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ABSTRACT: Single-molecule FRET is a versatile tool to study nucleic acids and
proteins at the nanometer scale. However, currently, only a couple of FRET pairs
can be reliably measured on a single object, which makes it diﬃcult to apply singlemolecule FRET for structural analysis of biomolecules. Here, we present an
approach that allows for the determination of multiple distances between FRET
pairs in a single object. We use programmable, transient binding between short
DNA strands to resolve the FRET eﬃciency of multiple ﬂuorophore pairs. By
allowing only a single FRET pair to be formed at a time, we can determine the pair
distance with subnanometer precision. The distance between other pairs are
determined by sequentially exchanging DNA strands. We name this multiplexing
approach FRET X for FRET via DNA eXchange. Our FRET X technology will be a
tool for the high-resolution analysis of biomolecules and nanostructures.
KEYWORDS: Single-molecule FRET, structural biology, DNA nanotechnology, DNA-PAINT, single-molecule multiplexing

■

INTRODUCTION
X-ray crystallography, nuclear magnetic resonance, and cryoelectron microscopy are the gold standard for determining the
structure of biomolecules.1,2 However, minute conformational
changes of biomolecules often cannot be observed with these
techniques since a certain conformation may be stabilized by
the required sample preparation.3 Single-molecule FRET can
be used to determine the structure of molecules, including rare
conformations, with subnanometer resolution. However, the
use of single-molecule FRET for the analysis of complex
molecular structures, for example, protein tertiary structures,
has been limited since it requires resolving the FRET eﬃciency
of multiple dye pairs.4,5 Currently, single-molecule FRET
analysis allows us to deal with only one or two FRET pairs in a
single measurement.6,7 Therefore, structural analysis using
single-molecule FRET requires the preparation of a protein
library consisting of many diﬀerent combinations of dye
locations, rigorous modeling, and simulations following the
data acquisition.8−11
Single-molecule multiplexing has been demonstrated with
photoswitchable ﬂuorophores. In this approach, a molecule of
interest is labeled with a single donor and multiple identical
acceptor ﬂuorophores. By using photoswitchable acceptor
ﬂuorophores, only one of the acceptors is active at a given
time.12 This method, called switchable FRET, allows for the
detection of multiple FRET pairs in a single nanoscale object
and thereby the determination of structures within and
interactions between biomolecules ranging from proteins to
DNA. However, the stochastic nature of the photoswitching is
one of the main obstacles for the wide adaptation of the
method. An alternative way of switching between on and oﬀ
states of ﬂuorescent probes is by using ﬂuorophores that bind a
© 2021 The Authors. Published by
American Chemical Society

target only for short period of time, as with point accumulation
in nanoscale topography (PAINT).13−15 For example,
ﬂuorophores are attached to short DNA oligos that bind the
complementary target strands for several hundreds of milliseconds. This transient binding is central to the superresolution technique DNA-based point accumulation for
imaging in nanoscale topography (DNA-PAINT).16−19
Here, we propose a new structural analysis tool that can
resolve the FRET eﬃciency of multiple pairs in a single target
molecule. By using programmable, transient binding between
short DNA strands, a single FRET pair is formed at any given
time allowing for accurate distance determination between the
momentarily formed ﬂuorophore pair. By repeating the
imaging cycle, we can resolve multiple points of interest
(POIs) in a single nanoscale object. We demonstrate the proof
of concept of subnanometer resolution single-molecule
structural analysis on various DNA nanostructures.

