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process is usually overlooked. When looking at fluorescence emitted from each single fluorescent dye, photoinduced charge-transfer,
charge-migration, and charge recombination cause a “blinking” of the fluorescence, in which the charge-recombination rate or the
lifetime of the charge-separated state (7) is supposed to be reflected in the duration of the off time during the single-molecule-level
fluorescence measurement. Herein, based on our recently developed method for the direct observation of charge migration in DNA,
we utilized DNA as a platform for spectroscopic investigations of charge-recombination dynamics for several fluorescent dyes:
TAMRA, ATTO 655, and Alexa 532, which are used in single-molecule fluorescence measurements. Charge recombination
dynamics were observed by transient absorption measurements, demonstrating that these fluorescent dyes can be used to monitor
the charge-separation and charge-recombination events. Fluorescence correlation spectroscopy (FCS) of ATTO 655 modified
DNA allowed the successful measurement of the charge-recombination dynamics in DNA at the single-molecule level. Utilizing the
injected charge just like a pulse of sound, such as a “ping” in active sonar systems, information about the DNA sequence surrounding
the fluorescent dye was read out by measuring the time it takes for the charge to return.

B INTRODUCTION in a change in the charge-recombination rate or the lifetime of the
charge separated state (7); thus, the measurement of 7 would
provide us with additional unique and fruitful information
around the fluorescent dye.’”>' While the information avail-
able from the photoinduced charge transfer rate can be readily
accessed by measuring the change in either the fluorescence
intensity or the fluorescence lifetime, the 7 is usually deter-
mined by the transient absorption measurement, which is
labor-intensive and requires a significant amount of sample
(>1 nmol); thus, the information obtainable from the charge
recombination dynamics is usually overlooked during live-cell
imaging and diagnosis.

Recent advances in fluorescence microscopy techniques now
allow us to trace the fluorescence emitted from each individual
fluorescent dye in living cells. Since the photoinduced charge-
transfer transforms the fluorescent dye into the nonemissive
state, fluorescent dye cannot emit until the charge-recombination
takes place. Thus, the photoinduced charge-transfer quenching
can cause blinking of the fluorescence during the single-molecule
fluorescence measurement, and blinking is often attributed to the

Taking advantage of their relatively small sizes compared with
fluorescent proteins and quantum dots, fluorescent dyes are
widely used as labeling tools in biological imaging and diag-
nosis." > The fluorescence emitted from a fluorescent dye can be
modulated by the microenvironment surrounding the fluores-
cent dye, and photoinduced charge-transfer quenching is one of
such mechanisms that causes a fluctuation of the fluorescence
emission. Since the fluorescence quenching efficiency or the
photoinduced charge-transfer rate is strongly affected by the
distance and the intervening medium between the fluorescent
dye and the electron-donating biomolecules such as tryptophan
in the polypeptide and guanine (G) in the DNA,””* information
about the microenvironment around the fluorescent dye can be
extracted by measuring the change in either the fluorescence
intensity or the fluorescence lifetime.

Photoinduced charge-transfer quenching results in the forma-
tion of a nonemissive radical-ion state of the fluorescent dye and
charge injection into a biomolecule. An injected charge can
migrate along the biomolecule, and subsequent charge-recombi-
nation makes the reaction reversible, thereby rendering the
fluorescent dye suitable for live-cell imaging and diagnosis. The Received: ~ May 26, 2011
charge-migration dynamics along the biomolecule are reflected Published: August 29, 2011
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Figure 1. DNA sequences used in this study, chemical structures of an aminolinker (X), Acr', TAMRA, Alexa 532 (the structure of ATTO 655 is
proprietary), 7-deazaguanine (Z), and a positive charge trap phenothiazine (PTZ), and a schematic representation for charge injection, charge-
migration, and charge-recombination in DNA. In the case of Alexa 532 modified DNA, an additional T was placed as a complementary base of X.

formation of the charge-separated state.”” >’ Since the time
resolution of current single-molecule fluorescence techniques in
living cells is practically limited to a sub-microsecond level,***"
contribution of the charge-recombination dynamics in a time
range as short as 0.1 us would be of particular importance during
the single-molecule-level fluorescence measurement. However,
there have been limited reports regarding the charge-recombina-
tion dynamics for the fluorescent dyes used in single-molecule
fluorescence measurements.

