a)).
There is sufficient space for the complementary strand to penetrate
to couple with the last base in the double-strand part. On the other
hand, the lateral loop in the hybrid-2 and the chair-2 is connected
to the next two G-tracts on the counterclockwise side and facing to
the double-strand part (Fig. 7(b)). It seems to sterically disturb the
end part of the complementary strand (shown as broken lines in
the figure). This instability may partially destroy the G-quadruplex
structures of the hybrid-2 and the chair-2 so that the FRET efficien-
cies of these isomers are expected to be smaller than those of the
hybrid-1 and the chair-1, respectively.

Secondly, the difference in the capping of the G-quartet surface
near the 30-end may affect the stability of the hybrid structures. It
was reported that an A base from the flanking segment was cou-
pled with a T from a lateral loop by hydrogen bonding and capped
the G-quartet surface in the hybrid-1,16 presumably to stabilize the
G-quadruplex. On the other hand, a T base on the flanking segment
3’-end of
quadruplex

complementary
strand

quadruplex part

double
strand
part

ba

Figure 7. Illustrations of the base and backbone conformations near the 30-end of
the quadruplex part. (a) Hybrid-1quadruplex allows the complementary strand of
the double-strand part to penetrate. (b) Hybrid-2 quadruplex seems to interfere
with the complementary strand.
caps the tetrad surface with a T and an A bases from a lateral loop
in the hybrid-2.18 In our experiments, the base nearest to the quad-
ruplex part in the double-strand part, which corresponds to the
flanking segment, is the A. Hence, it is plausible that the hybrid-
1 is stabilized while the hybrid-2 is unstable. This difference may
lead to the smaller FRET efficiency of the hybrid-2 structure com-
pared with that of the hybrid-1.

Thirdly, as a general problem in the human telomere, two lat-
eral loops facing each other may destabilize the quadruplex struc-
ture. A lateral loop is thought to provide two bases to coordinate a
G-quartet surface.16,18 However, in the chair structures, two lateral
loops have to face each other on one of the G-quartet surfaces.
Coexistence of four bases may be too dense for a G-quartet surface
and make the coordination from one of lateral loops incomplete
whereas the coordination may stabilize the lateral loop. Xu et al.
reported the experiments using BrG-substituted DNA, which was
expected to adapt to the chair-1 structure.12 However, they could
not detect the existence of the chair structures, but mainly the hy-
brid structures. It was shown that the chair structure is difficult to
be formed both by bulk and single-molecule experiments. The re-
sults indicate the energetic disadvantage of the chair-type struc-
tures. This energetic disadvantage will shorten the lifetime of the
complete chair structure. Most part of BrG2,8, which should be
conformed to the chair, may not be able to form the complete chair
structure, which populates in the high peak, but the partially bro-
ken chair structure, which populates in the middle peak. BrG5,11 is
affected by the first and the second factors in addition to this insta-
bility, and therefore it cannot contribute to a detectable distribu-
tion as the high peak.

The above considerations still do not explain the low peak’s
specificity to BrG8 and BrG5,11. Probably, the low FRET efficiency
indicates some broken structures and it is difficult to discuss the
detailed structures of such broken structures.

In our experimental results, even BrG8 species, which was
thought to adopt the most stable structure, did not form a domi-
nant distribution. It is generally thought that the G-quadruplex
structure of four-repeat telomere is sensitive to various conditions,
such as the BrG-substitutions and the sequence in the flanking seg-
ment, in K+ solution. Even the hybrid structures are stabilized only
under specific conditions. Although our experimental condition
was not optimized to stabilize specific structures, sp-FRET tech-
nique enabled us to resolve subpopulations and observe the com-
petition among them. We particularly paid attention to the
changes in equilibrium dependent on the BrG-substitution.