■

RESULTS
To demonstrate the concept of FRET via DNA strands, we
designed an assay where an acceptor (Cy5)-labeled singlestranded (ss) DNA molecule was immobilized on a quartz
slide through biotin−streptavidin conjugation (Figure 1A).
The measurements yielded a distinct ﬂuorescence signal in
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Figure 1. Repetitive binding of short DNA imager strands allows for high detection precision for single-molecule FRET. (A) Schematic
representation of the single-molecule FRET assay. An acceptor (Cy5, red star) labeled single-stranded target DNA construct is immobilized on a
PEGylated surface through biotin−streptavidin conjugation. Binding of the donor (Cy3, green star) labeled imager strand results in short FRET
events and is observed using total internal reﬂection microscopy. (B) A series of CCD snapshots obtained from a single-molecule movie with 100
ms exposure time. The top row represents the donor channel, and the bottom row represents the acceptor channel. Each dot represents a single
molecule. Dynamic binding of the imager strands can be observed over time (highlighted molecule). (C) Schematic representation of the ssDNA
constructs. Upon binding of the imager strand, the donor ﬂuorophore is separated from the acceptor by a 25-nt thymine linker. (D) Singlemolecule FRET kymograph from a time trace from one single molecule (ROI, highlighted molecule from Figure 1B). The kymograph shows the
FRET eﬃciency for each data point in a binding event (blue lines) and the mean FRET eﬃciency from all data points per binding event (dots) as a
function of time. A FRET histogram that is built from the eﬃciency for each data point (Figure 1D, middle panel) has a larger standard deviation
(0.72 ± 0.05) compared to the standard deviation (0.72 ± 0.01) from a histogram that is built from the mean FRET values per binding events
(Figure 1D, bottom panel).

binding DNA imager strand which can be exchanged by will.
Each POI labeled with an orthogonal sequence for the imager
binding can be sampled without any crosstalk by means of
solution exchange. The absence of crosstalk between the POIs
allows for accurate determination of the FRET eﬃciency of
each POI. To illustrate this, we designed a ssDNA construct
with two target sequences each of which can interact with a
donor-labeled imager strand for 2−3 s giving diﬀerent FRET
eﬃciencies (Figure 2A and Supplementary Figure 1A,B). The
distance between POI B and the acceptor is kept the same for
both constructs (35-nt), but the distance for POI A is altered
among the constructs (20-nt for Figure 2B,G and 25-nt for
Figure 2C,H). When we used the same single imager strand for
both POIs separated by a 5-nt spacer (Figure 2B), two FRET
peaks were observed (Figure 2D), reporting on the location of
each POI. However, when the two POIs were placed with no
linker sequence in between (Figure 2C), the FRET histogram
became unresolvable (Figure 2E). These results demonstrate
that it is not feasible to determine the pair distances of several
POIs with high precision using a single imager strand. It is
noted that we used an experimental condition to test the
resolving power of our approach by structurally compacting
the target ssDNA molecule subjected in a buﬀer of high ionic
strength, 100 mM MgCl2 (Supplementary Figure 3).
To achieve higher spatial resolution, we sought to detect the
diﬀerent POIs independently so that the overlapping FRET
peaks can be obtained separately and ﬁtted more precisely. As
illustrated in Figure 2F, each POI was measured using a unique