We have previously reported that charge-separation and -
recombination dynamics in DNA can be modulated to have
various lifetimes for the charge-separated state in the time range
of nanosecond to millisecond by arranging the sequence neigh-
boring the fluorescent dye or a photosensitizer."” In this study,
we utilized DNA as a platform to investigate the charge-recom-
bination dynamics. Among the four nucleobases, G exhibits the
lowest oxidation potential,”*>** and in the case of protonated
9-alkylamino-6-chloro-2-methoxyacridine (Acr"), the fluores-
cence of which can only be quenched by G**™*” an A—T
base-pair serves as a spacer to slow down the charge-recombina-
tion rate, allowing for the formation of a long-lived charge-
separated state.”® Thus, fluorescent dyes for which the fluores-
cence can only be quenched by G would be suitable for the
observation of charge-recombination dynamics in DNA. We
focused specifically on fluorescent dyes that can only oxidize G
upon photoexcitation, and selected TAMRA, ATTO 655, and
Alexa 532 as candidates for the observation of charge-recombi-
nation dynamics. These fluorescent dyes fulfill the properties
required for single-molecule fluorescence measurements such as
a high level of brightness, high photostability, and emission in the
visible light range. They can maintain a high level of brightness in
the context of DNA by properly regulating the distance between
the neighboring G’s to control the charge-transfer processes,
and thus are widely used in fluorescence labeling of DNA and
RNA.*** Transient absorption measurements allowed the
direct observation of charge-recombination dynamics in fluor-
escent dye-modified DNA, demonstrating that, similar to Acr”,

TAMRA, ATTO 655, and Alexa 532 undergo charge-separation
and recombination in DNA in the time range of nanosecond to
milliseconds.

We chose ATTO 655 to probe the charge recombination
dynamics in DNA at the single-molecule level. The blinking
caused by charge-separation and -recombination dynamics in
DNA in the time range of microsecond to tens of microseconds
was clearlz grobed by fluorescence correlation spectroscopy
(ECS),*>* 7 which enabled the read-out of DNA sequence
information including data on single-nucleotide polymorphisms
(SNPs) at the single-molecule level.

B RESULTS AND DISCUSSION

DNA Sequence Design. The photoinduced charge-transfer
rate from a fluorescent dye in the singlet excited state to
neighboring G exponentially decreases with increasing numbers
of intervening A—T base-pairs, as previously reported by Lewis
and Wasielewski,*® Barton and co-workers,' "’ Michel-Beyerle
and co-workers,>*>° Fukui et al,,>*>” and by us.”® Herein, DNAs
were designed so as to have between zero and five intervening
A—T base-pairs between a fluorescent dye and G (Figure 1). The
fluorescent dyes were anchored and buried in DNA to have a
Jr-stacking interaction between neighboring bases by using the
amino-linker X. We used phenothiazine (PTZ: E,, = 0.76 V vs
NHE)® as a positive charge trap having a much lower oxidation
potential than G (E., = 1.31 V vs NHE).* Similar to the
photoinduced charge-transfer process, the charge-recombination
rate, that is, 7 also increases with increasing distance between the
fluorescent dye and the charge trap. To generate a long-lived
charge-separated state, it is important to se}l)arate the fluorescent
dye and PTZ by a sufficiently long distance.'”*° We utilized three
consecutive G—C base-pairs as a pathway of a positive charge to
further separate the positive and negative charge (one-electron
reduced fluorescent dye). The initial charge-recombination
between the one-electron reduced fluorescent dye and the
radical cation of G proceeds relatively fast compared with the
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Figure 2. (A) Absorption (bold line) and fluorescence spectra (dashed line) of Acr’, TAMRA, ATTO 655, and Alexa 532 modified DNA. (B—E)
Fluorescence spectra for (B) Acr*-modified DNA (., = 428 nm), (C) TAMRA-modified DNA (4, = 540 nm), (D) ATTO 655-modified DNA (1, =

620 nm), and (E) Alexa 532-modified DNA (., = 510 nm).

charge-migration process through DNA, and only part of a
generated positive charge can escape from the initial charge
recombination to be trapped at PTZ to form a long-lived charge
separated state.”® We also replaced some G’s within the con-
secutive G—C base-pairs with deazaguanine (Z: E,, = 0.98 V vs
NHE) ,33’59’61’62 which have alower oxidation potential than G, to
refine the charge-separation process to achieve a larger quantum
yield of the long-lived charge-separated state (®). Consequently,
DNAs were synthesized so as to contain a (A—T),, (n = 0—S5)
spacer and an (X—C); (X = G or Z) charge pathway between the
fluorescent dye and PTZ. The incorporation yield for Alexa 532
was low, and thus, only FO, F1, and FZ1 were synthesized.

Photoinduced Charge-Transfer Fluorescence Quenching.
The steady-state fluorescence spectra were measured to investi-
gate the photoinduced fluorescence quenching. We first tested
Acr” to verify the present system. Consistent with previous
reports by Michel-Beyerle and co-workers,**** Fukui et al.,,>**”
and us,”® the fluorescence intensity decreased as the number of
intervening A—T base-pairs between Acr” and G decreased accord-
ing with the distant-dependent photoinduced charge-transfer be-
tween Acr” in the singlet-excited state and G (Figure 2B). Similar
trends were observed for TAMRA, ATTO 655, and Alexa 532,
suggesting the occurrence of photoinduced charge-transfer be-
tween the fluorescent dye in the singlet excited state and G
(Figure 2C—E). The replacement of G close to the fluorescent
dye with Z resulted in a further decrease in the fluorescent
intensity due to the more efficient fluorescence quenching by
Z compared with G, while changes in the bases far from the
fluorescent dye caused only small effects on the fluorescence
intensity.

