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We have developed confocal multicolor single-molecule spectroscopy with optimized detection sensitivity
on three spectrally distinct channels for the study of biomolecular interactions and FRET between more than
two molecules. Using programmable acousto-optical devices as beamsplitter and excitation filter, we overcome
some of the limitations of conventional multichroic beamsplitters and implement rapid alternation between
three laser lines. This enables to visualize the synthesis of DNA three-way junctions on a single-molecule
basis and to resolve seven stoichiometric subpopulations as well as to quantify FRET in the presence of
competing energy transfer pathways. Furthermore, the ability to study correlated molecular movements by
monitoring several distances within a biomolecular complex simultaneously is demonstrated.

Introduction

Most biological processes are governed by assemblies of
several dynamically interacting molecules. Few techniques,
however, are available to investigate the dynamic interplay of
the different components and to unravel the detailed mechanisms
of biomolecular machineries. Particularly, single-molecule
techniques are promising because they enable high spatial and
temporal resolution and circumvent the need for synchronization.
In recent years, single-molecule fluorescence spectroscopy
(SMFS) has been used to investigate the spatial as well as the
conformational dynamics of individual molecules either by
single-molecule tracking1,2 or by exploiting fluorescence reso-
nance energy transfer (FRET) or both.3-7 More recently, first
efforts have proven the possibility to extend single-molecule
FRET measurements to the interaction of more than two
partners.8-12 A general theoretical framework for distance
measurements in three- and four-chromophore systems has
recently been worked out.13,14 In case that three chromophores
are present, different situations can arise depending on the
chromophores’ arrangement andR0 values.14 Considering cur-
rently available, single-molecule compatible chromophores and
the broadness of their absorption and emission spectra, no three
chromophores are available for which FRET is prevented due
to a lack of spectral overlap. The smallestR0 values for single-
molecule compatible chromophores are in the range of 4-5 nm
due to low but still significant spectral overlap of donor emission
and acceptor absorption (see, e.g. ref 15 for a review on FRET).
Therefore, any attempt to study energy transfer between three
chromophores in systems of unknown structure has to be able

to deal with a situation in which all chromophores can interact
via FRET (Figure 1a). In this arrangement, FRET occurs
between the first (called donor D) and the second chromophore
(termed transmitter T) and competes with FRET between the
first and the third chromophore (denoted acceptor A). In
addition, FRET occurs between the transmitter and the acceptor.
With respect to single-molecule measurements, it is not suf-
ficient to record the intensity on three spectrally distinct channels
after excitation of the primary donor because FRET from D to
T and then to A could not be distinguished from direct D-A
FRET. In order to obtain distances in complexes without a priori
assumptions about the structure, additional information is
required that enables the disentanglement of alternative FRET
pathways. This information can be provided by advanced
schemes of measuring FRET, e.g., by simultaneous fluorescence
decay time measurements16,17or by alternating laser excitation
(ALEX) schemes,18-20 extended to three colors as has been
shown by Lee et al. very recently.12

A main challenge for three- and multicolor fluorescence
schemes constitutes the achievement of a good signal-to-noise
ratio on all detection channels, which is heavily compromised
by available multichroic beamsplitters that are limited in terms
of transmission ranges and commonly have broad reflective
regions. In this letter we present a multicolor single-molecule
fluorescence technique using different wavelengths with respect
to excitation and detection. As all channels can be run (quasi-)
simultaneously, the interaction of molecules via FRET can be
monitored as synergetic effect. To overcome the limitations of
conventional beamsplitters, we have applied a programmable
acousto-optical beamsplitter (AOBS) that is freely definable in
terms of reflective wavelengths and exhibits extremely narrow
reflective bands of<1-5 nm.21 With the aid of the AOBS, the
detection yield for the dyes and filters used is increased by 10-
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30% on the different detection channels, achieving the same
sensitivities on all channels as in single-color SMFS. In
combination with an acousto-optical tunable filter (AOTF) laser
lines can be switched within 2µs, allowing the straightforward
implementation of triple alternating laser excitation (TrALEx).