single-molecule total internal refection microscopy images
upon binding of a donor-labeled imager strand on the
immobilized target strand (Figure 1B). The base sequence
and length of the imager strand sequence was chosen such that
the binding events between the two DNA strands would have a
short dwell-time to allow for frequent replenishment of the
imager strand (Figure 1B,C and Supplementary Figure 1A)
and thus for the same POI to be probed multiple times.20 At
the same time, the dwell-time was chosen to be long enough,
several hundred milliseconds or longer (Supplementary Figure
1), for precise determination of the FRET eﬃciency.
To visualize the FRET eﬃciency of each dye pair appearing
in a single region of interest (ROI, highlighted as yellow circles
in Figure 1B), we built a FRET kymograph (Figure 1D and
Supplementary Figure 2A). The kymograph shows the FRET
eﬃciency per data point (Figure 1D, lines) and the mean
FRET eﬃciency from all data points per binding event (Figure
1D, dots). The histograms built with the FRET eﬃciencies per
data points (Figure 1D, middle panel) and per binding event
(Figure 1D, bottom panel) show a single FRET population,
indicating that imager binding is highly speciﬁc to the target
site. The ensemble kymograph built from all 363 molecules for
this construct shows a similar mean FRET and a standard
deviation of 0.71 ± 0.01 (Supplementary Figure 2B).
Analysis of complex biomolecules using single-molecule
FRET requires the detection of multiple FRET pairs in a single
object. One of the main beneﬁts of FRET via DNA strands
over conventional FRET measurements is to use a transiently
3296
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Figure 2. FRET by eXchange of unique imager strands allows for high spatial resolution of multiple POIs in a single nanoscale object. (A)
Schematic representation of the single-molecule experiments with two target sequences. A single imager strand is used that can bind to both of the
POIs in a target molecule. An acceptor (Cy5, red circle) labeled ssDNA construct contains two POIs. Binding of the donor (Cy3, green circle)
labeled imager strand results in either high FRET (when binding to POI A) or mid FRET (when binding to POI B). (B,C) Schematic
representation of the target constructs in which two POIs are separated by a 5 thymine linker (panel B) or in which the two POIs are directly
connected to each other (panel C). The distance from the acceptor was kept the same for POI B (35-nt) among the two constructs but was altered
for POI A (20-nt for panel B and 25-nt for panel C). (D) Single-molecule kymograph of the ssDNA target construct from panel B. Top panel
shows the binding events obtained for all molecules in a single ﬁeld of view. Bottom panel shows a FRET histogram consisting of a donor only peak
and two additional FRET peaks reporting on the location of each POI with respect to the acceptor ﬂuorophore. (E) The single-molecule
kymograph of the ssDNA target construct from panel C. Using the same imager strand for both POIs does not allow for the detection of the
position of both POIs when they are in close proximity. The FRET histogram shows a broad peak at 0.81. (F) Schematic workﬂow of FRET by
eXchange of imager strand (or FRET X). A ssDNA target constructs consists of two POIs with unique DNA binding sequences, allowing us to
measure the POIs one at a time. In a ﬁrst round of detection, the imager strand for POI B (blue circles) is added and imaged for 5 min. Then the
microﬂuidic chamber is washed and an imager strand for POI A (orange circles) is added. (G,H) Schematic representation of the FRET X target
constructs in which two unique POI sequences blue circles (POI B) or orange circles (POI A) are separated by a 5-nt thymine linker (panel G) or
in which the two POIs are directly adjacent (panel H). (I,J) Single-molecule kymographs for the FRET X for constructs in panel G and H. FRET X
imaging allows for the determination of each POI in a separated round. In a ﬁrst round of FRET X imaging, we observe similar FRET eﬃciencies
for POI B, 0.76 ± 0.05 (panel I) and 0.75 ± 0.01 (panel J). (K,L) Single-molecule kymographs for the second round of FRET X imaging of the
constructs in panels G and H. (K) For a construct in which the POIs were separated by a 5-nt thymine linker we observed a FRET eﬃciency that
resulted in a FRET eﬃciency of 0.87 ± 0.02 for POI A. (L) FRET X allows for the accurate detection of POIs even when they are in closer
proximity. We observed a distinct FRET peak in the second FRET X imaging round for POI A of 0.81 ± 0.02 (panel L) and can be clearly
separated from POI A (panel J, 0.75 ± 0.02). (M,N) The Gaussian ﬁts of individual histograms for each POI obtained using the FRET X approach
allows for the determination of the center of a peak with <0.005 precision. The center of the peaks are plotted in a separate panel, which we name
this the FRET ﬁngerprint of a nanoscale object. Mean FRET eﬃciencies and standard deviation are calculated from three independent experiments.

To demonstrate the concept of FRET X, we measured POIs
separated by a 5-nt thymine (Figure 2G) linker and POIs in
closer proximity with no linker in between (Figure 2H) using
two unique imager strands. In case of the 5-nt linker, in the
ﬁrst round of FRET X detection we determined the FRET
peak to be at 0.76 for POI B (Figure 2I). In the second round

