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SI Text
Sample Preparation for Confocal Microscopy and Ensemble Measure-
ments. For single-molecule experiments with internal labeling,
the dye ATTO655 (or ATTO680, ATTO700) was covalently
coupled to a single-stranded DNA at position 17. Alternatively,
the DNA was labeled at the 5� end for terminal probes. This
40-mer oligonucleotide (GCA TAT CGA TAC ATT AT*A TTC
ACA TTC CTT AGC TTA GCA T; T* � Thymin-ATTO655
(strand Ia), T* � Thymin-ATTO680 (strand Ib), T* � Thymin-
ATTO700 (strand Ic); and GCA TAT CGA TAC ATT ATA
TTC ACA TTC CTT AGC TTA GCA T-ATTO655 (strand Id);
as received from IBA) was hybridized to a biotinylated coun-
terstrand labeled with Cy3B at position 5 (biotin-CGT AT*A
GCT ATA CAA TAT AAG TGT AAG GAA TCG AAT CGT
A, T* � Thymin-Cy3B; strand IIa) or alternatively to the same
counterstrand without Cy3B (biotin-CGT ATA GCT ATA CAA
TAT AAG TGT AAG GAA TCG AAT CGT A; strand IIb).
The strand IIa/b was first immobilized on a glass substrate coated
with BSA/biotin-streptavidin according to published procedures
(1). Subsequently 10�8 M counterstrand was added until hybrid-
ization was almost quantitative. Measurements were carried out
after rinsing 3 times with buffer. The Cy3B merely served as an
indicator of the position of ATTO655 in experiments when
ATTO655 was switched on and off between subsequent images.

The single-molecule fluorescence experiments were carried
out under different buffer conditions: (i) standard PBS with a pH
of 7.4 was used without oxygen removal. (ii) In the case of
oxygen-removal using an oxygen-scavenging system, PBS (pH
7.4) containing 10% (wt/vol) glucose and 12.5% (vol/vol) glyc-
erine was used as solvent, and 50 �g/mL glucose-oxidase,
100–200 �g/mL catalase, and 0.1 mM Tris(2-carboxyethyl)phos-
phine hydrochloride (TCEP) were added (2). Additionally,
different concentrations of reducing and oxidizing agents were
added (3): ascorbic acid (AA) served as a reducing agent,
whereas N,N-methylviologen (MV) and ambient oxygen served
as oxidizing agents. When AA concentrations �100 �M were
used, small amounts of a 1 M solution of Na2HPO4 were added
to keep the pH constant. For the fluorescence experiments, a
specific mixture of all components was stored in a chambered
cover slide (LabTek; Nunc) with a volume of �750 �L that could
be sealed using press-to-seal silicon sheets (Invitrogen).

Ensemble Fluorescence and Anisotropy Measurements. All station-
ary measurements were carried out at room temperature (22 °C)
in PBS buffer, pH 7.4. Fluorescence spectra were taken on a
Fluoromax-3 spectrophotometer (Jobin Yvon Inc). Fluorescence
spectra were measured in standard quartz cuvettes. To avoid
reabsorption effects, concentrations were kept strictly �1 �M
(typically 0.1 �M) in all measurements. Fluorescence anisotro-
pies for the dyes at the emission maxima, r, were calculated by
using the emission components, IVV, IVH, IHV, and IHH (where
the subscripts denote the orientation of the excitation and
emission polarizers) as:

r �
�IVV � G � IVH�

�IVV � 2 � G � IVH�

with G � IHV/IHH.
The anisotropy value r was 0.003 	 0.001 for free ATTO655,

r � 0.16 	 0.001 for terminally labeled ATTO655, and r �
0.244 	 0.002 for internally labeled ATTO655, indicating sig-
nificant interaction of ATTO655 into dsDNA.