The investigation of three-molecule interactions by TrALEx
enables (i) quantitative determination of relative stoichiometries,
(ii) determination of 3D structures of complexes, (iii) the
determination of biomolecular dynamics, and especially implies
(iv) the visualization of correlated movements of different
segments in biomolecular complexes. The methodology can
answer important biophysical questions, e.g., about the structure
and dynamics of DNA junctions or about the functioning of
biomolecular machines. Using DNA three-way junctions im-
mobilized in buffer we demonstrate the abilities of TrALEx to

resolve the composition of individual DNA constructs and to
monitor energy transfer in the presence of competing energy
transfer pathways by confocal scanning TrALEx as well as the
potential to monitor correlated movements.

Experimental Methods

Three-way junctions are prepared by hybridizing three
corresponding 40mer oligonucleotides on a cover slide. The
following modified sequences purchased from IBA (Go¨ttingen,
Germany) are used (x indicates dT modified with amino-C6):
A: 5′-AGA GAG AGA xAG AGA GAG AGG GTG TGT GTG
AGT GTG TGT G-3′, B: Biotin-5′-CAC ACA CAC xCA CAC
ACA CCA AAA AAA AAA AAA AAA AAA A-3 ′ C: 5′-
TTT TTT TTT xTT TTT TTT TTC TCT CTC TCT ATC TCT
CTC T-3′. ATTO488, ATTO565, and ATTO647N are obtained
from ATTO-TEC (Siegen, Germany). Labeling of oligonucleo-
tides and sample preparation are carried out using NHS-ester
chemistry as described previously.17 Strand B carrying
ATTO565 and the biotin tag is purified to∼90% with 10%
unlabeled oligonucleotide to enable the formation of three-way
junctions carrying only ATTO488 and ATTO647N. For im-
mobilization on glass cover slides, strand B is added on BSA/
BSA-biotin-coated surfaces that have been incubated with
streptavidin, while monitoring the success of the immobilization
online. Measurements are performed in phosphate buffered
saline (PBS) containing 50 mMâ-mercaptoethanol. Three-way
junctions were obtained by subsequently hybridizing strandsA
andC to B on the cover slides.

Figure 1b shows a schematic representation of the setup for
multicolor SMFS based on an inverted fluorescence microscope.
For excitation an Ar+Kr+ mixed gas laser (Innova 70C,
Coherent) is applied in multi-line mode providing laser lines in
the range of 457-647 nm. An acousto-optical tunable filter
(AOTF, A.A. Opto-Electronics, France) is used to select the
desired excitation wavelengths (here 488, 568, and 647 nm)
allowing switching between the wavelengths within∼2 µs. To
balance slight deviations of the different laser lines due to
imperfect dispersion compensation of the AOTF, the excitation
beam is overlaid and cleaned with the aid of a single-mode fiber
(460 HP, Nufern). The excitation laser is coupled into the
microscope using an acousto-optical tunable beamsplitter (AOBS,
Leica Microsystems Heidelberg GmbH, Germany).21 The AOBS
is placed outside the microscope (Olympus IX70) and a high
reflectivity mirror is placed in the microscope filter cube
originally intended for the beamsplitter. In addition, a telescope
is located between the AOBS and the microscope to adapt the
apertures of the objective and the AOBS. An oil-immersion
objective with high numerical aperture (Olympus, 100×, NA
1.45) focuses the light into the sample and collects the emitted
fluorescence. The fluorescence is separated from the excitation
light within the AOBS and subsequently divided using dichroic
mirrors to obtain three spectrally separated detector channels.
A system of lenses within each detection channel cleans up the
emitted light with pinholes and focuses the light onto the active
areas of three avalanche photodiodes (AQR 15, Perkin-Elmer).
With appropriate band-pass filters, three detection channels are
obtained: in the range of 507-555 nm (APD1), 603-634 nm
(APD2), and 655-705 nm (APD3). Synchronization was
achieved by computer control of the AOTF and a closed-loop
piezo stage (P-517.3CL, Physikinstrumente, Germany) with an
analog output card (PXI 6602, National Instruments, TX) and
detection in the FIFO mode of a PC-plug-in card for time-
correlated single-photon counting (SPC-830, Becker&Hickl,
Germany). Each photon detected during each cycle is provided