short DNA imager strand. After recording the binding events
for the ﬁrst POI for several minutes, the imager strand was
exchanged by washing the microﬂuidic chamber and injecting a
unique DNA imager strand for the second POI (Figure 2F).
This process can be repeated for any number of POIs. We
name this method FRET X for FRET via DNA eXchange.
3297
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Figure 3. Structural analysis of a complex DNA nanostructure using FRET X. (A) Schematic representation of the dsDNA nanostructure used for
the determination of several POIs in a single molecule. The DNA nanostructure consist of 2 POIs, one of which is ﬁxed (POI A, blue circles) at 15bp apart from the acceptor imager binding site. The second POI (POI B, orange circles) is separated by diﬀerent linker lengths from the acceptor.
The acceptor (Cy5)-labeled imager strand binds transiently to a unique binding site (red circles) to avoid photobleaching of the acceptor
ﬂuorophore. (B) FRET X histograms of the diﬀerent POIs in the DNA nanostructure. For a DNA nanostructure with a 13-bp linker between POI
B and the acceptor, we observe a FRET eﬃciency of 0.31 ± 0.01 and 0.47 ± 0.02 for POI A and POI B, respectively (Figure 3B, top row). Next, by
only decreasing the linker length with steps of 1-bp between POI B and the acceptor, we observed an increase in FRET eﬃciency for POI B (0.52 ±
0.01 and 0.60 ± 0.02 for 12-bp and 11-bp, respectively). Furthermore, the FRET eﬃciency for POI A and the acceptor increases when the linker
between POI B and acceptor is shorter, which hints global distortion of the nanostructure due to the shortening of one side of the triangle (left
panel). (C) The mean FRET X eﬃciency for POI A (open circles) and POI B (solid circles) determined on diﬀerent days. Mean FRET eﬃciencies
and standard deviation are calculated from three independent experiments. (D) Schematic representation of a dsDNA nanostructure with three
POIs. A third POI is added close to the acceptor binding site. (E) Kymographs obtained for each POI of the dsDNA nanostructure. In a ﬁrst round
of FRET X imaging, we observed a FRET eﬃciency of 0.27 ± 0.01 for POI A. The second round of FRET X imaging resulted in a FRET eﬃciency
of 0.47 ± 0.02 for POI B. In a ﬁnal round of FRET X imaging, we observed a FRET eﬃciency of 0.86 ± 0.01 for POI C in the DNA nanostructure.
Mean FRET eﬃciencies and standard deviation are calculated from three independent experiments.

each POI in a single object. The DNA nanostructure is in a
triangular shape that consists of an acceptor reference point,
and a POI is placed at each corner of the triangle (Figure 3A).
To avoid the photobleaching of the acceptor dye, we designed
a unique sequence near the 3′ end of the construct where a
complementary acceptor-labeled imager strand can transiently
bind. To increase the probability of energy transfer between
donor and acceptor ﬂuorophores, the acceptor imager strand
was designed to have a higher binding rate and lower
dissociation rate than the donor imager strands.21,22 We
estimated the time-dependent FRET detection rates for both
static and dynamic acceptor strand. The static acceptor showed
a faster decrease in the FRET detection rate due to
photobleaching (Supplementary Figure 6).
In a ﬁrst round of FRET X, we determined the FRET
eﬃciency for POI A that is separated by a 15-bp linker from
the acceptor and observed a distinct FRET peak at 0.31
(Figure 3B, top-left panel). Next, we washed the chamber and
injected the imager strand for POI B and observed a FRET
peak at 0.47 when POI B is 13-bp away from the acceptor
(Figure 3B, top-right panel).
To determine the resolution of FRET X for the detection of
multiple POIs in a nanoscale object, we changed the length
between the acceptor and POI B by a step of 1-bp. For each

of FRET X imaging using the imager strand complementary to
the POI A, we observed a single FRET peak at 0.87 reporting
on the POI A (Figure 2K). As shown in Figure 2J,L, FRET X
allows for the accurate detection of both POIs even when they
are in closer proximity. We note that the conformation of the
partially hybridized template strand is diﬀerent between Figure
2 panels D,E and panels I−L due to the sequence diﬀerence of
an unoccupied binding site, which consequently leads to
slightly diﬀerent FRET eﬃciencies.
Our FRET X approach allows for the detection of only a
single POI for a prolonged time until another imager strand is
introduced. Therefore, while each histogram showed a wide
distribution of ∼0.05 (Figure 2I,J, the standard deviation) of
the peak, the Gaussian ﬁt can be used to resolve the center of a
peak with high precision of <0.005 (standard error of mean),
where the achievable precision depends on the number of
binding events (Supplementary Figure 4A,B). The resolved
FRET values for each POI are plotted as the FRET ﬁngerprint
of the measured object (Figure 2M,N).
Structural analysis of complex biomolecules using singlemolecule FRET requires the detection of multiple FRET pairs
in a single object. To demonstrate the potential of FRET X, we
designed a DNA nanostructure consisting of two POIs and
tested whether FRET X can obtain distance information for
3298
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Figure 4. Single nucleotide resolution can be achieved with FRET X. (A) Schematic representation of the single-molecule constructs used for the
determination of diﬀerent POIs separated by a single base pair. An acceptor (Cy5, red circle) labeled ssDNA target construct consisting of a 9-nt
target sequence (orange circles) where each imager strand can bind. A series of donor (Cy3, green circles) labeled FRET X imager strands. The
position of each POI (or nucleotide) in the target sequence will be determined one by one using our FRET X approach. (B) Standard error of the
FRET X eﬃciency for imager strand 5 (Supplementary Figure 5E) versus the number of binding events. We observe that we can determine the
center of a Gaussian ﬁt with a FRET X precision of ΔE ∼ 0.01 after >10 binding events. (C) The mean FRET X eﬃciency for each of the POIs
determined on diﬀerent days. We ﬁnd good reproducibility for FRET X. Mean FRET eﬃciencies and standard deviation are calculated from three
independent experiments.