Fluorescence Lifetime Measurements. Fluorescence lifetime � was
determined by ensemble time-correlated single-photon counting
and was � � 2.08 	 0.01 ns for free ATTO655, � � 2.85 	 0.02
ns for terminally labeled ATTO655 on dsDNA, and � � 3.69 	
0.06 ns for internally labeled ATTO655 on dsDNA.

Determination of Transition Energy E0,0. The transition energy E0,0
was determined as the mean of the emission maximum and the
longest wavelength absorption maximum.

Cyclovoltammetry. Redox potentials were measured by cyclovol-
tammetry versus silver/silver chloride electrodes in dry deaer-
ated acetonitrile with tetrabutylammonium perchlorate (0.1 M)
as supporting electrolyte. Ferrocene was used as internal stan-
dard. Redox potentials are reported versus saturated calomel
electrode (SCE).

Confocal Microscopy: Image Scanning and Transients. First, a fluo-
rescence image (size of 10 
 10 �m, integration time 2 ms/pixel
with a resolution of 50 nm/pixel) was recorded by stage scanning
exciting at 640 nm to find the dsDNA ATTO655 molecules.
Appropriate spots with homogeneous fluorescence intensity
were selected and subsequently placed in the laser focus to
record single-molecule transients of ATTO655. This procedure
was repeated for different concentrations of reductant/oxidant,
as well as in the presence or absence of oxygen. Time-correlated
single-photon counting (TCSPC) using a SPC-830 (Becker &
Hickl GmbH) allowed simultaneous measurement of the fluo-
rescent lifetime of the dyes in different experiments. For char-
acterization of the fluorescent properties of ATTO655 the off-
and on-times were determined according to the following pro-
cedure: (i) an autocorrelation of the fluorescence transients was
generated. (ii) this autocorrelation curve was fitted by using a
biexponential function; (iii) the off- and on-times were derived
from the amplitudes and the characteristic time constant of the
autocorrelation after background correction. �30 molecules
were measured and evaluated for each data point as described
for each experimental condition.

Redox Switching. To demonstrate the ability of ATTO655 to act
as a reversible single-molecule switch, we recorded images of
dsDNA doubly labeled with Cy3B and ATTO655 and applied
different buffer conditions to the same area of a cover slide. The
Cy3B fluorophore attached to strand IIa was required in switch-
ing experiments to locate the ATTO655 when it was switched
off. First, a fluorescence image was recorded in PBS buffer by
using alternating laser excitation (ALEX) (4, 5) with 533 and 640
nm (6 
 6 �m; 2 ms/pixel, 50 nm/pixel). The alternation period
was adjusted to the integration time per pixel and the excitation
intensity was set to 1.5 kW/cm2 for 532 nm and 4 kW/cm2 for 640
nm to account for the different extinction coefficients at the
excitation wavelengths and the different quantum yields. After
deaerating the buffer and adding 100 �M AA, a second image
at the same part of the cover slide was recorded. Then the
surface was washed with PBS buffer 3 times; the chamber was
refilled with PBS; and another image was recorded. This cycle
was repeated several times.

SuperResolution Imaging Setup. Fluorescence imaging was per-
formed on an Olympus IX-70 applying objective-type total
internal reflection fluorescence (TIRF) microscopy with an
oil-immersion objective (PlanApoN 60
, N.A. 1.49, Olympus; or
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PlanApoN 100
, N.A. 1.40, Olympus). The 647-nm line of an
Ar�Kr� laser (Stabilite 2018; Spectra Physics) or a 650-nm diode
laser (XTL; Toptica) was coupled into the microscope objective
by a beam splitter (Z647rdc; AHF Analysentechnik). Fluores-
cence light was spectrally filtered (HQ 700/75 M; AHF Anal-
ysentechnik) and imaged on an EMCCD camera (Andor DU-
897-iXon-Plus or Andor DU-860-iXon-Plus). Additional lenses
were used to achieve a final magnification of 100- to 200-fold,
that is, a pixel size corresponding to 78 or 145 nm in the sample.
Typical laser powers used for imaging were 120–200 mW yielding
an excitation power density of �16–50 kW/cm2. The laser
powers were chosen to adapt the on-times of the fluorophores to
the shortest possible integration time of �1 and 4 ms of the CCD
camera, respectively. Typically 5,000–16,000 frames were re-
corded. Mechanical drift of the setup can be neglected for the
resulting total acquisition times of 16–40 s. In some cases, when
the fluorophore density was too high to resolve single emitters,
the first up to 1,000 frames were discarded.