Charge-Recombination Dynamics. The formation of the
charge-separated state was characterized by nanosecond time-
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resolved transient absorption measurements. In the case of Acr’-
modified DNA, Acr” was excited using the 355-nm laser, and the
charge-recombination dynamics were monitored by formation
and decay of PTZ"" and Acr”, which show absorption with a peak
at around 520 nm (Figure 3A).2%3%35 When there was no A—T
spacer between G and Acr”, formation of the charge-separated
state was not observed because the charge-recombination took
place faster than the time resolution of our experimental setup
(<50 ns).>%*** The insertion of the A—T base-pair between G
and Acr” slowed the initial charge-recombination rate between
the Acr® and G™, resulting in the formation of a long-lived charge-
separated state, and 7 increased while @ gradually decreased with
increasing numbers of A—T base-pairs, consistent with previous
reports (Figure 3B).*

Next, charge-recombination dynamics were investigated for
TAMRA, ATTO 655, and Alexa 532 modified DNA. Since the
absorption of PTZ"" overlaps with the ground state absorption of
these fluorescent dyes and also their absorption spectra in the
radical anion form have not been reported thus far, charge-
recombination dynamics were investigated by monitoring the
bleach and recovery of the ground state absorption of the
fluorescent dye. The fluorescence lifetimes of TAMRA,** ATTO
655, and Alexa 532%* are reported to be shorter than 10 ns, and
thus would not significantly disturb the observation of the long-
lived charge-separated state. The 532-nm laser flash excitation of
the TAMRA-modified DNA caused bleach and recovery of the
ground state absorption of TAMRA, while obvious transient
absorption related to the radical anion of TAMRA was not
observed in the wavelength range of 350—650 nm (Figure 3A).
Interestingly, the time constant of recovery of the bleach
followed the similar trend with the 7-values measured for Acr*-
modified DNA (Table 1, Figure 3D). The bleach did not recover
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Figure 3. (A) Transient absorption spectra for A3, T3, and O3 observed after the laser flash excitation. (B) Time profiles of the transient absorption of
PTZ" and Acr” monitored at 520 nm during the 355-nm laser flash photolysis of AO—AS. (C) Time profiles of the bleach and recovery of TAMRA
monitored at 560 nm for T3 under Ar, under O,, and in the presence of 0.5 mM ascorbic acid (VC) under Ar. (D—F) Time profiles of the bleach and
recovery of (D) TAMRA monitored at 560 nm for TO—TS$, (E) ATTO 655 monitored at 680 nm for O0— 05, and (F) Alexa 532 monitored at S50 nm
for FO, F1,, and FZ1 during the 532-nm laser flash photolysis. The smoothed black curves superimposed on the experimental data are the single
exponential fit from which the lifetime of the charge-separated state (7) was determined. The spike near time zero is due to imperfect subtraction of the

rather StI’OI‘lg fluorescence.

Table 1. The Lifetime (7) and Quantum Yield (®) of the Long-Lived Charge-Separated State

DNA 7 (us) D (%) DNA T (us) D (%)
A0 <0.08 - TO <0.5° -
Al 2.7 4.8 T1 <0.5% -
A2 16 44 T2 7.6 0.36
A3 75 2.9 T3 13 0.61
A4 >200 2.6 T4 16 0.52
AS >200 2.0 TS 76 0.34
AZ1 24 9.9 TZ1 <0.5% -
AZ2 2.1 13 TZ2 <0.5% -
AZ3 2.0 49 TZ3 <0.5% -
AZ4 15 6.5 TZ4 7.7 043
AZS 15 7.6 TZ5 8.1 0.51
AZ6 13 7.3 TZ6 5.7 0.51

DNA 7 (us) @ (%) DNA 7 (us) @ (%)
00 <0.5° - FO <0.5° -
01 5.8 0.57 F1 0.70 1.7
02 160 0.76

03 560 24

04 >800 1.5

0s >800 0.90

0Z1 54 2.3 F1Z 0.96 2.6
0722 4.4 4.0

0Z3 4.2 0.95

0Z4 220 2.8

0Zs 210 3.5

0Z6 100 2.4

“ Though the time resolution of our experimental setup is 0.05 us, T shorter than 0.5 #s could not be measured for DNA T0, T1, TZ1—TZ3, 00, and FO
due to the spike near time zero caused by imperfect subtraction of the rather strong fluorescence.

when the positive charge generated in DNA was reduced by
ascorbic acid, and the recovery rate was increased in the
presence of molecular oxygen due to the reaction of the
one-electron reduced TAMRA and molecular oxygen (ko, =
1.6 x 105 M ' s} Figure 3C). These results indicated that
the bleaching and recovery of the ground state absorption of
TAMRA corresponds to the charge-separation and -recombi-
nation dynamics in DNA.

