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Introduction 

G-quadruplex is a four-stranded DNA formed by a guanine (G)-

rich sequence in the presence of monovalent cations such as Na+ and 

K+ ions.1-6  Practically, the repetitive (TTAGGG)n overhang of human 

telomeric sequence forms G-quadruplex in vitro. The structure of G-

quadruplex consists of - stacking of planar G-tetrads, cyclically 

bound to each other through eight hydrogen bonds via Hoogsteen base 

pairs.1-8 Several research groups have been revealed experimental 

evidences on presences and functions of G-quadruplex in genomes.2, 

9-11 However, the structure of G-quadruplex in living cells is not clear 

yet, and its presence in living cells is still the subject of debate.  

None the less, G-quadruplex has been received great attention as 

a target for therapeutic agent in anticancer treatments because of its 

biological ability to regulate the telomere elongation by telomerase in 

vivo.5, 12 Furthermore, G-quadruplex is also considered as a promising 

material for the nanotechnology including a nano-electronic device 

because of its reversible conformational change and excellent hole 

trapping ability.13-15 Especially, the reversible conformational 

switching between single-stranded DNA (ssDNA) and G-quadruplex 

can serve as an electronic switch in nano-electronic device. On the 

other hand, G-quadruplex-forming sequences such as human 

telomeric sequences have been utilized as a biosensor for K+ ions in 

vitro and in vivo because the G-quadruplex structure cannot be 

conserved in the absence of a monovalent ion, especially K+ ion.16-19 

From these perspectives, theoretical and experimental studies on 

structures and stabilities of human telomeric G-quadruplexes have 

been extensively conducted in vivo as well as in vitro, and their 

structures and biological functions have been highlighted.  

Practically, numerous human telomeric sequences containing five 

or more TTAGGG repeats exist in human chromosomes. Nevertheless, 

most studies on the folding and structure of G-quadruplex in the 

presence of K+ ions have been focused on human telomeric sequence 

containing only four TTAGGG repeats (or four GGG tracts). 

Although the folding and structure of G-quadruplex formed by long 

Scheme 1. Schematic illustration of antiparallel/parallel hybrid (3+1) 

G-quadruplex structures formed by G-quadruplex-forming sequences 

(top) and sequences of the oligonucleotide used in this study (bottom). 

 

37htel 5ʹ-FAM-TA GGG TTA GGG TTA GGG TTA GGG TTA GGG TTA GGG TT-TAMRA-3ʹ

I-1/2 5ʹ-FAM-TA GIG TTA GIG TTA GGG TTA GGG TTA GGG TTA GGG TT-TAMRA-3ʹ

I-1/6 5ʹ-FAM-TA GIG TTA GGG TTA GGG TTA GGG TTA GGG TTA GIG TT-TAMRA-3ʹ

I-4/5 5ʹ-FAM-TA GGG TTA GGG TTA GGG TTA GIG TTA GIG TTA GGG TT-TAMRA-3ʹ

I-4/6 5ʹ-FAM-TA GGG TTA GGG TTA GGG TTA GIG TTA GGG TTA GIG TT-TAMRA-3ʹ

I-5/6 5ʹ-FAM-TA GGG TTA GGG TTA GGG TTA GGG TTA GIG TTA GIG TT-TAMRA-3ʹ

(I-1/2) (I-1/6) (I-4/5) (I-4/6) (I-5/6)
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telomeric sequences with five and more TTAGGG repeats have 

recently investigated by many research groups,20, 21 still their folding 

dynamics and structural polymorphisms are not clear. In addition, the 

theoretically G-quadruplex can be formed anywhere along the long 

human telomeric sequence. However, the information for the position 

where G-quadruplex is formed along the long telomeric sequence has 

been lacking. Furthermore, little is known about the structural 

polymorphism of G-quadruplex formed by long telomeric sequences. 

