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ABSTRACT
The self-assembly properties of DNA make it an ideal choice for the construction of nanomachines such as DNA tweezers. Because nanomachines
function as individual units, they need to be studied on the single-molecule level. From single-pair FRET investigations, we show that “open”
tweezers exist in a single conformation with minimal FRET efficiency, whereas upon addition of a “closing strand”, three conformations are
observed, which are averaged out in ensemble measurements.

Introduction. In recent years, the remarkable self-assembly
properties of DNA have been utilized for the fabrication of
supramolecular ordered structures1 and nanomechanical
molecular devices.2 With these devices, it has been demonstrated that DNA can be used to produce simple movements
on the nanometer scale such as rotation,3,4 stretching,2,5,6 and
translocation.7-11 On the basis of these prototypical devices,
more advanced molecular machines are expected to be
constructed from DNA, with many possible applications in
nanotechnology and biomedicine. DNA nanomachines can
be used for the precise and programmable adjustment of
distances between molecules12 or other nanoscale objects,13
and even for the control of chemical reactions between
them.14,15 These capabilities are extremely important for the
realization of nanoscale assembly lines. In biomedicine, DNA
nanomachines may find application as advanced biosensors16-18 and also as DNA-addressable drug-release
units.19-22 It is crucial to perform more thorough structural
and dynamical studies on them in order to better understand
how these devices function and to improve their design,
analogous to those on naturally occurring biological nanomachines. So far, with only a few exceptions (e.g., a study
on a “nanometronome”23), essentially all FRET investigations
of DNA devices were performed on ensembles.
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In this communication, we investigate one of the prototype
DNA “machines”, DNA tweezers,5 on the single-molecule
level by single-pair Förster resonance energy transfer (spFRET) measurements. DNA tweezers are composed of three
oligonucleotides (Figure 1): a central DNA strand, C, and
two other strands, A1 and A2, which hybridize to C to form
the two “arms” of the tweezers. The structure is composed
of two 18-base-pair- (bp) long double-stranded arms with
24 nucleotide (nt) overhangs for addressing the two arms
and a flexible, 4-nt-long “hinge” between the two arms. As
indicated in Figure 1, the open tweezer structure can be
“closed” by the addition of a DNA “fuel” strand, F, which
hybridizes to the overhang on both arms, pulling the arms
close together. The fuel strand may be displaced from the
tweezers by the addition of a DNA “removal” strand via
branch migration. Alternate addition of fuel and removal
strands facilitates a cyclical operation of the device.
In previous investigations, DNA tweezers5 were constructed with a fluorescently double-labeled C strand and
investigated using both gel electrophoresis and ensemble
FRET measurements. Because of the high sensitivity of
Förster resonance energy transfer (FRET) to motions on the
nanometer scale, FRET experiments in addition to gel
electrophoresis are becoming the standard characterization
method of DNA nanomachines. When the tweezers are open,
the donor and acceptor are far away and the FRET signal is
small. Closing of the tweezers brings the two dyes into close
proximity and thus increases energy transfer between the
donor and acceptor. These previous experiments showed that
DNA tweezers can be switched between their open and

Figure 1. Schematic depiction of the DNA tweezers. (a) The open tweezers are formed by three strands of DNA: A1, A2, and C. (b)
Upon the addition of a “fuel” strand, F, the two arms are pulled together. (c-f) Unwanted hybridization products resulting from the reaction
of fuel strands with the tweezers. (c) Reaction of two fuel strands with one tweezer. (d) Dimer of two tweezers linked by two fuel strands
leading to the same relative arrangement of donors and acceptors as expected from ordinarily closed tweezers. (e) Two tweezers linked by
one fuel strand. In addition, it is assumed here that one of the tweezers is incompletely labeled. The arrow points to the position of the
missing acceptor molecule. (f) A sterically hindered tweezer structure that is only partially closed. Further hybridization of the remaining
unpaired nucleotides is prohibited by the double-helical nature of DNA.