15571

Similarly, bleach and recovery of the ground state absorption
of fluorescent dyes was investigated for ATTO 655 and Alexa 532
modified DNA. Both ATTO 655 and Alexa 532 showed sequence-
dependent bleach and recovery of their ground state absorption
consistent with the charge-recombination dynamics observed
for Acr’- and TAMRA-modified DNA (Table 1, Figure 3E,F).
These results suggested that charge-recombination dynamics
may also be monitored for other fluorescent dyes for which the
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Figure 4. Distance dependence of the charge recombination rate (1/7)
through DNA. Distance between base pairs is assumed to be 3.4 A.

fluorescence is quenched by G.>** The baseline offsets tends to
become larger with the increase in 7. Though these kinds of
baseline offsets were often observed in the charge-separation and -
recombination process in DNA having longer lifetimes,"**® we
could not manage to identify them so far and it is the subject for
future work.

The trends of the observed charge-separation, charge-
migration, and charge-recombination processes varied to some
extent depending on the fluorescent dye. Among the four
fluorescent dyes studied here, 7-values measured for TAMRA-
modified DNA were shorter and less dependent on the distance
between the PTZ and the fluorescent dye compared with the
corresponding sequences of the other three fluorescent dyes.
The distance dependence of charge transfer is conventionally
evaluated by the following eq 1,

1/7 = ko exp( = fir) (1)

where kg is the preexponential factor, 3 is the attenuation factor
of 1/7, and r is the distance between PTZ and the fluorescent dye.
The [3-value was derived from the linear fit of the plots of In(1/7)
versus r (Figure 4). The B-values of 0.5 and 0.7 A~ " obtained for
Acr” and ATTO 655-modified DNA, respectively, were within
the range of previousl regported B-values for single-step charge-
transfer in DNA.>**7% In contrast, the value of 0.2 A™*
obtained for TAMRA-modified DNA was significantly smaller
than the reported [3-values for the single-step charge-transfer
process. Though it is well documented that the charge recombi-
nation rate is strongly affected by the driving force of the charge-
recombination, which should vary for each fluorescent dye, a
detailed discussion would be difficult since not all the structure
and redox properties of fluorescent dyes studied here are
available (the structure of ATTO 655 is proprietary).
Refinement of the Charge-Separation and Charge-Migra-
tion Processes. G’s should be located close to the fluorescent
dye for the photoinduced charge-transfer to efficiently occur.
However, when G is located too close to the fluorescent dye, the
initial charge-recombination between G™ and the reduced fluo-
rescent dye proceeds relatively fast compared with the charge-
migration process through consecutive G’s, and only part of a
generated positive charge can escape from the initial charge
recombination to produce a long-lived charge-separated state,
thus, resulting in a moderate value of ®.%° To increase the @, we
attempted to increase the rate of positive charge migration
through DNA toward PTZ by replacing some G’s in the G—C
tract between the fluorescent dye and PTZ with Z. Since the

oxidation potential of Z is lower than that of G, we expected the
charge migration from G™* to Z to proceed faster than that from
G™" to G, and at the same time that from Z"" to G to proceed
slower than that from G** to G, resulting in an increase in P10
Interestingly, for a DNA series having one A—T base-pair
between the fluorescent dye and the G—C tract, the replacement
of one or two G(s) with Z(s) resulted in a considerable increase
in @ (Table 1, Figure S). On the other hand, when all G’s in the
G—C tract were replaced with Z, ® was only moderately
affected, suggesting that charge migration between Z*" and Z
proceeds with a similar rate constant to that between G™" and G.
In the case of DNA having two A—T base-pairs between the
fluorescent dye and G—C tract, the effect of the replacement of
G’s with Z’s on @ was relatively small compared to those for
DNA series with one A—T base-pair between the fluorescent dye
and G—C tract. This result was explained by the decrease in the
initial charge-recombination rate as a consequence of the in-
crease in the distance between the fluorescent dye and the
nearest G—C or Z—C. In contrast to the YZ3 series, an increase
in ® was also observed for the YZ6 series. While the charge-
migration rate through the ZZZ sequence is comparable to that
of the GGG sequence, the increase in the photoinduced charge-
transfer efficiency, which is reflected in the increased extent of the
florescence quenching, caused the increase in P.

In all cases, the substitution of GGG with ZZZ (YZ3 and YZ6)
resulted in a decrease of the 7. It is well-established that the
energy gap between the donor and the bridge states affects the
electronic coupling, that is, the electron transfer rate in the
donor-bridge-acceptor system.””~”* The replacement of G with
Z having a lower oxidation potential resulted in a decrease in the
energy gap and thus increased the charge-recombination rate.
These results clearly showed that information about the micro-
environment around the fluorescent dye can be extracted by
measuring the 7.

