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We report that Cy3 undergoes triple helix conformation-

specific blinking in DNA. Blinking patterns were affected by 

the stabilization of the Hoogsteen base-pair, suggesting that 

not only the presence but also the fluctuating behaviour of the 

triple helix can be monitored by the changes in the Cy3 

blinking patterns. 

To track biological events at the single-molecule level, one approach 

would be to develop a detection strategy that specifically relies on 

phenomena that become pronounced during the observation of single 

molecules. Among such phenomena, in our recent studies we have 

focused on the fluctuating emissions between bright ‘‘on’’ and dark 

“off” states of fluorescent molecules, or so-called “blinking”.1-3 

During the repetitive cycles of excitation of the S0 ground state to the 

singlet excited state (S1) and subsequent emissions that allow a 

return to S0 (on-state), fluorescent molecules occasionally become 

non-fluorescent (off-state). Switching between the on-state and off-

state of a fluorescent molecule results in a blinking of the 

fluorescence. Potential transient dark off-states that may cause such 

blinking are i) the triplet state resulting from the intersystem crossing, 

ii) the reduced or oxidized state triggered by electron transfer, iii) 

formation of a non-fluorescent complex between a fluorescent 

molecule and a quencher, iv) intramolecular spirocyclization, and v) 

the isomerized state formed by photo-triggered trans-cis 

isomerization.4-6 The biological events and/or the changes in the  
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surrounding local microenvironment that modulate these processes 

would be detectable at the single-molecule level by monitoring of 

the fluorescence blinking.4-6 

Based on the synthesis and observation of DNA site-specifically 

modified with a fluorescent molecule, we have shown that the 

charge-separation, charge-transfer, and charge-recombination 

dynamics in DNA can be measured by monitoring the blinking.1 In 

this case, the blinking was caused by the successive reduction and 

re-oxidation cycles of the fluorescent molecule ATTO 655. Based on 

the fact that the charge-transfer dynamics in DNA is strongly 

affected by the DNA sequence,7 we demonstrated that single-

nucleotide differences in DNA that modulate the charge-

recombination kinetics can be detected by monitoring the blinking of 

the fluorescence.2 Recently, we reported that blinking triggered by 

formation of the triplet state of R6G provides information regarding 

the solvent accessibility of the fluorescent molecule.3 Since the 

triplet quenching reaction is affected by the accessibility of a 

fluorescent molecule to molecular oxygen, the more it is exposed to 

a solvent, the faster its triplet excited state is quenched by molecular 

oxygen. We showed that the transition between the hairpin and 

double helix conformation can be tracked by monitoring the blinking 

caused by the triplet formation.3 In this study, we focus on the 

blinking of Cy3 caused by cis-trans isomerization in the context of 

DNA. 

Cyanine dyes such as Cy3 are widely used as a fluorescent probe 

to investigate various biological phenomena. Cy3 was one of the 

most common fluorescent molecules of choice during the early 

stages of single-molecule spectroscopy.5 It is known to undergo 

trans-cis photo-isomerization and successive cis-trans back thermal-

isomerization by rotation around the C–C bonds of the poly-methine 

chain, and these dynamics have been well studied by transient 

absorption spectroscopy.8 This cis-trans isomerization causes the 

blinking of the fluorescence. The photo-physical properties of Cy3 

conjugated to DNA have also been investigated.9,10 Based on the 

molecular dynamic simulations, Spiriti et al. indicated that cis-trans 

isomerization of the Cy3 attached to the 5’-end of DNA is 

modulated in a sequence-dependent manner.11 The structure of DNA 

has a remarkable conformational heterogeneity, which has been 

suggested to play an important role in a number of gene expression 

processes.12 Since local DNA conformations may exist rarely and 

transiently, the development of single-molecule-level probing 
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methods that allow to investigate when and how they appear is 

highly desired. In addition to a canonical right-handed B-form 

conformation, DNA can adopt A-form, left-handed Z-form, triple 

helix, and quadruplex conformations.12 Herein, we focus on the fact 

that the size of the Cy3 is just about the same as the width of the 

triple helix (Fig. 1). Since the cis-trans isomerization efficiency is 

considered to be strongly dependent on the steric effects that impact 

the rotation of the molecule,5 we hypothesized that Cy3 may exhibit 

a triple helix-specific blinking. Herein, we synthesized DNA site-

specifically modified with Cy3 and investigated how the blinking of 

Cy3 is affected by the DNA conformation—i.e., single strand, 

double helix, and triple helix. Our results showed that Cy3 shows a 

characteristic blinking pattern in the context of triple helix DNA, 

exhibiting a longer duration of the off-time (τOFF) and on time (τON) 

compared to the other two DNA conformations. 