closed states many times. In the open state, the mean distance
between the ends of the arms was estimated to be around 6
nm, whereas, in the closed state, they are assumed to be
almost in contact. Because the fluorescence signal obtained
in bulk measurements is an average over many possible
arrangements of the fluorescent dye molecules, several issues
could not be resolved: (1) How uniform and mechanically
robust are the tweezers in the “open” state? (2) How pure is
the closed state? (3) How is the FRET signal affected by
multimer formation upon addition of the fuel strand (Figure
1c-e)?
To investigate these issues in greater detail, we have
performed single-pair FRET measurements on DNA tweezers
using pulsed interleaved excitation (PIE),24 a variation of
alternating laser excitation (ALEX).25 The DNA tweezers
were labeled with a donor molecule attached to the 5′ end
of the C strand, and the A2 strand was labeled internally on
a thymine with the acceptor molecule. PIE enables us to
identify those DNA devices that carry two fluorescent labels
from those that have only a donor or an acceptor. Using this
technique, artifacts originating from singly labeled species
can be removed from the data even at low FRET efficiencies
and more accurate quantitative conclusions can be drawn.
From the spFRET/PIE experiments, we derived information
about the distribution of conformations of the tweezers in
the different states and investigated the existence of subpopulations in the sample.
FRET and PIE. FRET is the radiationless transfer of
energy between two dipoles and depends on the spectral
Nano Lett., Vol. 6, No. 12, 2006

overlap of the fluorescence emission spectrum from the donor
and absorption spectrum of the acceptor, the relative orientation of the two fluorophores, and their separation.26 An
overview of FRET can be found in the book by Lakowicz.27
The FRET efficiency is related to the distance, r, between
the fluorophores as shown in eq 1
fE )

1
1 + (r/R0)6

(1)

where R0, the Förster radius, is the distance at which 50%
of the energy is transferred to the acceptor. For the
fluorophores used in this work, Atto 532 and Atto 647-N,
we determined the Förster radius to be R0 ≈ 5.1 nm assuming
a random orientation between the donor and acceptor dipoles.
Single-molecule fluorescence measurements are typically
performed on either a surface using confocal microscopy or
wide field techniques or in solution using confocal microscopy. For the measurements reported here, the DNA tweezers
were measured in solution at a concentration of ∼20 pM.
At this concentration, the probability of a molecule being in
the probe volume is approximately 1%, and the probability
of two or more molecules being in the probe volume is
negligible. A burst analysis28-30 was performed from the burst
of photons detected as molecules traverse the confocal probe
volume. The donor and acceptor fluorescence intensities
during a fluorescence burst were determined for the individual molecules. The FRET efficiency, fE, was calculated
2815

from the fluorescent intensities of the donor and acceptor
molecules using eq 2
fE )

FAD
RFDA + FAD

(2)

where FAD is the fluorescence of the acceptor in the presence
of the donor corrected for direct excitation of the acceptor
and crosstalk from the donor, FDA is the fluorescence
intensity of the donor in the presence of the acceptor dye,
and R ) ηAφA/ηDφD is a detection correction factor accounting for the different sensitivities in the donor and acceptor
channels. For the results presented here, R ) 1.0. The
separation between donor and acceptor molecules can be
calculated directly from the fluorescence intensities using
eq 3

( )

r ) R0

RFDA
FAD

1/6

(3)

To distinguish between double-labeled DNA tweezers with
low FRET efficiencies and singly labeled tweezers without
a fluorescently active acceptor, we used PIE. The details of
the method are given in Müller et al.24 In PIE, multiple laser
sources are alternated with repetition rates in the range of
MHz. Here, a green laser and a red laser were alternated
with a repetition rate of 10 MHz. With PIE, two measurements are performed virtually simultaneously, one with green
excitation and a second with red excitation. When a molecule
is present in the probe volume, the measurement with green
excitation provides the single-pair FRET information while
the measurements with red excitation verify that a fluorescently active acceptor is in the probe volume. Provided that
the concentration of tweezers is low enough that no more
than one tweezer is in the probe volume at a time,
simultaneous bursts with both green and red excitation verify
that the molecule traversing the probe volume has both an
active donor and an acceptor molecule.
Results. The correct formation and closure of the tweezers
structure is strongly dependent on the reaction conditions as
seen with nondenaturing 9% polyacrylamide gel electrophoresis (PAGE, Figure 2). Lane a contains the open tweezer
structure composed of strands C, A1, and A2, after a hightemperature annealing step (5 min at 90 °C followed by
cooling to 4 °C over ∼1.5 hrs) in TE buffer. The predominant
band is the open tweezers, but there are also incomplete
structures composed of C and only one of strands A1 or A2.
Lanes b and c contain the results of the hybridization reaction
of the sample from lane a with fuel strand F for 1 h in TE
buffer, and in TE buffer with 1 M NaCl, respectively. The
reaction under low salt conditions has not yet been completed
after 1 h, and there is still a considerable amount of fuel
strand, F, left unhybridized. In both cases, a strong, highmolecular-weight (MW) band is visible corresponding to the
closed tweezers structure. Several other high MW bands
occur, which are attributed to multimer structures as exemplified in Figure 1c-e. Lane d contains open tweezers formed
2816