Charge-Separation in DNA Utilizing Z as a Positive Charge
Trap. We chose ATTO 655 to probe the charge-transfer dyna-
mics in DNA at the single-molecule level, because it possesses
some characteristics that make possible the FCS measurements
of the charge-transfer dynamics in DNA. The very low inter-
system crossing yield of ATTO 655 almost completely sup-
presses the formation of the nonfluorescent triplet excited states,
which hamper the extraction of charge-transfer dynamics from
the FCS measurements. The slow reaction rate of its radical
anion with molecular oxygen allows the experiments to be carried
out under aerobic conditions, which also prevent the formation
of the long-lived triplet states.*>*>*’~* Unfortunately, PTZ was
unstable at low concentrations typically used in FCS measure-
ments (<S5 nM), and instead, we utilized Z as a positive charge
trap (Figure 6). We replaced some A’s with diaminopurines
(D’s), which has a higher HOMO level than A, to create a better
pathway for a charge in DNA.”»*> A—T base-pair(s) was inserted
between the ATTO 655 and G or D to serve as a spacer to slow
down the initial charge-recombination rate, allowing for the
formation of a charge-separated state longer than 1 us. Thus,
the fluorescence intensity was only moderately affected by the
sequence (Figure 7A).

Charge-recombination dynamics in the ATTO 655 and Z
system were first investigated by the conventional transient absorp-
tion measurement. To measure the 7 more precisely, He—Ne
CW-laser (633 nm) was used as a probe light to minimize the
excitation of ATTO 655 by the probe light. The 532-nm laser
excitation of ATTO 655 bleached the ground state absorption of
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Figure 5. The effects of replacing G base(s) with Z base(s) on the charge-separation and charge-recombination dynamics in DNA. (A) Time profiles of
the transient absorption of PTZ"" and Acr’ monitored at 520 nm during the 355-nm laser flash photolysis of A1, and AZ1—AZ3. Time profiles of the
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smoothed black curves superimposed on the experimental data are the single exponential fit from which the lifetime of the charge separated state (7) was
determined. The spike near time zero is due to imperfect subtraction of the rather strong fluorescence.

. 5’ CCTCACDGAA---AAGTGCCG
" 3’ GGAGTZTCTT-X-TTCACGGC

al: 5/ CCTCACDGAA---AAITGCCG
* 3’ GGAGTZTCTT-X-TTCACGGC

a-Zz: 2'CCTCACDGAA---AAGTGCCG
* 3’ GGAGTGTCTT-X-TTCACGGC

p4: 2’ CCTCTACCAA---AAGTGCCG
" 3’ GGAGATZGTT-X-TTCACGGC

ps: 2 CCTCACTCAA---AAGTGCCG
* 3’ GGAGTZDGTT-X-TTCACGGC

pg: o’ CCTACTTCAA---AAGTGCCG
* 3'GGATZDDGTT-X-TTCACGGC

¢: 2/ CCTCACTTCT---AAGTGCCG
3’ GGAGTZDDGA-X-TTCACGGC

cA: 9/ CCTCACTTTT---AAGTGCCG
" 3’ GGAGTZDDAA-X-TTCACGGC

cAG: 5’ CCTCACTCTT---AAGTGCCG
3" GGAGTZDGAA-X-TTCACGGC

2 HO!\(.‘I({){;weI
NH e
q“ N”J : Inosine 6.07

. Adenine -5.85
: Guanine -5.59

|
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G
{;"r’j\ D:Diaminopur.ine -5.23
KN Z: Deazaguanine -5.15
X

Figure 6. Sequences of DNA investigated in ATTO 665 and Z system.
Some A’s were replaced with diaminopurines (D’s) having higher
HOMO-level than A, to create a better pathway for a charge in DNA.
One G was replaced with Z to serve as a charge trap. The HOMO levels
of the N-methylated nucleobases are the values calculated at B3LYP/6-
31G(d).

ATTO 655 and the subsequent recovery of its absorbance
(Figure 7B, and Supporting Information Figure S1). The recov-
ery rate was not affected by the dissolved molecular oxygen, thus,
precluding the formation of the triplet excited state of ATTO
655, and the bleach did not recover when the positive charge
generated in DNA was reduced by ascorbic acid (Supporting
Information Figures S2 and S3). These results clearly showed
that bleaching and recovery correspond to the charge-separation
and -recombination dynamics in DNA. The replacement of the 3’
neighboring G in the top strand by inosine (I), having a lower
HOMO level than G, which in turn was similar to that of A, did

not affect the time profile (al),* and the charge-separated state
did not form when the charge trap Z was replaced with G (a-Z).
This demonstrated that the observed charge-separated state is
attributed to the formation of the radical anion of ATTO 655 and
the radical cation of Z.

The quantum yield of the formation of the long-lived charge-
separated state for a was measured to be 5.6% (Table 2). The
initial charge-recombination between the radical anion of ATTO
655 and the radical cation of G proceeds relatively fast compared
with the charge-migration process through DNA, and only part
of a generated positive charge can escape from the initial charge
recombination to be trapped at Z, thus, resulting in a moderate
charge-separation yield similar to the ATTO 655 and PTZ
system. The photoinduced charge-transfer may also proceed
with the 3’ neighboring G in the top strand but charge-recombi-
nation takes place faster than the time resolution of our experi-
mental setup (<50 ns).