 

 

 

 

 

 

 

 

 

 

 
Fig. 1. Suggested configurations of T:A:T base-pair in triple helix, Cy3 in trans 

(cyan) and cis (blue) conformations, and schematic representation of 

blinking caused by trans-cis isomerization of Cy3. 

 

In order to bury a fluorescent molecule in the π-stacks in the 

context of a triple helical structure, Cy3 was attached to DNA using 

an aminolinker (X).1-3  To ensure the triple helix formation, the 

sequence was designed based on the intramolecular triple helix-

forming sequence well-studied by Marky and co-workers, with a few 

base alterations in the loop region (Fig. 2).13 Cy3 was placed in the 

context of a double helix, and a single-strand conformation by 

adding adequate complementary strands. We also synthesized DNA 

in which some As were replaced with A-derivatives having an 

additional amino group to stabilize specifically the Watson-Crick 

base-pairing (diaminopurine (D)) or the Hoogsteen base-pairing (8-

aminoadenine (8-amA)).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 2. Chemical structures of Cy3 modified aminolinker X, diaminopurine 

(D), 8-aminoadenine (8-amA), and DNA sequences used in this study. 

 

Blinking was monitored by utilizing fluorescent correlation 

spectroscopy (FCS), and the τOFF and τON values were obtained by 

fitting the data using the following autocorrelation equation (1),6,10,14 

 

 

(1) 

 

where N is the number of molecules within the sample volume 

element, τD is the translational diffusion time, S = ω1/ωo is the radius 

of the measurement area ω0 and half of its axial length ω1. τOFF 

corresponds to the lifetime of the cis-state, and τON reflects the trans-

cis photo-isomerization rate. FCS was measured in the presence of 

either 7.5% or 15% (v/v) of PEG 20,000 to increase the viscosity and 

the τD value so as to facilitate the separation of the diffusion and the 

blinking dynamics. Representative FCS curves are shown in Figure 

3, and the τOFF and τD values and τON and count rate per particle 

(CPP) are summarized in Figure 4A and 4B, respectively. In addition 

to a significant increase in τD values, τON and τOFF values also 

moderately increased as the amount of PEG in the solution increased. 

Since the cis-trans isomerization rate decreseas to some extent with 

the increase in the viscosity of the solution, we can conclude that τON 

and τOFF reflects the blinking caused by the usual cis-trans 

isomerization of Cy3 reported in the literature.5,8,10 Interestingly, the 

highest τOFF was observed for the triple helix conformation, 

suggesting that back thermal isomerization proceeds more slowly 

than the other two conformations. At the same time, the duration of 

τON in the triple helix was also the longest among the three 

conformations. These results show that photo-isomerization also 

proceeds relatively slowly in the triple helix, which was consistent 

with the finding that this conformation had the highest CPP.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 3. Representative FCS time traces. The sample aqueous solution 

contained 4 nM Cy3 modified-DNA (with 8 nM of complementary strand for 

single strand and double helix), 100 mM NaCl, 10 mM MgCl2, 7.5% PEG-

20,000 in 10 mM Na phosphate buffer (pH 7.0). The smoothed black curves 

superimposed on the experimental data correspond to the theoretical fitting 

curves. 

Table 1. Melting temperatures (Tm) for dissociation of triple helix and 

double helix. 

entry 
Tm (ºC) 

Y = A Y = D Y = 8-amA 

double helix PEG 7.5% 64.3 ± 0.1 64.7 ± 0.1 62.4 ± 0.1 

double helix PEG 15% 66.6 ± 0.1 66.7 ± 0.1 64.0 ± 0.2 

triple helix PEG 7.5% 41.5 ± 0.1 42.9 ± 0.2 45.2 ± 0.1 

triple helix PEG 15% 42.1 ± 0.2 43.2 ± 0.1 45.2 ± 0.1 

The same DNA concentrations and buffer conditions were used as were 
used for FCS measurements shown in Figure 3. 
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Fig. 4. Bar graphs summarizing (A) τOFF and τD (♦), (B) τON and count rate (♦). 