Figure 2. Polyacrylamide gel electrophoresis of open and closed
tweezers prepared under a variety of conditions. (a) A tweezer
sample prepared by high-temperature annealing (see the text) of
strands C, A1, and A2 in TE buffer. (b) Result of the addition of
a stoichiometric amount of fuel strand F for 1 h at room temperature
to the sample in lane a in TE buffer. (c) Same as b, but in TE
buffer + 1 M NaCl. (d) A tweezer sample prepared in TE buffer
at room temperature without annealing by first hybridizing the C
and A1 strands for 1 h, followed by 1 h hybridization of the C-A1
complex with the A2 strand. (e) An equimolar amount of fuel strand
F was added to the sample from lane d at room temperature and
incubated for 1 h in TE buffer. (f) Same as lane e, but with 1 M
NaCl salt in the buffer. (g) Fuel strand F. (h) Strand A1.

in TE buffer without a high-temperature annealing step by
mixing equal amounts of strands C and A1 together for 1 h
and then adding an equimolar amount of strand A2 to the
mixture and incubating for an additional hour. The fuel
strand, F, was added to the sample from lane d and incubated
for 1 h at room temperature in TE buffer (lane e) and in TE
buffer containing 1 M NaCl (lane f). The results of these
closing reactions lead to very different distributions among
the different species in the reaction volume. Figure 2 shows
that the composition of a DNA tweezer’s sample contains a
complex distribution of a variety of different structures
formed by the component strands of the tweezer and depends
on the history of the sample, the buffer conditions, annealing
procedure, and reaction time. In a bulk fluorescence experiment, a superposition of the various fluorescence signals
exhibited by these species will be measured, making it
difficult to obtain quantitative statements about the properties
of a single species. To resolve this problem, we investigated
DNA tweezers on the single-molecule level.
Single-pair FRET measurements were performed in order
to obtain a better quantitative understanding of the tweezers’
conformation in the “floppy” open state and to gain further
insight into the distribution of subpopulations in the sample
of closed tweezers. Histograms of the FRET efficiency and
donor-acceptor separation obtained from open DNA tweezers at four different salt concentrations (no added salt, 10
mM NaCl, 100 mM NaCl, and 1 M NaCl) are shown in
Figure 3. The open tweezers correspond to the sample in
Nano Lett., Vol. 6, No. 12, 2006

dye labels of the tweezers at 0 M NaCl may also be larger
than 10.0 nm. However, a decrease in the distance between
the arms after the addition of NaCl to the buffer was observed
consistently in all of the experiments performed. This trend
is explained easily by the mutual electrostatic repulsion of
the two highly charged arms of the tweezers. The relevant
length scale over which the arms electrostatically repel each
other, the Debye screening length

lD )

Figure 3. FRET efficiency histograms obtained from a burst
analysis of spFRET/PIE experiments on open tweezers in buffer
with 0 mM, 10 mM, 100 mM, and 1 M NaCl. At higher salt
concentrations, the maximum FRET efficiencies shift to higher
values, i.e., the average dye-to-dye distances decrease from at least
10.0 nm to roughly 8.7 nm (see the text). The distributions of the
efficiencies/distances are unimodal. A Gaussian fit has been made
to the data in each case (solid lines).