Since the fluorescence photons were averaged over several sec-
onds, the components of the observed FRET efficiency distribution
represent the mean of fluctuation during this period which could
be longer than typical conformational dynamics of biomolecules
in solution. However, it was shown that some of the human telo-
mere structures had a longer lifetime, even more than 200 s.23 Such
stable structures must have contributed to the peak formation in
the FRET distributions.

It would be important to mention that the novel triple-strand-
core model we proposed consistently explains the experimental
results obtained in the previous researches as well as ours. As men-
tioned before, the core is included in both of the hybrid structures,
which are all of the structures experimentally determined with the
four-repeat human telomere in K+ solution. Zhang et al. reported
that three repeats of telomeric DNA also tended to form dimers
with the (3+1) quadruplex structure, not the (2+2) complex.26 This
report suggested the stability of the triple-strand-core structure.
Although their results showed the different glycosidic conforma-
tions, it should be noted that their experiments were conducted
in Na+ solution. The triple-strand-core model consistently explains
the selectivity of the hybrid structures and the linker conforma-
tions. In the experiments using four-repeat sequences, the telo-



Table 1
DNA sequences with BrG-substitutions in the quadruplex part of the G-quadruplex
strands

Name Sequence

Native 50-Cy5-(GGG TTA GGG TTA GGG TTA GGG) � � �
BrG8 50-Cy5-(GGG TTA GGG TTA GGBrG TTA GGG) � � �
BrG2,8 50-Cy5-(GGBrG TTA GGG TTA GGBrG TTA GGG) � � �
BrG5 50-Cy5-(GGG TTA GGBrG TTA GGG TTA GGG) � � �
BrG5,11 50-Cy5-(GGG TTA GGBrG TTA GGG TTA GGBrG) � � �
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mere may be folded into the G-quadruplex stepwise, that is, the
triple-strand-core is first formed and then the fourth G-tract is
bound. Which hybrid is formed depends on where the triple-
strand-core is formed in four repeats, that is, the hybrid-1 is
formed when the core is made of three G-tracts from G1 to G9,
whereas the core composed of G4–G12 yields the hybrid-2. In
four-repeat molecules, the TTA linker connecting the fourth G-tract
may lead to a double-chain-reversal loop to avoid the competition
between lateral loops. The triple-strand-core model also explains
the formation of T-loop structure,27 which was previously pro-
posed by Xu et al.12 In this structure, the one of four G-tracts is sep-
arated by numbers of telomeric repeats while other three tracts are
successive and form the triple-strand-core. Once the core is
formed, it may be able to keep its structure for a while without
the fourth tract bound. Then another 3G sequence, which happens
to approach the core, may be bound. If the fourth tract comes from
a separate site, the T-loop structure predicted by Xu et al. is
formed. The formation of such kind of T-loop was successfully ob-
served in another series of experiment by Xu et al. by using the oli-
gonucleotides having three successive repeats and one separated
telomere sequence.28

There is basically no telomere DNA only with four repeats in the
nature, that is, the human body. That means that the stable struc-
ture composed of successive four repeats of telomere sequence
does not necessarily exist. In this paper, we introduced the tri-
ple-strand-core model, which can consistently explain the experi-
mental results in this paper as well as those of previous researches
and the folding process of the G-quadruplex.
4. Materials and methods

4.1. Oligonucleotides

The reversed-phase HPLC-purified DNA oligonucleotides, which
are labeled with the fluorescence dyes for FRET measurements,
were purchased from Japan Bio Services Co., Ltd (Saitama, Japan).
The Cy-5-labeled oligonucleotides were confirmed by PAGE analy-
sis and the tetramethylrhodamine (TMR)-attached oligonucleotide
was confirmed by TOF-MASS spectroscopy (calcd 9312.2, found
9317.6). The homogeneity of all oligonucleotides was confirmed
by the HPLC.