Figure 1. (a) Scheme of competing FRET pathways between a donor
D, a transmitter T, and an acceptor A. (b) Scheme of the experimental
setup. (c) Scheme of the three-way junction model system. Each DNA
strand is labeled with a fluorescence dye (ATTO488, ATTO565, and
ATTO647N, respectively). Immobilization is carried out on a cover
slide coated with BSA/BSA-biotin enabling anchoring using strepta-
vidin-biotin interactions.
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with its macroscopic arrival time and the fluorescence channel.
In the described configuration, i.e., rapid alternation between
the laser lines, six fluorescence channels of interest are obtained.
The background, crosstalk, and direct excitation corrected
fluorescence intensities are denoted I1

1 (488-nm excitation,
detection on APD1), I1

2 (488-nm excitation, detection on APD2),
I1

3 (488-nm excitation, detection on APD3), I2
2 (568-nm

excitation, detection on APD2), I2
3 (568-nm excitation, detection

on APD3), and I33 (647-nm excitation, detection on APD3).22

Each detected photon is provided with the information of both
the excitation wavelength and the APD number to directly obtain
the six fluorescence channels. As the SPC-830 has a four-bit
routing capability (enabling the detection on 16 channels
simultaneously), we use two routing bits to identify the APD
and two routing bits to additionally provide the laser excitation
wavelengths. Therefore, the voltages provided to the AOTF are
split and additionally converted into two routing bits with the
aid of an OR gate and then fed into the SPC-card. The whole
setup is run by custom-made LabVIEW software.

Results and Discussion

A perfect model system for FRET measurements with
competing energy transfer pathways (Figure 1a) are DNA three-
way junctions with each arm carrying a chromophore (Figure
1c). We constructed three-way junctions on BSA-coated cover
slides using a biotin tag on one of the DNA strands (Figure
1c). Figure 2a-c demonstrates the in situ synthesis of DNA
three-way junctions on cover slides monitored by TrALEx. In
the images, fluorescence after excitation with 488 nm is encoded
blue (FDex ) I1

1 + I1
2 + I1

3), fluorescence after 568 nm
excitation is encoded green (FTex ) I2

2 + I2
3), and fluorescence

induced by 647 nm excitation is shown in red (FAex ) I3
3).

During the scan from top left to bottom right, laser colors were
switched once per pixel. The green spots in Figure 2a indicate
successful immobilization of strand B with the biotin tag (see
Figure 1c). Subsequently, the donor strand carrying ATTO488
was hybridized and a large fraction of cyan spots indicating
successful hybridization was obtained. Finally, the acceptor
strand C was added and white spots indicating the formation
of DNA three-way junctions became dominant. Thereby, the
color-coding directly visualizes the composition of the DNA
structure. The yellow and purple spots in the lower right corner
of Figure 2c indicate, for example, the absence of ATTO488
and the absence of ATTO565, respectively.

To further demonstrate the potential of identifying bio-
molecular populations we added a mixture of the three DNA
strands A-C to a streptavidin treated cover slide yielding all
possible combinations of the three chromophores (Figure 3a).
After 5 min of incubation, the surface is washed with PBS three
times. Using TrALEx the composition of each individual DNA
construct is directly visualized: blue, green, and red spots
indicate the single-chromophore populations; cyan, yellow, and
purple spots indicate the different two-chromophore populations;
and white spots represent intact three-way junctions.

Figure 2. False-color representation of confocal TrALEx images of
DNA three-way junctions assembled on cover slides. Images were
acquired while alternating between 488, 568, and 647 nm, once per
pixel, with a 1-ms/pixel integration time (20-200 counts/ms, excitation
intensity at 1 kW/cm2 for 488 nm, and 0.5 kW/cm2 at 568 and 647
nm, respectively). The colors blue, green, and red encode for the overall
fluorescence intensity after 488-nm (FDex), 568-nm (FTex), and 647-nm
(FAex) excitation, respectively. (a) False-color image of immobilized
strand B carrying ATTO565 and the biotin tag. (b) After addition of
strand A carrying ATTO488, cyan spots become eminent indicating
successful hybridization. (c) Addition of strand C yields predominantly
white spots indicating successful formation of DNA three-way junctions.
Here yellow and purple spots represent subpopulations with one
chromophore missing.