 

To further confirm that the increase in the τOFF and τON values 

were specific to the triple helix conformation of DNA, we replaced 

some As with Ds and 8-amAs (Figure 5). D is a derivative of 

adenine which is well-established to stabilize the Watson-Click base-

pair. We previously reported the synthesis and thermodynamic 

properties of 8-amA-containing DNA, demonstrating that the amino 

group at the adenine C8 position stabilizes the Hoogsteen base-pair 

in the triple helix conformation while slightly destabilizing the 

Watson-Click base-pair.15 Because the fluorescence intensity of Cy3 

was higher in the context of the triple helix or double helix than in 

the single strand conformation, we determined the melting 

temperature of DNA (Tm) by measuring the fluorescence melting 

curve analysis (Table 1, Fig. S1). Cooperative single-step melting 

behavior was observed for both the double helix and triple helix 

conformations, which was consistent with the report by Marky and 

co-workers.13 The Ds slightly stabilized both the triple helix and 

double helix conformation. 8-amAs stabilized the triple helix 

conformation, but caused a slight destabilization of the double helix. 

Of special interest, the replacement of adenine with 8-amAs caused a 

significant increase in the τOFF and τON values in the triple helix 

conformation (Fig. 4). In sharp contrast, even though the Ds slightly 

increased the thermal stability of the entire triple helix conformation, 

the replacement of adenines with Ds resulted in a slight decrease in 

the τOFF and τON values in the triple helix conformation. Since the 

FCS experiments were conducted at room temperature (25 °C), 

which is far below the Tm, these results indicate that the relatively 

weak Hoogsteen base-pair fluctuates more than the Watson-Crick 

base pair, and that the stability or the fluctuating nature of the 

Hoogsteen base-pair plays a key role in the triple helix-specific 

blinking. While 2-amino group locates at the minor groove, 8-amino 

group sticks out to the major groove. It may also be possible that the 

increase of the steric bulk in the major groove caused by 8-amino 

substitution affect the cis-trans isomerization rate to some extent. 

Under ensemble conditions, fluorescence intensity of 8-amA 

modified DNA was about two-fold higher in triple helix than in 

double helix (Fig. S1). On the other hand, CPP appeared to be only 

modestly affected by DNA conformation which can be mainly 

explained by the long τOFF in triple helix conformation. These results 

show that blinking could significantly affect the brightness of the 

fluorescent molecule when observed at the single-molecule level. 

 
 
 

 

 

 

 

 
Fig. 5. Chemical structures of T:D:T and T:8-amA:T  base-pairs in triple helix. 

 

While the isomerization of Cy3 proceeded slightly faster in the 

double helix than in the single strand conformation in the present 

system, Asanuma and co-workers,16 and Ginger and co-workers17 

reported that trans-cis photo-isomerization of azobenzene, which is 

smaller in size than Cy3, proceeds less efficiently when it is 

incorporated in the double helix conformation than in the single 

strand. When Cy3 was replaced with the larger Cy5 in the present 

system, triple helix conformation-specific blinking was not observed 

(data not shown). These results suggest that the triple helix-specific 

blinking of Cy3 originates from its molecular size, which is just 

about the width of the triple helix conformation. 

Conclusions 

In summary, we incorporated Cy3 into DNA with a single 

strand, double helix, or triple helix conformation and 

investigated the differences in blinking behavior by FCS. The 

τON and τOFF values of the blinking, which reflect the inverse of 

the trans-cis photo-isomerization rate and the cis-trans back 

isomerization rate, respectively, were highest in the triple helix 

conformation. These values were further increased in a triple 

helix conformation-specific manner by stabilizing or reducing 

the fluctuation of the Hoogsteen base-pair by adding an 

additional amino group at the C8 position of adenine. These 

results suggest that Cy3 can be used not only to track the 

presence but also to report the fluctuating behavior of the triple 

helix conformation, the extent of which can be monitored by 

the changes in τON and τOFF values. Cy3 is widely used in 

single-molecule FRET experiments to study the conformational 

change of nucleic acids.18 Our results suggest that changes in 

blinking patterns originated by cis-trans isomerization may be 

taken into account during the analysis. The general strategy 

demonstrated herein, namely, using DNA to control the 

blinking of Cy3, may also aid in regulating the blinking of 

various cyanine dyes. 
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