lane a of Figure 2 with a subsequent 50 000-fold dilution in
the corresponding buffer. In each case, a unimodal distribution is obtained. As expected from previous bulk experiments, the FRET efficiencies are low in the open state of
the tweezers. Gaussian fits to the FRET efficiency histograms
in Figure 3 peak at 1.7%, 2.1%, 2.5%, and 3.9% for 0 mM,
10 mM, 100 mM, and 1 M NaCl, respectively. Experiments
performed at different salt concentrations on the same
fluorophores attached via a polyproline linker showed no
changes in FRET efficiency, verifying that the properties of
the fluorophores and buffer do not change significantly with
salt. The donor-acceptor separation calculated from the peak
of the FRET efficiency yields 10.0, 9.7, 9.4, and 8.7 nm for
0 mM, 10 mM, 100 mM, and 1 M NaCl concentrations,
respectively. High-precision distance measurements with
FRET require an accurate determination of R0. We determined R0 for the fluorophores we used attached to the DNA
tweezers under experimental conditions (R0 ) 5.1 nm) and
assumed an orientational factor of 2/3. These distances are
compatible with earlier results obtained in bulk experiments.5
Although we have determined the distances to the highest
accuracy possible, the absolute values can only give a rough
idea of the actual D-A separation and none of the results
presented here depend upon the absolute value of the donoracceptor separation. PIE ensures that the low FRET efficiency we measure is only coming from DNA complexes
that contain fluorescently active donor and acceptor molecules. To determine the minimum resolution of our spFRET/
PIE system, we performed a test experiment with 60 bp
dsDNA labeled at its 5′ and 3′ ends with a similar dye pair
(Atto 532, Atto 647). The FRET efficiency obtained for this
structure with a nominal dye-to-dye distance of ∼20 nm was
fE ) 2.2%, signifying the detection limit of our FRET
measurements. This indicates that the distance between the
Nano Lett., Vol. 6, No. 12, 2006

x

r0kBT

,

2 × 103e2NAc

(4)

where c is the concentration of monovalent ions in mol/L,
drops from almost 10 nm at 1 mM salt to just 0.3 nm at
1 M salt concentration. The idea that static repulsion between
the DNA arms influences the conformational dynamics of
the DNA tweezers is consistent with the fact that in
measurements without added salt fluorescence signals corresponding to energy transfer efficiencies higher than ∼30%
were only rarely observed. At higher salt concentrations,
particularly 100 mM, the arms of the tweezers occasionally
seem to come close to each other as indicated by a finite
number of counts at events with higher FRET efficiencies.
A very different distribution of FRET efficiencies is
obtained for the “closed” tweezers. SpFRET/PIE measurements were performed on the same sample of tweezers used
for lane c in Figure 2, and the resulting FRET histogram is
shown in Figure 4a. Three subpopulations are observed: A
high efficiency peak (fE ) 90.0%) due to the reduced distance
between the fluorophores in the closed state, a low FRET
species (fE ) 4.2%), and, remarkably, a considerable number
of molecules with a broadly distributed intermediate value
for the FRET efficiency (fE ) 37.7%). The corresponding
distance distribution is shown in Figure 4b.
The high-FRET fraction corresponds to a dye-to-dye
distance of ∼3.5 nm. This value is consistent with earlier
findings and is dependent on the actual relative position of
the dyes in the closed state. A priori, for closed tweezers
this distance is expected to be anywhere in the range between
0 and 6 nm (i.e., between 0-2 diameters of the DNA duplex
plus/minus dye spacer lengths). The same FRET efficiency,
however, is also expected for dimers of tweezers composed
of two tweezer structures held together by two fuel strands
(cf. Figure 1d).
The low FRET efficiency fraction displays the same fE
value as the open tweezers. However, the low-FRET peak
does not disappear even when the closing strand, F, is added
in excess over the tweezers, suggesting that this fraction
cannot be explained by a subpopulation of “still open”
tweezers. As we are using PIE, the analyzed complexes have
active donor and acceptor molecules, ruling out the possibility of the low FRET peak arising from a donor-only
species. One possible explanation is that a fraction of open
tweezers binds to two fuel strands (Figure 1c). The probability of binding two fuel strands may be higher than
expected due to the fact that the arms of the open strands
rarely fluctuate close to each other, as seen from the single2817

Figure 4. (a) FRET efficiency and (b) distance histogram for closed
tweezers in TE buffer at 1 M NaCl. Three subpopulations are
observed: a pronounced high FRET efficiency (fE) peak, a broad
distribution of intermediate fE values, and a low FRET efficiency
peak. These fractions contain contributions from a variety of
constructs in the “closed” tweezer sample (cf. text). The high-FRET
peak contains properly closed tweezer structures and perhaps dimers
in which the donor and acceptor dyes are spatially separated by
about 3.5 nm (Figure 1d). The low and intermediate efficiency
fractions also contain multimers, but with different ratios of tweezers
and fuel strands, and/or incomplete donor and acceptor labeling.
In addition, incompletely closed tweezers may also be observed.
(c) An analysis of the stoichiometry of dye labeling, eq 5,
corresponding to the FRET efficiencies in Figure 4a. The intermediate efficiency fraction has a slightly elevated stoichiometry
value, indicating contributions from dimer structures that contain
more donor dyes than acceptor molecules. The three black squares
with error bars represent the mean value and standard deviation of
the FRET efficiency and stoichiometry for molecules with a FRET
efficiency below 0.2, between 0.2 and 0.7, and above 0.7.