Figure 3. (a) False-color image obtained after addition of a mixture
of DNA strands A-C to a streptavidin-treated surface. All seven
possible stoichiometric populations are directly evidenced. (b) Histo-
grams of stoichiometric ratiosS for the three chromophores. For all
combinations donor-transmitter (SDT), donor-acceptor (SDA), and
transmitter-acceptor (STA), donor only populations (S < 0.3), co-
localized populations (0.3< S < 0.8), and acceptor only populations
(S > 0.8) are evident. The three-dimensional scatter plot and the
projections ofS-ratios shown in (c) provide the quantitative composition
of the sample. Ellipses indicate the expected positions of the respective
populations. The colors of the ellipses are shown in analogy to the
colors in the false-color image in (a). (d) After selecting the population
of intact three-way junctions, the energy transferE between the
chromophores is investigated as shown in (d). The obtainedE-values
are proximity ratios that have been corrected for the competing energy
transfer pathways. (e) Three-dimensional representation of the inter-
dependency of energy transfer values and two-dimensional projections.
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The visual impression is supported by a spot-wise analysis
of images such as in Figure 3a. Applying an efficient spot
finding algorithm, the photons originating from one DNA
construct are summed up for each detection channel and are
used for spot-integrated statistics. First, we focus on the
stoichiometric information provided by the alternating laser
excitation scheme and expressed by the stoichiometric ratios
SDT, SDA, andSTA (Sij ) Fiex/(Fiex + Fjex), with Sij representing
the stoichiometric ratio of chromophorei to chromophorej)
recently introduced by Kapanidis et al.23 Figure 3b shows
S-histograms for the three chromophore pairs donor-transmitter,
donor-acceptor, and transmitter-acceptor, respectively. In all
histograms, three populations are apparent representing popula-
tions of single dyes (aroundS) 0 andS) 1) and populations
of co-localized chromophores with 0.3< S< 0.8. To visualize
populations that carry, for example, all chromophores, two- and
three-dimensional representations ofS-ratios are used (Figure
3c). In addition to the 3D representation and their 2D projec-
tions, the regions of the different populations are indicated by
ellipses; their colors indicate the stoichiometry of the population
underlying the same false-color code as in the image of Figure
3a (except for the three-chromophore population, which is
indicated by a black ellipse). Evidently, all of the seven possible
populations are formed with the highest yield of∼58%
representing intact three-way junctions carrying all chromo-
phores. Spots between the populations are caused by photo-
bleaching of one of the chromophores during data acquisition.
We use theS-analysis to select the population of intact three-
way junctions and analyze the structure of this population by
FRET.

For FRET between two chromophores, the proximity ratios
Eij can be calculated according to eq 1:

whereEij is the energy transfer efficiency between the chro-
mophoresi and j, kET the rate constant for energy transfer,knr

the rate constant for nonradiative decay, andkr the rate constant
for radiative decay. For three-chromophore systems such as in
the case of competing energy transfer pathways,Eij representing
distances cannot directly be inferred from the relative intensities
on the detectors as the competing energy transfer path opens
up an additional decay channel for the donor leading to reduced
τD as well as alteredR0 values.15 Accordingly, the energy
transfer efficiency in the presence of competing energy transfer
E′Dj is

Conversion of the energy transfer efficiencies is calculated
according to eq 3:

A detailed derivation of distance calculations for three-
chromophore FRET using alternating laser excitation has
recently been worked out by Lee et al.12

Assuming that the arms of the three-way junction form a
Y-shaped structure,24 we estimate the distances between the
chromophores to 6.1 nm neglecting linker lengths. TheR0 values
for the used chromophore pairs calculated from the absorption

and emission spectra areR0 ) 6.3 nm for ATTO488/ATTO565,
R0 ) 5.3 nm for ATTO488/ATTO647N, andR0 ) 7.2 nm for
ATTO565/ATTO647N, yielding expected FRET efficienciesE
of EDT ) 54.5%,EDA ) 29.8%, andETA ) 72.7%, respectively.
Figure 3d shows the obtained FRET efficiency histograms from
the spot-wise analysis after correction for the competing energy
transfer pathways. Mean proximity efficienciesEpr of 37%, 27%,
and 64% are obtained in qualitative agreement with the expected
values. Determination of accurate FRET efficiencies directly
representing distances will allow resolving whether the observed
deviations, especially for EDT, are due to true structural
distortions from the Y-shaped structures.22