Image Reconstruction. Movies were analyzed by custom-made
software written in LabView 7.1. The first frames of movies were
discarded because in the beginning, all molecules are in the
active state. The algorithm analyzes the movie frame by frame,
and each peak intensity within a frame is compared with its
environment. When a certain contrast value is reached, the spot
is considered for further analysis. This analysis involves a lower
and upper threshold as well as a range for the size of the area
above the lower threshold. In fixed cells, this threshold auto-
matically adapts to the background level in the immediate
environment of the molecule under consideration. Two-
dimensional Gaussian fitting yields the position of the molecules
that are histogrammed for image reconstruction. To further
exclude events with 2 molecules being simultaneously active
within 1 diffraction-limited area and to remove cases when the
2-dimensional Gaussian fitting does not converge, a circularity
criterion of the identified spots has to be met.

Sample Preparation and Specific Imaging Conditions. Actin filaments
for in vitro experiments were polymerized from 5 �M actin
monomers (Invitrogen) in a buffer containing 25 mM imidazole,
25 mM KCl, 4 mM MgCl2, 1 mM EGTA, and 1 mM DTT. After
5 min of polymerization, ATTO655-labeled phalloidin (Sigma)
was added to a final concentration of 1 �M for staining and to
stabilize the filaments. The sample was immobilized on a glass
surface coated with BSA and myosin (Sigma). For the image
shown in Fig. 5 A and B, AA and MV were used at 100 �M
concentration, and oxygen was removed. Excitation intensity was
50 kW/cm2. The superresolution image Fig. 5B is displayed with
a pixel resolution of 28 nm/pixel.

NIH/3T3 fibroblasts were transferred to a LabTek chambered
coverglass (Nunc) and fixed after 24–48 h with 3.7% parafor-
maldehyde for 15 min. The cells were permeabilized in PBS
containing 5% (wt/vol) BSA (Sigma) and 0.5% Triton X-100 for
another 15 min. After 3 washing steps with 0.1% Tween 20 in
PBS, actin filaments were stained with Atto655–phalloidin con-
jugate (Sigma) for 30 min and washed again. Subdiffraction
resolution images were created under the following conditions:
25 �M MV, 500 �M AA, and oxygen removal. Lower MV
concentration was used to extend the off-times because the
fluorophore density was higher. AA was used at higher concen-
trations to reduce the on-times also increasing the off-time/on-
time ratio. Excitation intensity was 16 kW/cm2. The image in Fig.
5E is displayed with a pixel resolution of 15 nm/pixel.

Determination of Switching Cycles. Switching cycles were deter-
mined by using a buffer system consisting of 100, 250, and 500
�M AA and 100, 250, and 500 �M MV. Data shown in Fig. S3
A, C, and E were obtained without oxygen removal. For exper-

iments shown in Fig. S3 B, D, and F, oxygen was removed
enzymatically. For counting the cycles, a threshold was used to
discriminate between the on-state and the off-state. The number
of on-states were counted for each molecule and plotted in a
histogram (Fig. S3). This histogram was fitted by using a
monoexponential decay, which results in characteristic decays of
436 	 52 to 3,016 	 669 cycles per molecule (see Fig. S3).