pair FRET distributions. Another possible explanation for
the low FRET fraction of the “closed” tweezers is incomplete
dimer formation, for example, when one fuel strand links
together two tweezer structures (Figure 1e).
SpFRET/PIE measurements reveal the existence of the
third, medium FRET efficiency subpopulation. The spFRET/
PIE scheme also allows us to calculate the labeling stoichiometry as defined in Lee et al.31 (number of donor molecules/
total number of dyes) for the various FRET efficiency values
(Figure 4c). The stoichiometry factor is given by
S)

RFDA + FAD
RFDA + FAD + FAA

(5)

where FAA is the fluorescence intensity of the acceptor with
2818

direct (635 nm) excitation. Although the low and high FRET
efficiency fractions are approximately equally labeled with
donor and acceptor dyes, the medium FRET fraction shows
a shift toward higher stoichiometry values, that is, the
structures contain more donors than acceptors. Because the
average stoichiometry value of the intermediate FRET
population is between ∼0.5 and ∼0.7, the stoichiometry of
this state is mixed. This suggests that the medium FRET
fraction arises, in part, from dimers such as the one depicted
in Figure 1e, in which one acceptor dye is missing or
nonfluorescent. Another component of this subpopulation has
1:1 stoichiometry and may be due to incomplete closure of
the tweezers by the fuel strand, as indicated in Figure 1f.
When a fuel strand simultaneously hybridizes to both of a
tweezer’s arms, the topology may be such that complete
hybridization is sterically hindered due to the helical nature
of duplex DNA. The low and medium FRET efficiency
values may also be due to dimerization of incompletely
labeled tweezers, a situation that cannot be ruled out even
with PIE.
It is possible to extract information about the stability of
the DNA tweezers in both the open and closed states by using
single-molecule spectroscopy. The labeling scheme we used
here is ideal for visualizing the function of the tweezers. The
FRET efficiency is very high in the closed state (90%) and
goes to virtually zero in the open state. For investigating
the dynamics of the tweezers within the open and closed
states, the FRET signal in these conformations should be
roughly 50%. Hence, new DNA constructs with fluorescent
dyes in different positions that are more sensitive to changes
in the FRET signal are necessary to investigate the dynamics
of the tweezers in different states. From the single-molecule
measurements with PIE, we were able to resolve different
subpopulations. Although different oligomers are also observed in the PAGE gel, with the single-molecule measurements we were able to determine the FRET efficiency of
the different subpopulations, gaining additional information
about the structures of these subpopulations. In addition, the
FRET efficiencies that we determine for the closed and open
tweezers are not affected by incomplete labeling or this
intermediate subpopulation. In contrast to values obtained
from bulk experiments, the spFRET/PIE efficiencies can be
used for accurate distance determinations.
In conclusion, we have performed single-pair FRET
studies on a prototype DNA nanomechanical device, DNA
tweezers, using the recently introduced experimental scheme
of pulsed interleaved excitation. In contrast to earlier bulk
experiments, it was possible to deduce the distribution of
the tweezers’ conformations in the open state, to study the
influence of monovalent cations on these distributions, and
to identify subpopulations in a sample of closed tweezers.
In the open state, the distance between the dye labels on the
arms of the tweezers is distributed around 8-10 nm with a
fwhm of ∼2.5 nm. In the closed state, three subpopulations
are observed. The high FRET subpopulation has an average
donor-acceptor separation of 3.5 nm, corresponding to
properly closed tweezers or dimers of tweezers. In addition
to a high FRET efficiency fraction, there is a considerable
Nano Lett., Vol. 6, No. 12, 2006