Time profiles were better fitted with a double-exponential
function. The relative amplitude of the slower component
increased by decreasing the pH of the solution, suggesting that
the slower component may be associated with the protonation
process of the radical anion of ATTO 655 (Supporting Informa-
tion Figure S4). A weighted average of the biexponential-decay
components was used to compare the lifetime of the charge
separated state measured by transient absorption with that
measured by FCS.

FCS Measurement of Charge-Recombination Dynamics in
DNA. Next, the charge-transfer dynamics in the ATTO 655 and
Z system were probed using FCS. In addition to the diffusion
component with a time constant of hundreds of microseconds,
an additional relaxation process was observed in the time range of
microsecond to tens of microseconds (Figure 7C, a). The time
constant of the additional component (Tgcs Figure 7A, green)
correlated well with the 7 measured from the transient absorp-
tion measurements (71, Figure 7A, blue), and was attributed to
the on/off dynamics of the single ATTO 655 due to the
formation of the nonemissive charge-separated state in DNA.
The Tgpcs was unaffected by the addition of 5% PEG-20,000,
which increased the diffusion time constant, precluding an
intermolecular reaction such as that between a molecular oxygen
and a triplet excited state of ATTO 655, and also precluding the
formation of a nonfluorescent complex between ATTO 655 and
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Figure 7. Charge recombination dynamics measured by transient absorption and FCS. (A) Comparison between lifetime of the charge separated state
measured by transient absorption (7, blue bar) and by FCS (7gcs, green bar), and fluorescence intensity (A, = 620 nm, A, = 684 nm, line plot)
measured for ATTO 655 modified DNA. (B) Time profiles of the bleach and recovery of ATTO 655 monitored at 633 nm during the $32-nm laser flash
photolysis of DNA a, al, a-Z, b4, b3, b6, and c. The smoothed black curves superimposed on the experimental data are the double exponential fit from
which the lifetime of the charge separated state (71,) was determined. (C—E) FCS time traces for (C) a, al, a-Z, (D) b4, b5, b6, and (E) ¢, cA, cAG. The
smoothed black curves superimposed on the experimental data correspond to the theoretical fitting curves according to eq 2.

electron-donating nucleobases (G, D, or Z) (Supporting Infor-
mation Figures S5 and $6).”°~7” UV Melting-temperature (T,)
measurements supported that ATTO 655 is anchored and buried
in DNA to have s-stacking interaction between neighboring
bases (Supporting Information Figure S7). The amplitude of the
additional component increased with the applied laser intensity
(Supporting Information Figure S8), and these results are all
consistent with the on/off dynamics of the fluorescence from a
single ATTO 655 due to the formation of the nonemissive
charge-separated state in DNA.

The Tgcg values determined from FCS measurements were in
good accordance with the dynamics of the charge-transfer in
DNA as previously reported by Lewis and Wasielewski’s
group®””" as well as by us.'”*"**”® The increasing distance
between ATTO 655 and Z resulted in an exponential increase of
Trcs. Charge recombination proceeds within 1 us for b4 due to
the close distance between Z and ATTO 655, is clearly observed
for bS, and in the case of b6, Trcs becomes too long and
indistinguishable from the diffusion process (Figure 7D). This
makes it difficult to accurately measure the Trcs and also the
diffusion time constant (7p) (Table 2), suggesting that a longer
DNA that show a longer 7p should be targeted to access the
charge-recombination dynamics in the longer time range. As
mentioned above, the energy gap between the donor and the
bridge states affects the electronic coupling, that is , the charge
transfer rate in the donor-bridge-acceptor system.”””" The Tgcg
was affected by the bridge bases between ATTO 655 and Z,
where a decrease in the HOMO level of the bridge base caused by
the replacement of G to A (c — cA) and the replacement of D to
G (cA — cAG) resulted in an increase in the Trcg (Figure 7E).
In all cases, the Tpcs (Figure 7A, green) agreed well with 71y

(Figure 7B. blue), clearly showing that single base differences in
DNA sequence can be probed by single-molecule-level fluores-
cence measurement (Table 2).

In the case of a-Z and b4, formation of the charge-separated
state which does not correspond to the charge trapping at Z was
observed to a minor extent in the FCS measurement due to the
much higher sensitivity of FCS compared to that of transient
absorption measurement. These results suggest that not only Z,
but also D and/or G may serve as a charge trap to probe the
charge transfer dynamics by FCS measurement.