Fluorescence Correlation Spectroscopy (FCS). FCS measurements
were conducted on a home-built confocal f luorescence micro-
scope as described previously (6). Briefly, an Ar�/Kr� mixed-gas
laser (Stabilite 2018; Spectra Physics) was used as excitation
source at a central wavelength of 647 nm. The laser output was
coupled into a water immersion objective (60
, N.A.1.20, Up-
lanSApo; Olympus), and the fluorescence was collected by using
the same objective. The fluorescence signal was split equally by
a 50/50 beam splitter onto 2 APDs and was cross-correlated by
a custom-made software using LabVIEW.

Autocorrelation curves were measured at different excitation
intensities in the range from 10 �W to 10 mW (Fig. S4a) and
analyzed corresponding to ref s. 7 and 8. Each correlation curve
was then fitted by using:

G��� �
1
N

� �1 �
�

�D
��1

� �1 � A � exp � �
�

�ac
�� . [S1]

From these fits, �ac was extracted and plotted against the
excitation intensity (Fig. S4B). The following relationship is
given for �ac (7):

1
�ac

� kT �
� � Iexc � k isc

kS � � � I isc. [S2]

With the triplet rate constant kT, � the absorption cross section,
and Iexc, the excitation intensity, kS all rates from the excited
singlet state into the ground state and kisc the intersystem
crossing rate. The triplet rate constant kT can be calculated from
the off-time �off of the triplet state, which is given by:

1
kT

� �off � �ac � �1 � A� . [S3]

For each autocorrelation curve, kT was calculated, and an
average kT � 66,000 	 22,000 s�1 was obtained.

Eq. 2 can be rewritten into:

�ac � � kT � k isc � � 1 �
kS

� � Iexc
� �1� �1

[S4]

The data from Fig. S4B was fitted by using Eq. 4 with kT � 66,000
s�1, and from this fit, kisc was estimated to be kisc � 120,000 	
17,000 s�1.

Characterization of �on and �off from Fluorescent Transients by Using
Autocorrelation Analysis. Autocorrelation analysis is used to ex-
tract on and off-times from single-molecule f luorescence-
intensity transients as described in the literature (9).

First, the autocorrelation curve was fitted by using a biexpo-
nential function. From this fit, 2 amplitudes A1 and A2 and 2
characteristic times �ac,1 and �ac,2 were extracted. The first
amplitude A1 and the first characteristic time �ac,1 correspond to
fast blinking of ATTO655 that we ascribe to triplet population
and depopulation. For evaluating the on- and off-times in the
millisecond time regime corresponding to the formation of the
radical anion state, the on- and off-times were extracted from the
background-corrected second amplitude A2,bkcorr and the second
characteristic time �ac,2 as follows:
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�off � �acs � �1 � A2,bkcorr�

�on � �acs � � 1 �
1

A2,bkcorr
� .

whereas A2,bkcorr is linked to the measured amplitude A2 as
follows:

A2,bkcorr � � S � B
S � 2

� A2

With S corresponding to the signal and B to the background of
the transients, respectively.

For an estimation of the triplet lifetime corresponding to the
rate kT with oxygen removed, we used fluorescence transients
with low ascorbic acid concentration of �10 �M, resulting in
long on-times of �124 	 50 ms. With an intersystem crossing rate
kIsc of �1.2�105 s�1 and a triplet lifetime in the microsecond
range, the molecule cycles �100 times between the S0, S1, and T1