To address this issue, we thoroughly investigated the folding process 

of a long G-rich sequence as well as the structural polymorphism of 

G-quadruplex formed by a long telomeric sequence with six GGG 

tracts using the thermodynamic analysis and various spectroscopic 

techniques. In this study, we synthesized and used the dye-labeled 

human telomeric sequence (5'-FAM-TAGGG(TTAGGG)5-TT-

TAMRA-3', 37htel) and five guanine-to-inosine (G-to-I) substituted 

sequences (I-1/2, I-1/6, I-4/5, I-4/6, and I-5/6). (see Scheme 1) FAM 

(fluorescein) and TAMRA (tetramethylrhodamine) are attached to 5'- 

and 3'-end, respectively, as an energy donor (D) and an energy 

acceptor (A) for the fluorescence resonance energy transfer (FRET) 

experiment. (see Scheme 1) It is known that the replacement by 

inosine (I) at the middle G of individual GGG tract can selectively 

induce the exclusion of GIG tract from the formation of G-quartet core, 

resulting in the reduction of the multiplicity of G-quadruplex 

conformations.20 From the thermodynamic studies for six G-rich 

sequences, we clearly characterized the structures and stabilities of G-

quadruplex formed by long G-rich sequences in the presence of K+ 

ions. In addition, we demonstrated the folding process of a long 

telomeric sequence with six GGG tracts in terms of the change of the 

hydrodynamic radius of DNA in the single-molecule level. 

Results and Discussion 

Figure 1a shows CD spectra of 37htel in the absence and presence 

of 100 mM K+ ions in 10 mM Tris-HCl buffer solutions (pH 7.4). The 

formation of G-quadruplex in the presence of 100 mM K+ ion was 

confirmed by its characteristic CD spectrum, producing positive band 

at 290 nm with a shoulder at 265 nm and a negative band at 236 nm 

(Figure 1a), suggesting that G-quadruplex has a mainly 

antiparallel/parallel hybrid (3+1) structure. This result, which is 

consistent with previous reports,22, 23 also implies that the formation 

and structure of G-quadruplex upon the addition of K+ ions are 

unaffected by the covalent attachment of dyes. To further understand 

the formation of G-quadruplex structure for 37htel, we measured the 

absorption and emission spectra of 37htel in the absence and presence 

of K+ ions under same experimental conditions. (Figure 1b) Although 

the absorbance of FAM at around 490 nm is slightly enhanced by the 

increase of the ionic strength upon addition of 100 mM K+ ions,24 the 

absorption spectrum of dyes (D and A) attached to G-quadruplex 

structure is similar to that in single-stranded DNA (ssDNA). On the 

other hand, the fluorescence intensity (ID) of the donor (FAM) 

attached to 37htel is significantly quenched by the addition of K+ ions, 

whereas the fluorescence intensity (IA) of the acceptor (TAMRA) is 

enhanced. (see Figure 1b and S2) The changes in ID and IA with adding 

K+ ions are due to the conformational change from ssDNA to G-

quadruplex structure, resulting in the efficient energy transfer from D 

to A due to close proximity.  

To elucidate the folding reaction of a long telomeric G-

quadruplex-forming sequence, we investigated the formation of G-

quadruplex structure for 37htel using the variation of the FRET 

efficiency (EFRET = IA/(ID + IA)) as a function of [K+] and then 

compared with the formation of G-quadruplex structure for 25htel, 

which has a four TTAGGG repeats (5'-FAM-TAGGG(TTAGGG)3-

TT-TAMRA-3'). As shown in Figure 1c, the transition curve of 37htel 

upon addition of K+ ions reveals the broad feature compared to that 

for 25htel. The transition curves monitored by EFRET (or ICD) are fitted 

by Eq. (1) (classical Hill equation): 

 

              (1) 

 

The n is the Hill coefficient and K+
1/2 is the concentration of K+ ions 

at which half the G-quadruplex structures were formed. From the 

transition curve depicted in Figure 1c, K+
1/2 and n values for 37htel 

were determined to be 117.0 ± 21.7 mM and 0.7, respectively, 

whileK+
1/2 and n values for 25htel were determined as 10.1 ± 0.4 mM 

and 1.8, respectively. (Figure Table S1) In contrast to the transition 

curve of 37htel monitored by EFRET, however, the transition curve of 

37htel monitored by CD intensities is very similar to that of 25htel 

(K+
1/2 = 14.4 ± 0.8 mM and n = 1.5). (see Figure 2 & 3 and Table S1) 

The EFRET has been frequently used to measure the distance between 

domains of a single biomolecule and to obtain the information about 

the conformational change of a biomolecule. Meanwhile, the CD 

signal is used to identify the secondary structure of G-quadruplex. 

Thus, differences in K+
1/2 and n values of 37htel determined by two 

parameters (ICD and EFRET) suggest that the secondary structure of G-

quadruplex is rapidly formed in the low concentration of K+ ions and 

then the additional conformational change involving the change in D-

A distance takes place in the presence of high concentration of K+ ions. 