Figure 5. Population analysis on the individual molecule level using FRET X. (A) Schematic representation of the DNA constructs used for
population analysis. The ssDNA construct contains two POIs, of which one is ﬁxed and has the same location relative to the acceptor on both
constructs. The second POI is connected to the side chain of one of the nucleotides in the backbone sequence and has a diﬀerent location on both
constructs. (B,C) Kymographs of individual molecules obtained for an equal mixture of the ssDNA constructs immobilized on the slide surface.
The FRET X cycle consisted of three rounds. In a ﬁrst round of the FRET X cycle, we determined the unique ﬁngerprint of POI A among the
diﬀerent constructs and observe a FRET eﬃciency of 0.94 for the high-FRET construct panel B, left panel) and 0.63 for the medium-FRET
construct (panel C, left panel). The second round of the FRET X cycle resulted in a single peak obtained from FRET between POI B and the
acceptor, which is identical in both constructs (panels B,C, middle panels). In the last round of the FRET X cycle (panels B,C, right panels) we
conﬁrmed the location of POI A and observed the same FRET peaks as in round 1. (D,E) Bar plots showing the fractions of ﬁngerprint matches
and nonmatches for individual molecules that were identiﬁed as high- (panel D) or medium-FRET construct (panel E). We determined the mean
FRET eﬃciency of the medium- or high-FRET ﬁngerprint in round 1 and compared this with a detection uncertainty of ΔE ∼ 0.07 with round
three to ﬁnd positives matches. The majority of molecules were identiﬁed identically between round 1 and 3, for the high- (panel D) and medium(panel E) FRET ssDNA constructs.

construct, we determined the FRET eﬃciency for both POIs

the linker between POI B and acceptor was shorter (Figure 3B,
left panels, and Figure 3C, open circles).
To further demonstrate the ability of FRET X for the
detection of multiple POIs, we added a third POI to the
triangular DNA structure (Figure 3D). POI C was introduced

and observed a clear change in FRET for POI B (Figure 3B,
right panels, and Figure 3C, solid circles). Furthermore, the
FRET eﬃciency for POI A and the acceptor increased when
3299
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location of POI A by injecting the imager strand for POI A
back and observed the same FRET peaks as in the FRET X
imaging round 1 (Figure 5B,C, right panels).
For each individual molecule, we determined the mean
FRET eﬃciency for POI A in round 1 and 3 compared this
with the FRET eﬃciency obtained for POI A in round 3
(Supplementary Figure 9). The majority (>80%) of the
individual molecules in the mixture had a similar resolved
FRET eﬃciency of POI A between rounds 1 and 3 for the
high- (Figure 5D) or medium- (Figure 5E) FRET constructs.
Only a small fraction of molecules did not show a match
between the FRET X rounds due to a diﬀerent resolved FRET
eﬃciency for POI A or a lack of imager strand binding events
(Figure 5D and E). Altogether, these results show that the
FRET X method is capable of detecting the populations of
individual DNA constructs at the single-molecule level.