state before entering the radical anion state and therefore a
shortening of the rate kT by the rate kred,T can be neglected. This
allows one to determine triplet and radical anion parameters
separately.
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Fig. S1. Typical fluorescence transient of ATTO655-labeled DNA immobilized in PBS buffer. Samples were excited at 640 nm with an excitation intensity of 1.5
kW/cm2. ATTO655 shows constant emission with rare off-states due to the absence of reductants. Oxygen acts as efficient triplet quencher so that not triplet
states are visible either.
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Fig. S2. Fluorescence scanning image of ATTO680-Cy3B-labeled dsDNA. The sample was excited with alternating laser excitation (ALEX) at 533 and 640 nm.
The colors green and red encode for the overall fluorescence intensity after green and red excitation, respectively. dsDNA bearing the 2 dyes are hence visible
as yellow spots. (A) A scan taken under PBS conditions. (B, D) The second scan shows the same part of the cover slide after the buffer was deaerated and 100
�M AA was added. (C, E) Rinsing of the surface and refilling the chamber with standard PBS switches the molecules back into their fluorescent form. This cycle
of reversible redox switching of single ATTO680 molecules could be repeated several times; 2 cycles are shown in A–E.
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Fig. S3. Histograms of measured switching cycles for individual ATTO655 molecules labeled to dsDNA in PBS containing 100 �M MV and 100 �M AA (A and
B), 250 �M MV and 250 �M AA (C and D), 500 �M MV and 500 �M AA (E and F), respectively. (A, C, and E) Measured without oxygen removal. (B, D, and F) with
oxygen removal. The distributions were fitted by using an exponential decay for estimating the average number of switching cycles shown in each image.
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Fig. S4. (A) FCS measurements from internally labeled ATTO655 varying the excitation intensities. (B) The characteristic time constant �ac plotted against the
excitation intensity and fitted with Eq. S4 to obtain the intersystem crossing rate kIsc from the excited singlet state S1 to the triplet state T1 according to ref. 7.
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Fig. S5. Fluorescence transients of ATTO655-labeled DNA immobilized in aqueous environment with oxygen removal and different AA and MV concentrations.
The Insets shows the second-order autocorrelation function G(�) together with a biexponential fit. Samples were excited at 640 nm with an average excitation
intensity of 1.5 kW/cm2.
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Fig. S6. (A and C) Dependency of the on- and off-state lifetime �on and �off on the concentration of the reductant AA at constant concentration of 100 �M
oxidant MV. (B and D) On- and off-state lifetime dependence on the MV concentration at a constant concentration of 100 �M reductant AA. The first row shows
data from terminally labeled ATTO655 under PBS conditions with oxygen, whereas the graphs in the second row were measured with internally labeled ATTO655.
The data were fitted by using an allometric function to guide the eye.
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Fig. S7. (A and C) Dependency of the on- and off-state lifetime �on and �off on the concentration of the reductant AA at constant concentration of 100 �M
oxidant MV. (B and D) On- and off-state lifetime dependence on the MV concentration at a constant concentration of 100 �M reductant AA. The first row shows
data from ATTO680 PBS conditions with oxygen, whereas the graphs in the second row were measured with ATTO700. The data were fitted by using an allometric
function to guide the eye.
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Fig. S8. Histograms of localizations of single immobilized ATTO655 molecules obtained from successive localizations of the same blinking molecules. (A)
Histogram obtained at 100 �M AA and 500 �M MV corresponding to �190 on-counts per frame (recorded at 10 milliseconds per frame). (B) Histogram obtained
at 25 �M AA and 500 �M MV corresponding to �376 on-counts per frame (recorded at 20 milliseconds per frame). The standard deviation is 26.8 nm in A and
18.7 nm in B in agreement with theoretical values of 26.1 and 18.5 nm obtained by FWHM/(n/2)1/2 (10). These data exemplify the possibility to choose between
spatial and temporal resolution by fine-tuning on-counts and the ratio of on- to off-times (11, 12).
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Table S1. Rates determined in the manuscript (see scheme in Fig. 1)

Rate constants With O2 Without O2

kIsc (1.2 	 0.2) 
 105 s�1 (1.2 	 0.2) 
 105 s�1

kT (6.6 	 2.2) 
 104 s�1 (5.5 	 2.5) 
 103 s�1

kRedS n. d. (9.3 	 5.2) 
 107 s�1M�1

kRedT n. d. (4.6 	 2.4) 
 107 s�1M�1

kOx� n. d. (1.1 	 0.1) 
 105 s�1M�1

The rates kOxS and kOxT are negligibly small. n. d., not determined.
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