The G-quadruplex strand consists of the quadruplex part and the
double-strand part and has the sequence 50-Cy5-(GGG TTA)3 GGG
AGA GGT AAA AGA ATA ATG GCC ACG GTG CG-30-biotin. A Cy5
dye is attached on the 50-end and a biotin for immobilization is at-
tached on the 30-end. The double-strand part acts as a spacer from
the glass surface. The complementary stem strand has the sequence
50-CGC ACC GTG GCC ATT AT(amino-C6 dT) CTT TTA CCT CT-30,
which is complementary to the double-strand part of the G-quadru-
plex strand. A tetramethylrhodamine (TMR) dye is attached via ami-
no-C6 dT. The almost same sequences were used by Lee et al. and it
was confirmed that the G-quadruplex showed the diverse struc-
tures and dynamics without the influence from the surface.23

In addition to the native sequence, we prepared four kinds of G-
quadruplex strands with the identical sequences except for BrG-
substitutions at different positions in the quadruplex part. Since
BrG adopts a syn conformation, the BrG-substitution stabilizes a
structure that has syn guanines at the substituted positions,
whereas substituting anti guanines causes the energetic pen-
alty.12,13,19,24,29 Comparing hybrid-1 and -2 structures shown in
Figure 1, one can find that the glycosidic conformations are identi-
cal except for G5 and G8, that is, only hybrid-1 has the syn-type G8
and hybrid-2 has the syn-type G5. Therefore, we prepared BrG8
with a BrG-substitution only at G8, which may stabilize the hy-
brid-1 mixed-chair-type quadruplex, and BrG5, which may prefer-
ably form the hybrid-2 mixed-chair. We prepared two other
strands BrG2,8 and BrG5,11, in which the additional BrG-substitu-
tion at G2 and G11 might destabilize the hybrid structures since
none of known hybrid structures had syn at those positions. Se-
quences in the quadruplex part of all species are summarized in
Table 1.

Experimental solvent was 5 mM cacodylic acid + 100 mM KCl
solution. In imaging measurements, DNA was immobilized to glass
surface by a tethering method based on biotin–avidin coupling
process,30 in which the final concentration of DNA solution was
�30 pM. Specificity of biotin–avidin immobilization was con-
firmed by comparison with control experiments without streptavi-
din (data not shown).

4.2. Imaging sp-FRET measurements

The imaging sp-FRET measurement was conducted on a confocal
microscope equipped with two photon-counting detectors. The de-
tails of apparatus are described elsewhere.21 In this paper, we ob-
tained the fluorescence images by sample scanning. An x–y
piezoelectric translator scans 125 � 125 points in the scan area of
�8 � 8 lm in a few minutes. The fluorescence signal was accumu-
lated for 5 ms at each point. An image typically contained several
fluorescence spots, which corresponded to single dsDNA, in a weak
background signal. A single molecule was scanned in several sec-
onds and typically yielded hundreds of photon counts. Fluorescence
signal was integrated on each detector in a rectangular area sur-
rounding a single molecule and the background was subtracted.
The FRET efficiency calculated from the integrated fluorescence
intensities as EFRET = (IA-b ID)/ (IA + c ID) was counted as a data point,
where IA and ID were the fluorescence intensity on the acceptor and
the donor detectors, respectively, b was the coefficient for the leak-
age of the donor fluorescence onto the acceptor channel, and c was a
factor correcting differences in the dyes’ quantum yields, the detec-
tion efficiencies between dyes and detectors, and the fluorescence
signal leakage. b and c were experimentally determined from
acceptor’s photobleach events31,32 of at least several immobilized
molecules for each sample. In our system, the typical values for b
and c were�0.26 and�0.82, respectively. Since the FRET efficiency
is related to the donor–acceptor distance by EFRET = {1 + (r/R0)6}�1,
where R0 is Förster distance and is typically 50–100 Å, the molecular
structure can be inferred from the FRET efficiency, that is, the high
EFRET indicates the shorter donor–acceptor distance and the low
EFRET suggests the extended molecular structure.
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