However, we cannot rule out the possibility that the broad-response 

of 37htel for K+ ions monitored by EFRET is attributed to the G-

quadruplex intermolecular interaction in the high concentration of K+ 

ions. To test this possibility, we measured the concentration 

dependence on EFRET of 37htel in the presence of 1 M K+ ions. As 

shown in Figure 1d, no concentration dependence on EFRET of 37htel 

was observed, indicating that the broad-response of 37htel for K+ ions 

is probably due to the formation of G-quadruplex and then following 
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Figure 1. (a) CD spectra of 37htel in the absence (black) and 

presence (red) of 100 mM K+ ions ([37htel] = 10 M). (b) Absorption 

(straight line) and fluorescence (dotted line) spectra of 37htel in the 

absence (ssDNA, black) and presence (G-quadruplex, red) of 100 

mM K+ ions. ([37htel] = 168 nM and Ex = 485 nm). c) Changes in 

EFRET for 25htel (▲) and 37htel (●) as a function of [K+] and change 

in ICD for 37htel as a function of [K+] (○). The sequence of 25htel is 

5-FAM-TAGGG (TTAGGG)3-TT-TAMRA-3. The ICD is the CD 

intensity measured at 290 nm. (d) EFRETs for 37htel at various 

concentrations. 
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an additional conformational change rather than the G-quadruplex 

intermolecular interaction. The broad-response of 37htel for K+ ions 

will be further discussed later. 

As mentioned above, G-quadruplex can be theoretically formed 

anywhere along the long G-rich sequence such as 37htel, resulting in 

the existence of a multi-species with a different G-quadruplex 

structure as depicted in Scheme 1. The existence of a multi-species 

can induce the significant difficulty in the study on the structure and 

stability of G-quadruplex formed by a long human telomeric sequence. 

To deal with this difficulty, recently Tue et al. used the G-to-I 

substituted sequence such as I-4/5.20 As a result, they clearly showed 

that the GIG tract replaced by inosine (I) at the middle G of individual 

GGG tract is excluded from the formation of G-quartet core.20 

Substantially, their results showed that the single inosine substitution 

for d[TA-GGG(TTAGGG)nTT] (n = 5-7), which shows multiple G-

quadruplex conformations in the presence of K+ ions, reduces the 

multiplicity of its conformation, and revealed that simultaneous 

inosine substitution in the fourth and fifth G-tracts of 37htel (I-4/5) 

led to the emergence of a predominant species (70%) with a long 

propeller loop.20 (see Scheme 1) To elucidate the stabilities and 

structures of several G-quadruplex structures formed by 37htel in the 

presence of K+ ions, thus, we synthesized five G-to-I substituted 

sequences (I-1/2, I-1/6, I-4/5, I-4/6, and I-5/6) and investigated the 

stability and structure of G-quadruplex formed by each 

oligonucleotide. As depicted in Figure S3, G-quadruplexes formed by 

five G-to-I substituted sequences show similar CD signals; two 

positive bands at 270 and 290 nm with a negative band at 240 nm. 

These results are consistent with that reported by Tue et al.,20 

indicating that all G-quadruplexes formed from five G-to-I substituted 

sequences have a mainly antiparallel/parallel hybrid (31) structure 

depicted in Scheme 1. However, I-1/2, I-1/6 and I-5/6 form G-

quadruplex with the shortest TTA loop, while I-4/6 and I-4/5 form G-

quadruplex harboring one or two GIG tracts within a single loop.  

The variation in EFRET and ICD accompanied by the formation of 

G-quadruplex for five G-to-I substituted sequences with various [K+] 

are measured. (see Figure 2) From the quantitative analysis of 

transition curves obtained from variation of the EFRET as a function of 

[K+], K+
1/2 values for I-1/2, I-1/6, I-4/5, I-4/6, and I-5/6 were 

determined to be 132 mM (n = 0.7), 239 mM (n = 1.0), 77.5 mM (n = 

1.1), 154 mM (n = 1.1), and 272 mM (n = 0.7), respectively (Order 

for K+
1/2 value: I-4/5 < I-4/6 < I-1/2 < I-1/6 < I-5/6). (Figure 3 and 

Table S1) Meanwhile, the transition curves of five G-to-I substituted 

sequences monitored by CD intensities (ICD) showed contrasting 

results as shown in Figure 2b; that is, the lower K+
1/2 values and the 

higher n values. (Figure 3 and Table S1) It is interesting to note that 

the K+
1/2 values determined from ICD were in the order I-1/2 < I-5/6 < 

I-1/6 < I-4/6 < I-4/5. These results imply that the formation of G-

quadruplex for I-1/2, I-1/6 and I-5/6 is faster than that for I-4/6 and I-

4/5. As depicted in Scheme 1, G-quadruplexes formed by I-1/2, I-1/6 

and I-5/6 have a short TTA loop compared to those formed by I-4/6 
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Figure 2. Changes in EFRET (a) and ICD (b) for 37htel, I-1/2, I-1/6, I-4/5, 

I-4/6, and I-5/6 as a function of [K+]. Theoretical curves obtained from 

the fitting analysis using Eq. (1) are shown in solid lines. 