SNP Detection. Chemical SNP typing methods often employ
allele-specific oligonucleotides that hybridize to the target SNP
sequence.”””®! Hybridization of the probe oligonucleotides
results in a fully matched duplex formation for the wild-type
target, whereas for the SNP mutant target, a mismatched duplex
forms, and thus, the detection of a mismatch allows the SNP
typing. Since the presence of a mismatch causes the perturbation
of the s-stacks, resulting in a decrease in charge-transfer
rates,”¥81 785 we investigated the effect of a mismatch on the
charge-recombination dynamics by FCS measurements. The
presence of a mismatch caused significant changes in Tgcg
depending on the position and the type of the mismatch, and a
mismatch located closer to the middle of the donor and
acceptor was shown to cause a larger perturbation on the
charge transfer dynamics in DNA (c, m1—m6, Figure 8).
These results demonstrated that DNA sequence information
regarding SNPs can be extracted by charge-transfer dynamics
measurements at the single-molecule level by arranging the
probe DNA so as to locate the SNP site in the middle of the
donor and acceptor. Although the presence of a mismatch
between a donor and an acceptor caused a significant decrease
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in the charge separation yield, the high sensitivity of FCS
techniques allowed the measurement of charge-transfer
dynamics. The present method enables the automatic mea-
surement and analysis of more than 100 samples within 2 h
using less than 0.1 pmol of sample, which is over 10 000 times
less than that typically required for transient absorption
measurements,>"7 "7

Table 2. Charge Recombination Dynamics Measured by
Transient Absorption (1) and FCS (Tgcs), Quantum Yield
of the Long-Lived Charge Separated State (@), and the Mean
Fraction of ATTO 655 within the Sample Volume Element
Being in Charge-Separated State (C), and the Diffusion Time
Constant (7p) Measured by FCS

TA* FCS®
[0)] TECs C Tp
DNA Tra (4s) (%) (us) (%)  (us)
a 13 (3.0 (47%),23 (53%)) 56 14 38 860
al 13 (3.9 (44%),20 (56%)) 46 13 37 740
aZ - - ¢ 1F 70
b4 S - 16 15 860
bs 30 (21(59%),71 (41%)) 2.8 32 32 890
b6  >100 — 32 45 397 5807
c 29  (0.81(70%),7.8 (30%)) 66 22 51 850
cA 92 (2.7 (55%), 17 (45%)) 2.7 93 40 920
cAG 28 (3.9 (60%), 65 (40%)) 36 30 47 1,000
ml - - S9 42 840
m2 - - 63 54 870
m3 - - 30 33 840
m4 — 11 35 810
m$ — 8.8 39 880

m6 - - 3.8 38 770

“ Determined from the nanosecond transient absorption measurements
as described in the main text, Experimental Section. T4 was determined
as a weighted average of the biexponential decay components. ’ Ob-
tained from the FCS measurement using MF20 (Olympus) as described
in the main text, Experimental Section. ‘Formation of the charge-
separated state which does not correspond to the charge trapping at Z
was observed to a minor extent in the FCS measurement due to the
much higher sensitivity of FCS compared to that of transient absorption
measurement. * Lifetime of the charge-separated state becomes too long
and indistinguishable from the diffusion process, making it difficult to
accurately measure both Trcs and 7p.

B CONCLUSIONS

We synthesized DNA site specifically modified with a fluor-
escent dye: TAMRA, ATTO 655, or Alexa 532, which are widely
used in single-molecule fluorescence studies. These fluorescent
dyes were demonstrated to undergo charge-separation and
recombination in DNA in the time range of nanosecond to
milliseconds. Charge-separation and -recombination dynamics in
ATTO 655 modified DNA were clearly probed by FCS measure-
ment at the single-molecule level. The typical quantum yield of
the charge-separation process discussed in the present report is
lower than 10%, showing that charge-transfer dynamics can be
probed with high sensitivity by FCS even when charge separation
is a rather minor photochemical process. Although the blinking
of fluorescence emitted from single molecules is often attributed
to the formation of the charge-separated state, the information
available from the blinking was usually passed over during the
live-cell imaging and diagnosis. The present report clearly
demonstrated that the measurement of blinking serves as a
powerful tool for extracting local information around the fluor-
escent dyes in addition to those accessible from the measure-
ments of changes in the fluorescence intensities or fluorescent
lifetimes. The recent advances in the FCS techniques® >’ may
open the way for the read-out of DNA and RNA sequence infor-
mation in living cells. The present results have demonstrated that
the charge-recombination dynamics of fluorescent dyes can be
regulated in the time range of submicroseconds to milliseconds.
The control of the blinking caused by the charge-separation, charge-
migration, and charge-recombination may also be useful in improv-
ing super-resolution techniques, which are based on the blinking of

2,86—91
the fluorescent dyes.*”%*~?

B EXPERIMENTAL SECTION

Synthesis of Fluorescent Dye Modified DNA. Phosphoroa-
midite derivative of amino linker used in this study was synthesized
according to the reported procedure.”” Phosphoroamidite derivative of
Acr®, Z, D, and all other reagents for DNA synthesis were purchased
from Glen Research. DNAs were synthesized on an Applied Biosystems
DNA synthesizer A3400 and purified by reverse phase HPLC and
lyophilized. Fluorescent dyes other than Acr” were attached to DNA via
the reaction of the amino-linker modified DNA using the succinimidyl
derivative of TAMRA (Anaspec, Inc.), ATTO 655 (ATTO-TEC), and
Alexa 532 (Invitrogen) according to the standard procedure. Briefly,
N-succinimidyl ester derivative of fluorescent dye was incubated with an
amino-linker modified DNA under pH 9.0 Na carbonate buffer at 25 °C
for 12—24 h. The excess fluorescent dye was removed by spin column