fraction of structures displaying low and medium FRET
efficiencies. These subpopulations may be due to incompletely closed tweezers, incompletely labeled structures, and
tweezers linked together in multimers. This study exemplifies
how single-molecule experiments provide additional insight
into the structural diversity of an apparently simple nanodevice, DNA tweezers. This information is essential to improve
critical points such as stability, integrity, fluctuations, and
the uniqueness of these structures. For example, the optimal
conditions (DNA and salt concentrations) for preparing the
tweezers and the sequence and length of the DNA used to
close the tweezers can be systematically studied to minimize
aggregation and misfolding in the closed state. We have
demonstrated the potential of single-molecule techniques for
investigating nanomachines and believe that the incorporation
of single-molecule methods will have an enormous impact
on the development of nanodevices.
Experimental Section. DNA Sequences. Oligonucleotides
were synthesized and labeled by IBA Technologies,
Göttingen, Germany. The sequences are C: 5′-Atto 532TGCCTTGTAAGAGCGACCATCAACCTGGAATGCTTCGGAT-3′; A1: 5′-GGTCGCTCTTACAAGGCACTGGTAACAATCACGGTCTATGCG-3′;A2: 5′-GGAGTCCTACTGTCTGAACTAACGAtCCGAAGCATTCCAGGT-3′, labeled with
Atto 647-N at the thymidine at position 26, shown in bold
type; and F: 5′-CGCATAGACCGTGATTGTTACCAGCGTTAGTTCAGACAGTAGGACTCCTGCTACGA-3′. Atto dyes
are from Atto-Tec GmbH (Siegen, Germany); all other
chemicals are from Sigma-Aldrich (Taufkirchen, Germany).
Preparation of DNA Tweezers. DNA tweezers were
prepared at a concentration of 1 µM in TE (Tris-EDTA, pH
8.0) buffer from equimolar solution of strands C, A1, and
A2. The closed tweezers were prepared by subsequently
adding strand F in a stoichiometric amount. For spFRET
measurements, the samples were diluted in the appropriate
buffers (TE + NaCl) to a final concentration of approximately 20 pM.
Gel Electrophoresis. Nondenaturing gel electrophoresis
was performed in a 9% polyacrylamide gel using a TBE
(Tris-borate-EDTA, pH 8.5) running buffer at 15-40 V/cm
for 2 h.
SpFRET/PIE Experiments. SpFRET experiments were
performed as described in ref 24. Briefly, the sample is
illuminated using two laser light sources, a continuous-wave
Argon Krypton Ion Laser (531 nm, Stabilate 2018, Spectra
Physics, Darmstadt, Germany) that is pulsed by an acoustooptic modulator (N23080-2-LTD, NEOS Technologies, Melbourne), and a pulsed laser diode (635 nm, Sepia LDH635,
PicoQuant, Berlin, Germany). The laser intensities at the
sample were 80 µW for both 531 and 635 nm excitation.
The excitation pulses were synchronized to a master clock
with a frequency of 10 MHz, and one pulse is delayed with
respect to the other. In this way, the sample is excited
alternately by green and red laser pulses. The photons are
detected with two avalanche photodiodes (EG&G Optoelectronics, Vaudreuil, Canada) using a time-correlated singlephoton counting card (TimeHarp 200, PicoQuant), which was
also synchronized to the 10 MHz master frequency. From
Nano Lett., Vol. 6, No. 12, 2006

the arrival time of the photon with respect to the master
clock, it is possible to deduce which excitation source is
responsible for generating the detected photon.
The DNA tweezers used in the present experiment were
labeled with Atto 532 (donor) and Atto 647-N (acceptor)
fluorophores, which are spectrally well separated (3.7%
crosstalk from the green channel into the red channel). An
excitation pulse at 635 nm selectively excites the Atto 647-N
fluorophores and leads to the emission of red fluorescence
photons. An excitation pulse at 531 nm excites the green
fluorophore, leading to emission from either the donor
fluorophore, or, via FRET, from the acceptor fluorophore.
During the experiment, a single DNA tweezer traverses the
probe volume giving rise to a burst of photons. Using PIE,
it is possible to separate the photons in the burst coming
from green excitation from those generated using red
excitation. The burst of photons detected in the green and/
or red detection channels upon green excitation occurs when
a DNA tweezer with a donor molecule is in the probe
volume. A simultaneous burst of photons detected in the red
channel with red excitation verifies that a fluorescently active
acceptor is in the probe volume. Hence, it is possible to
distinguish double-labeled DNA tweezers from singly labeled
tweezers, even when there is little or no FRET occurring.
Hence, “false counts” originating from incompletely labeled
molecules are effectively sorted out in a PIE-based spFRET
experiment. In the analysis, a threshold was used to select
the bursts for analysis. Using time bins of 2 ms, a minimum
of 17 detected photons in the sum of the green and red
detection channels after green excitation and 12 photons
detected in the red detection channel after red excitation were
required.
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