 

Figure 3. (a) K+
1/2 and (b) n values for 27htel, 37htel and five G-to-I 

substituted sequences (I-1/2, I-1/6, I-4/5, I-4/6, and I-5/6) determined 

by EFRET and CD intensities (ICD).  
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and I-4/5, implying that the loop length affect the formation of G-

quadruplex structure. Here, we measured the kinetic aspect for the 

formation of G-quadruplex by using changes in EFRET monitored at 

different times after the addition of K+ ions. As shown in Figure 4, the 

kinetic aspect for the formation of G-quadruplex triggered by the 

addition of K+ ions showed that the formation of G-quadruplex for I-

1/2, I-1/6 and I-5/6 is faster than that for I-4/6 and I-4/5. The kinetic 

traces for I-4/6 and I-4/5 were reproduced with a single-exponential 

function and the rate constants for G-quadruplex formation for I-4/6 

and I-4/5 are determined to be 1.3  0.1  10-3 and 0.5  0.02  10-3 s-

1, respectively. Although we could not determine the rate constant for 

I-1/2, I-1/6 and I-5/6 with a short TTA loop, the data presented herein 

clearly reveals that the long G-rich sequence with five or more 

TTAGGG repeats preferentially forms G-quadruplex with a short 

TTA loop.  

To further elucidate the stability of G-quadruplex formed by 

each sequence, we measured Tm values of all sequences at 

various [K+]. (Figure 5 and S4) As summarized in Table S2 and 

Figure 5, Tm values of I-1/2, I-1/6 and I-5/6 determined at various 

[K+] are higher than those of I-4/5 and I-4/6, indicating that G-

quadruplex with a short TTA loop is more thermodynamically 

stable than that with a long loop. This result coincides with that 

reported by Koirala et al.21   Furthermore, the Gibbs free energy 

change (ΔG298K) for I-1/2, I-1/6 and I-5/6 at 25˚C in the presence 

of 120 mM K+ ions are larger than those measured for I-4/5 and 

I-4/6 (Figure 5b), implying that the structural stability of G-

quadruplex is decreased by the presence of a long loop. Indeed, 

this result agrees with the previous study that suggested the 

decrease in the stability of G-quadruplex with increasing a total 

loop length.25  

Interestingly, as shown in Figure 5b, Tm and ΔG values for I-1/2 

determined from the melting curve are greatly higher and larger than 

those for other G-to-I sequences, implying that G-quadruplex formed 

from I-1/2 is much more stable compared with those formed from 

other G-to-I sequences. This means that the thermodynamically most 

stable G-quadruplex structure formed from 37htel in the presence of 

K+ ions is very similar to that formed from I-1/2. Furthermore, as 

shown in Figure 5b, the Tm and ΔG values for 37htel determined from 

the melting curve are close to those for I-1/2. Considering the G-

quadruplex structure formed from I-1/2 (see Scheme 1), we suggest 

that in vitro, a long telomeric sequence containing five or more 

TTAGGG repeats mainly forms G-quadruplex structure at 3 end 

rather than at 5 end and internal positions. This coincides with the 

result reported by Tan and coworkers.26 They suggested that when an 

open 5 end is not present, which mimics the telomere G-rich strand 

in vivo, the probability at the 3 end is higher than at the 5 end using 

DMA footprinting and exonuclease hydrolysis.26 In this study, 

moreover, we clearly show that from the thermodynamic analysis on 

G-quadruplex structure, the long telomeric sequence containing five 

or more TTAGGG repeats with both open 5 and 3 ends can form G-

quadruplex preferentially at 3 end rather than at 5 end and internal 

positions. 