at a site close to the acceptor reference point and gives a high
FRET value (Figure 3E, right panel). For POI A and B, we
observed similar FRET eﬃciencies compared to their location
in the structure with only two POIs (Figure 3E left and middle
panels, and Figure 3B top panels).
To investigate the ultimate resolution of FRET X, we
designed a series of ssDNA constructs in which the position of
the donor imager binding site is altered by only a single
nucleotide among the diﬀerent imager strands (Figure 4A).
The FRET X cycle was then repeated for all nine imager
strands. The center of a peak of each histogram was
determined by ﬁtting with a single Gaussian function. The
obtained ﬁngerprint showed nine separated peaks, one for each
donor-labeled nucleotide (Figure 4B and Supplementary
Figure 5), indicating that FRET X has a single-nucleotide
resolution.
To determine the precision that can be obtained using our
FRET X approach, the standard error of the FRET eﬃciency
was plotted as a function of the number binding events. The
chosen events were from an imager strand labeled at position 5
(Supplementary Figure 5E) that yielded a FRET eﬃciency
value of 0.65. Given our photon count rate of 5000 s−1 and the
binding dwell time of 2 s (Supplementary Figure 1A), we
expect the theoretical limit23 of the precision in FRET
determination was ∼0.005 (Supplementary Figure 4C,D).
Experimentally, however, we found that the center of a
Gaussian ﬁt can be determined with a precision of ΔE ∼ 0.01
after obtaining >10 binding events (Figure 4B) due to other
noise contributions such as electronic shot noise and
backgrounds, stray light, and an uneven illumination proﬁle.
The reproducibility of FRET X was demonstrated by
measuring all nine labeled imager strands on diﬀerent days.
As shown in Figure 4C, the standard deviation between the
measurements made on diﬀerent days is about 0.02 for each
construct.
Finally, having the high-resolution analysis of diﬀerent POIs
in a nanoscopic object without photobleaching problems, we
speculated that FRET X can be used reliably for population
analysis at the single-molecule level, which requires repeated
sampling of individual targets. To demonstrate the potential
use of FRET X for population analysis at the single-molecule
level, we designed two ssDNA constructs with structural
diﬀerences and tested whether individual molecules can be
distinguished when the two are mixed. The ssDNA constructs
consist of two POIs, one of which is located at an identical
position on the two DNA constructs. The second POI is
connected to the side of one of the nucleotides in the
backbone sequence and has a diﬀerent location on the two
constructs (Figure 5A and Supplementary Figures 7 and 8). To
avoid the photobleaching of the acceptor dye, we designed a
unique sequence near the 3′ end of the construct where a
complementary acceptor labeled imager strand can transiently
bind. We immobilized a mixture of the two constructs in a 1:1
ratio.
In a ﬁrst round of FRET X, we determined the FRET
eﬃciency for POI A and observed two distinct FRET
populations reporting on the distinct distance between POI
A and the acceptor reference point for the two diﬀerent
constructs (Figure 5B,C, left panels). Next, we washed the
microﬂuidic chamber and injected the imager strand for POI B.
As expected, we observed a single peak for POI B, reporting on
the same position of POI B for both constructs (Figure 5B,C,
middle panels). In a ﬁnal round of FRET X, we conﬁrmed the

■

DISCUSSION
Here, we present a proof-of-concept for FRET X, a novel tool
for the detection of several FRET pairs in a single object,
which can be used for the structural analysis of biomolecules.
Our FRET X technique relies on the dynamic binding of
ﬂuorescently labeled short oligos to complementary docking
sequences on a target object. Conventional single-molecule
FRET techniques report on the changes in distance between a
single dye pair on a single molecule. In contrast, FRET X uses
orthogonal imager strands for diﬀerent POIs which allow us to
separate the detection in time and consequently detect a large
number of POIs on a single object. Both switchable FRET and
FRET X use a stochastic on−oﬀ method. However, unlike
switchable FRET, FRET X allows for probing one and only
one location for a prolonged time until another imager strand
is introduced by an operator. Therefore, we can collect higher
precision data for each location. We note that our FRET X
technique can be integrated with another recently developed
multiplexed FRET barcode technique,24 which allows simultaneous observation of multiple orthogonal probes, reducing the
total measurement time.
Single-molecule FRET has recently been combined with
super-resolution imaging using DNA-PAINT to allow for faster
acquisition21,25 and multiplexing based on FRET eﬃciency.22
While FRET X is designed to report on position and distance
information on diﬀerent POIs in a single object, we envision
that it can also be used to improve the resolution of current
DNA-PAINT technologies.
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