A B 10
5/ CCTCACTTCT---AAGTGCCG
3’ GGAGTZDDGA-X-TTCACGGC =08
= % 2 06
m1: ~ACTTCC-~ ,~ACCTCT-- N
‘-T2DDGA-X  ™"-TZDDGA-X G 04
~ACTTTT-- . -ATTICT-- g,
M2 _1ZDDGA-X ™%-TZDDGA-X = °
m3; “ACTCCT-- ~GCTTCT-~ 0.0R,
‘-TZDDGA-X ™% _rzpDGA-X

c soj-\_\-/i,.ﬁ_.ﬁ_,__
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Figure 8. Detection of a mismatch by charge-transfer dynamics measurements using FCS. (A) Sequences of DNA containing a mismatch; (B) FCS time
traces for ¢, and m1—mé6; (C) comparison between lifetime of the charge separated state measured by FCS (7rcs) and fluorescence intensity (A, =

620 nm, A, = 684 nm, line plot) measured for ¢, and m1—mé6.
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(BioRad), and fluorescent dye-modified DNA was purified using
reverse-phase HPLC and characterized by MALDI-TOFF mass spectra.
The incorporation yield was in the range of 20—40%, while that for Alexa
532 was less than 10%, and thus, only F0, F1, and FZ1 were synthesized.

Transient Absorption Measurements. The nanosecond tran-
sient absorption measurements were performed using the laser flash
photolysis technique for an aqueous solution of DNA (Acridine, 40 4M;
TAMRA, 10 uM; ATTO 65S, 7.5 uM; Alexa 532, 15 uM) containing
10 mM MgCl,, 100 mM NaCl, and 10 mM pH 7.0 Na phosphate buffer
in a final volume of 300 uL. The third-harmonic oscillation (355 nm,
fwhm of 4 ns, 10 mJ/pulse) or the second-harmonic oscillation (532 nm,
fwhm of 4 ns, 3 mJ/pulse) from a Q-switched Nd:YAG laser
(Continuum, Surelight) was used for the excitation light for Acr”, and
TAMRA, ATTO 655, and Alexa 532, respectively. A xenon flash lamp
(Osram, XBO-450) was focused into the sample solution as a probe light
for the transient absorption measurement. He—Ne CW-laser (633 nm,
Melles Griot) was used as a probe light for ATTO 655 and Z system.
Time profiles of the transient absorption were measured with a mono-
chromator (Nikon, G250) equipped with a photomultiplier (Hamamatsu
Photonics, R928) and digital oscilloscope (Tektronics, TDS-S80D). The
time profiles were obtained from the average of 32 laser shots, and the
lifetime of the charge-separated state was determined by single-exponential
fitting of the data. For ATTO 655 and Z system, T, was determined by
double-exponential fitting of the data. The experiment was carried out under
Ar unless otherwise mentioned.

Measurements of Quantum Yield (®) of Charge Separa-
tion. An CH;CN solution of benzophenone was prepared so as to give
the same absorption at 355 nm as the Acr’- and PTZ-modified DNA
solution. The @ was determined by comparing the sum of the transient
absorption of PTZ™ (£550 = 9300 M~ ' cm™ ') and Acr” (one-electron
reduced form of Acr?, £550=4000 M cm™*)** with that of benzophenone
(Dr =1, €50 = 6500 M em™1)* at 520 nm upon the 355-nm laser
excitation. For TAMRA, ATTO 655, and Alexa 532-modifed DNA,
a toluene solution of fullerene was used to measure the ® (®1 = 0.93,
750 = 16100 M~" cm™").”® The @ was estimated by comparing the
ground state bleach of TAMRA (£s40 = 71500 M~ " cm™ "), ATTO 655
(£630=69900 M~ cm™"), and Alexa 532 (£550= 18300 M~ ' em ™ ") with
the transient absorption of fullerene in the triplet excited state.

FCS Measurements. The FCS measurements were carried out using
the MF20 (Olympus)®” in an aqueous solution containing 2 nM of ATTO-
labeled probe-strand, 4 nM of target strand, 10 mM MgCl,, 100 mM NaCl,
5% PEG-20,000, and 10 mM pH 7.0 Na phosphate buffer in a final volume
of 45 uL under air. He—Ne laser (633 nm, 400 4W) was used as the
excitation source. All experiments were performed with 10 s of data
acquisition time per measurement, and repeated five times per sample,
and Trcs was determined by fitting the data using the following equation,

G(r) =1

" @ (1 +1r/rn> (1 m <1/§2><r/rn>>1/2<1 - %%‘P(‘_)
(2)

where N is the number of molecules within the sample volume element, 7p,
is translational diffusion time, S = @ /@y is radius of the measurement area
o and half of its axial length @, C is the mean fraction of fluorophores
within the sample volume element being in the charge-separated state, and
Trcs is lifetime of the charge-separated state.
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