To further understand the folding dynamics of 37htel in 

single-molecule level, on the other hand, we measured the 

molecular diffusion time of 37htel as a function of the 

concentration of K+ ions using the fluorescence correlation 

spectroscopy (FCS). FCS is a very useful tool to measure the 

molecular diffusion time that can provide the information on the 

change in molecular size associated with the conformational 

change of biomolecules such as DNA, protein, and so on.27-30 As 

depicted in Figure 6a, all FCS curves show two dynamics; one is 

due to the fast relaxation process corresponding to singlet–triplet 

(S-T) relaxation of fluorescein and the other is attributed to the 

translational diffusion of each chemical species. Thus, the 

autocorrelation function can be expressed by, 
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of 120 mM K+ ions. ([DNA] = 5 M). Theoretical curves obtained from 

the fitting analysis using Eq. (S1) are shown in solid lines. (b) Melting 
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determined in the presence of 120 mM K+ ions.  
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     (3) 

where N is the average number of molecules in the observed volume, 

d is the molecular diffusion time, s/u is the parameter to represent the 

shape of the observed volume, F is the fraction of the molecules in the 

triplet state, T is the relaxation time of singlet–triplet relaxation, Rh is 

a hydrodynamic radius of a molecule, and D is the diffusion 

coefficient of a molecule.  

Figure 6b shows changes in molecular diffusion times (d) of 

37htel determined by the quantitative analysis of FCS curves 

measured at various [K+] with Eq. (2). It has been suggested that a 

partially folded G-triplex is an intermediate in the folding reaction of 

G-quadruplex, and can stably exist in the low concentration of K+ ions. 
21, 31-36 The formation of G-triplex in the low concentration of K+ ions, 

thus, should induce the great change in the d of 37htel because the 

molecular size of G-triplex is significantly different to that of single-

stranded DNA. As shown in Figure 6b, however, 37htel shows the 

constant d values in the range of 0  10 mM, suggesting that G-triplex 

is not formed in the low concentration of K+ ions. As shown in Figure 

6b, the d of 37htel is significantly decreased by addition of 10 mM 

K+ ions and then shows constant d values in the presence of a high 

concentration of K+ ions. As expressed in Eq. (3), the d is 

proportional to the Rh of a molecule. Thus, the decrease of d upon 

addition of K+ ions means the decrease of the Rh due to the formation 

of G-quadruplex. Our result, which is an unexpected result, is in 

contrast to the result reported by several previous studies, suggesting 

that a partially folded G-triplex is an intermediate in the folding 

reaction of G-quadruplex, and can stably exist in the low 

concentration of K+ ions.21, 31-34, 37 Recently, Koirala et al revealed that 

human telomeric sequences containing four to seven TTAGGG 

repeats showed the conformational transition into G-quadruplex 

through a partially folded triplex as well as the direct conformational 

change from ssDNA to G-quadruplex.21 However, the folding 

mechanism of G-quadruplex is still the subject of debate. Indeed, 

Koirala et al. could not observe the population of a triplex for hTelo-

6, 5-(TTAGGG)6TTA-3,21 which is consistent with our result. The 

result reported by Koirala et al. indicates that not all human telomeric 

sequences containing four or more TTAGGG repeats are folded to G-

quadruplex via a G-triplex.21 In addition, the folding (or unfolding) 

reaction of G-quadruplex studied by single-molecule techniques did 

not show the multi-step folding process that occurs with an 

intermediate such as a hairpin or triplex.38-40 The presented data herein 

is consistent with those obtained by several previous single-molecule 

experiments. Therefore, we suggest that in terms of DNA size change, 

the folding reaction of 37htel in single-molecule level occurs without 

any detectable intermediates, indicating two-state transition.  

On the other hand, the K+
1/2 value of 99  9 mM for 37htel 

obtained from changes of d is close to that determined by variation of 

the EFRET, but is larger than that determined by the variation of ICD. 

(Figure 7) In addition, the transition region of the transition curve is 

wider than that obtained from the ICD. (see Figure 7). As mentioned 

above, the change of d reflects the change in molecular size 

associated with the global structural of a molecule, whereas the CD 

signal is sensitive to the secondary structure of G-quadruplex. Thus, 

the difference in K+
1/2 values determined by d and ICD can be 
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Figure 6. (a) Representative FCS curves of 37htel measured with 0 
(red), 0.01 (orange), 0.1 (yellow), 1 (green), 10 (olive), 100 (blue) and 
1000mM (purple) mM K+ ions. (b) Plot of changes in the molecular 

diffusion times (d) of 37htel as a function of [K+]. The d and d are 
the molecular diffusion times in the absence and presence of K+ ions, 

respectively. The d values corrected for the increase of the solution 
viscosity upon addition of K+ ions. The inset is the log scale plot. 
Theoretical curves obtained from the fitting analysis using Eq. (2) are 
shown in solid red lines.    
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interpreted in terms of the change in the kinetics for the secondary and 