In addition to determination of stoichiometries and structures,
TrALEx is capable of investigating biomolecular dynamics and
especially of visualizing correlated movements. Therefore, we
place individual DNA constructs in the laser focus to record
fluorescence transients on the six fluorescence channels (Figure
4). The fluorescence channels after 488-nm excitation are shown
in blue (I11), green (I12), and red (I13); fluorescence detected as
a result of 568-nm excitation is shown in yellow (I22) and orange
(I23); and black represents fluorescence on the red channel after
647-nm excitation (I33) (the latter three transients are displaced
for clarity). In Figure 4a (upper panel), all chromophores of
the three-way junction show stable emission until the acceptor
ATTO647N bleaches after∼2 s, as indicated by the drop in
I3

3. Simultaneously, the energy transfer changes accordingly.
Before the bleaching event, energy transfer occurs efficiently
between ATTO565 and ATTO647N and also from ATTO488
to the other chromophores. The fact that the intensity of both
I1

1 and I22 increases as a result of photobleaching indicates that
energy transfer from ATTO488 to ATTO647N occurs both
directly and via ATTO565, i.e., the competing energy transfer
pathways depicted in Figure 1a are both utilized. Photobleaching
of the remaining chromophores occurs after∼3 s (ATTO488)
and after∼6 s (ATTO565). For comparison, the transient in
Figure 4b shows a different bleaching pattern with ATTO488
bleaching first (after∼6 s), ATTO565 bleaching after∼8.5 s,
and finally ATTO647N bleaching after∼13 s. The qualitative
analysis of photobleaching and energy transfer is corroborated
by the transients of the stoichiometric ratiosSij and the energy
transfer ratiosEij (shown exemplarily in Figure 4a, lower panel).
The increase ofS13 and S23 from ∼0.5 to ∼1 indicates
photobleaching of the acceptor after∼2 s. Simultaneously,
energy transfer to the acceptor (E13 andE23) drops to zero, while
the energy transferE12 is unaffected. Interestingly, the energy
transfer fluctuations after∼1.6 s correlate with acceptor intensity
fluctuations visible in the transient in the upper panel and are
therefore ascribed to acceptor quantum yield changes rather than
to distance changes. In many transients, intensity fluctuations
of the individual chromophores are more striking than fluctua-
tions of energy transfer (see also Figure 4b, especially I3

3). Such
fluctuations indicate interactions of the chromophores with their
environment such as the DNA bases.17,25 As we find signifi-
cantly more such fluctuations than for the chromophores
individually,17 and because the DNA three-way junctions are
expected to exhibit considerable flexibility about the junction,26

we believe that direct chromophore-chromophore interactions
are another source of the observed intensity fluctuations.27 The
ability to visualize these fluctuations for all dyes is a striking
advantage of alternating laser excitation schemes compared to
ordinary single-molecule FRET measurements using a single
excitation source.18,28

In some cases, the emitted fluorescence intensity is constant
for the direct chromophore excitation and fluctuations of energy

Eij )
kET

ij

knr
i + kr

i + kET
ij

(1)

E′Dj )
kET

Dj

knr
D + kr

D + kET
Dj + kET

Dk
(2)

E′Dj ) EDj

1 - EDk

1 - EDjEDk
(3)
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transfer are observed. In Figure 4c, for example, the fluorescence
intensities of the I11 and I13 channel show anticorrelated behavior
while the other channels are not significantly fluctuating. Such
anticorrelated behavior represents energy transfer fluctuations
that are observed for∼5% of the investigated molecules. As

only a small subpopulation of DNA junctions exhibits this kind
of fluctuations we do not associate it with biophysical meaning-
ful dynamics. Nevertheless, the data directly demonstrate the
ability of TrALEx to directly visualize energy transfer dynamics
between three chromophores and the potential to resolve
correlated movements within biomolecular complexes.

In conclusion, by using an acousto-optical beamsplitter and
an acousto-optical tuneable filter we have developed a multicolor
single-molecule microscope with alternating laser excitation that
does not suffer from limited detection efficiency in the individual
channels. Using DNA three-way junctions directly hybridized
on the surface of cover slides, we demonstrate the ability of
revealing stoichiometric as well as structural subpopulations.
Measured FRET efficiencies are in qualitative agreement with
a Y-shaped structure of DNA three-way junctions exhibiting
some structural flexibility about the junction. The possibility
to simultaneously measure several distances within a bio-
molecular complexes provides a new tool for the study of
structure and dynamics on the single-molecule level. The
presented scheme will additionally allow extension to four
colors, yielding six interchromophore distances simultaneously
with new possibilities for structure determination using single
molecules.
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