the global structural change of a DNA sequence upon addition of K+ 

ions. In this respect, the smaller K+
1/2 value for 37htel obtained from 

changes of ICD is probably due to the fast formation of a secondary 

structure such as G-quadruplex. The unexpected higher K+
1/2 values 

for 37htel (or five G-to-I substituted sequences) determined by 

variation of the EFRET may stem from the slow global structural change 

occurring even after the formation of a secondary structure such as G-

quadruplex. The global structural change, which results in the 

additional change of a molecular size, is due to the existence of a long 

loop as well as a long overhang at 5 or 3 ends. 

Conclusions 

 In contrast to human telomeric sequence containing four 

TTAGGG repeats, relatively few studies have been done on the 

structure and stability of G-quadruplex formed from a long 

human telomeric sequence containing five or more TTAGGG 

repeats. Substantially, lots of human telomeric sequences 

containing five or more TTAGGG repeats exist in in human 

chromosomes, and G-quadruplex can be formed at different 

positions along the long telomeric sequence. Thus, it is very 

important to obtain the information on the structure and stability 

of G-quadruplex formed from a long human telomeric G-rich 

sequence. From this respect, we have thoroughly investigated the 

folding process of a long G-rich sequence as well as the structural 

polymorphism of G-quadruplex formed from long telomeric 

sequences with six GGG tracts using the thermodynamic 

analysis and various spectroscopic techniques. The results 

provided herein revealed that a long telomeric sequence 

containing five or more TTAGGG repeats forms G-quadruplex 

dominantly at 3 end rather than at 5 end and internal positions. 

Furthermore, we show that from changes in the hydrodynamic 

radius associated by the formation of G-quadruplex in single-

molecule level, the folding reaction of 37htel with six GGG tracts 

can be explained with two-state mechanism without any 

detectable intermediate. After the formation of a secondary 

structure (G-quadruplex), a long telomeric sequence containing 

five or more TTAGGG repeats show a global structural change, 

resulting in the additional change of a molecular size. We believe 

that the results provided herein will certainly contribute to 

understand the structure and stability of G-quadruplex.  

 

Experimental Sections 

Full experimental details and characterization of compounds can be 

found in the Supporting Information. 

FAM phosphoramidite, TAMRA CPG, and nucleotide 

phosphoramidite reagents were purchased from GLEN RESEARCH, 

Ltd. All oligonucleotides (25htel, 37htel, I-1/2, I-1/6, I-4/5, I-4/6 and 

I-5/6) studied here were synthesized using Applied Biosystems 3400 

DNA synthesizer with standard solid-phase techniques and purified 

on a JASCO HPLC with a reversed phase C-18 column with an 

acetonitrile/50 mM ammonium formate gradient. The purified 

oligonucleotides were lyophilized for three times. Then, all DNA 

sequences were characterized by matrix-assisted laser desorption 

ionization time-of-flight (MALDI-TOF) mass spectra (Figure S1), 

and their concentrations were determined by the absorption of FAM 

labeled to each oligonucleotides.  

The steady-state UV−visible absorption, fluorescence, and CD 

spectra were measured using Shimadzu UV-3100, Horiba 

FluoroMax-4 and JASCO CD-J720, respectively. To obtain the 

kinetic aspect for the formation of G-quadruplex at room temperature, 

the fluorescence spectra were measured at different times following 

addition of K+ ions using Horiba FluoroMax-4. The EFRET was 

determined by ID and IA obtained from each spectrum. (EFRET = IA/(ID 

+ IA)) 

The melting temperature (Tm) was measured using a JASCO V-530. 

Fluorescence spectra were measured with an excitation wavelength of 

485 nm. All sample solutions for the measurement of UV, 

fluorescence, CD spectrum were prepared with 10 mM Tris-HCl 

buffer (pH 7.4). The Tm was measured in 10 mM K+ phosphate buffer 

(pH 7.4). The thermodynamic parameters and Tm values were 

determined from the fitting analysis of melting curves using Eq. (S1-

S3).  

FCS experiments carried out with a time-resolved fluorescence 

microscope using confocal optics (MicroTime 200; PicoQuant, 

Berlin-Adlershof, Germany). We used 2 nM sample solutions for 

measuring FCS curves with various concentrations of K+ ion. 
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A long telomeric sequence preferentially forms thermodynamically stable G-

quadruplex at 3′ end rather than at 5′ end and internal positions. 
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