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ABSTRACT: Many biological processes employ mechanisms
involving the locations and interactions of multiple components.
Given that most biological processes occur in three dimensions,
the simultaneous measurement of three-dimensional locations and
interactions is necessary. However, the simultaneous three-
dimensional precise localization and measurement of interactions
in real time remains challenging. Here, we report a new
microscopy technique to localize two spectrally distinct particles
in three dimensions with an accuracy (2.35σ) of tens of
nanometers with an exposure time of 100 ms and to measure
their real-time interactions using fluorescence resonance energy
transfer (FRET) simultaneously. Using this microscope, we
tracked two distinct vesicles containing t-SNAREs or v-SNARE
in three dimensions and observed FRET simultaneously during single-vesicle fusion in real time, revealing the nanoscale motion and
interactions of single vesicles in vesicle fusion. Thus, this study demonstrates that our microscope can provide detailed information
about real-time three-dimensional nanoscale locations, motion, and interactions in biological processes.
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Recent advances in single-molecule fluorescence techni-
ques enable us to observe the dynamics of individual

proteins and organelles.1−6 In particular, single-particle
tracking allows us to monitor the motions of single proteins
or organelles with high spatiotemporal resolution, and provides
deeper understanding about underlying mechanisms in
complex biological systems.7−11 For example, two-dimensional
single-particle tracking of membrane proteins on the plasma
membrane has revealed the lateral motion of membrane
proteins and their roles in the biological processes.7,12−14

Given that most proteins and organelles move in three
dimensions in biological systems, three-dimensional local-
ization is required to accurately understand the locations and
motion of these proteins and organelles. Recently, new
methods to localize single particles in three dimensions have
been developed and provided new information about bio-
logical processes with high spatiotemporal resolution.4,11,15−37

Fluorescence (or Förster) resonance energy transfer
(FRET) has become a very powerful research tool in biology.38

FRET is a process by which an excited donor fluorophore
transfers its energy to an acceptor fluorophore through a
dipole−dipole interaction.38,39 FRET has been widely used for
studying the nanometer-scale dynamics and protein−protein
interactions in many biological systems.40−44 In particular,
single-molecule FRET enables us to observe the conforma-

tional changes and interactions of single proteins and nucleic
acids,39,41,45 whereas live-cell FRET allows us to study
molecular interactions and the stoichiometry of donor and
acceptor molecules in living cells.46−48

Since many biological processes are involved with the three-
dimensional locations and interactions of multiple compo-
nents, comprehensive understanding of biological processes
requires the simultaneous measurement of their three-dimen-
sional locations and interactions. However, the simultaneous
measurement of three-dimensional locations and interactions
of two particles remains challenging. Here, we have developed
a new microscopy technique to simultaneously localize two
spectrally distinct particles in three dimensions with nano-
metric precision and measure the interactions between them
using FRET in real time.
In order to simultaneously localize two spectrally distinct

particles in three dimensions and measure their interactions in
real time, we built a dual-color three-dimensional localization
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and FRET microscope (dual-color 3D localization-FRET
microscope). Figure 1 shows the schematic diagram of our

dual-color 3D localization-FRET microscope. To localize
single particles in three dimensions, we used the astigmatism
generated by a weak cylindrical lens ( f = 10 m) which creates
the varied ellipticity of a fluorophore at different z
positions.20,34,49 The ellipticity of the fluorophore depends
on the position along the z-axis. The positions in the x−y plane
and the widths of point spread functions (PSFs) of single
fluorescent particles were obtained by fitting the fluorescence
images to a two-dimensional Gaussian function defined
as20,50,51
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where A0 is the background, A1 is the peak intensity of the PSF,
x0 and y0 are the centroids in the x−y plane, and wx and wy are
widths along the x-axis or y-axis, respectively. The x0 and y0
obtained from the two-dimensionalGaussian fitting can be used
as the centroid position of fluorescent particles in the x−y
plane. The calibration curve based on the widths of the PSFs
or the ellipticity (wx/wy) at different z positions can be used to
localize the z positions of fluorescent particles.20,34,49,52 To
localize three-dimensional positions of two spectrally distinct
particles, we divided the whole emitted fluorescence signals
into two spectrally distinct channels using a custom-made dual-
view imaging system (Figure 1) and determined the three-
dimensional positions of two spectrally distinct particles based
on their PSF-fitting in each channel.
To test the accuracy of three-dimensional localization in two

channels of our microscope, we used TetraSpeck microspheres
containing many fluorophores. Figure 2a shows fluorescence
images of TetraSpeck microspheres at different z positions in
the donor channel (transmitting wavelength of 550−610 nm)
and the acceptor channel (transmitting wavelength of 665−

715 nm) separated by a dichroic mirror (T647lpxr).
Fluorescence images in both channels showed the strong
dependence of the ellipticity of the fluorophores on the z
position (Figure 2a) and were fitted into eq 1 to measure the
widths of the PSF (wx and wy). The calibration curves based on
the widths of the PSF (Figure 2b) or the ellipticity (wx/wy)
(Figure 2c) at different z positions were used to localize the z
positions of fluorophores. The localization accuracy was
estimated by calculating the positional distributions with
respect to the average position of each centroid.16,20 The
histograms of the localized positions were fitted to a Gaussian
curve, which provided a standard deviation (σ) along the x-, y-
and z-axes in these channels of this microscope. The
localization accuracy of single TetraSpeck microspheres

Figure 1. Schematicdiagram of a dual-color three-dimensional
localization and FRET microscope (dual-color 3D localization-
FRET microscope). A cylindrical lens (CL) is inserted into the
emission path of the microscope to localize single particles in three
dimensions. A custom-made dual-view imaging system (marked as a
dashed rectangle) is used to split the whole emission signals into two
spectrally distinct emission signals. The dual-view imaging system
includes an aperture (A), a dichroic mirror (DM), a right-angle mirror
(RAM), emission filters (EM), lenses and mirrors.

Figure 2. Three-dimensional localization of a single fluorescent
microsphere. (a) Fluorescence images of a single TetraSpeck
microsphere at different z positions in the donor and acceptor
channels. The average fluorescence intensity of a single microsphere
within a region of interest (ROI) in the donor channel was 979
whereas the average intensity of the same microsphere in the acceptor
channel was 671. Scale bar: 500 nm. (b) Calibration curves based on
the widths of the PSFs (wx and wy) at different positions along the z-
axis in the acceptor (b1) and donor (b2) channels. (c) Calibration
curves based on the ellipticity (wx/wy) at different z positions in the
acceptor (c1) and donor (c2) channels. (d) Three-dimensional
localization distribution of single microspheres in the acceptor and
donor channels. Repeated localization of single PSFs yielded
histograms. These histograms were fit to a Gaussian function, yielding
standard deviations (σ) of 5.0 nm in x, 5.3 nm in y, and 13.7 nm in z
in the acceptor channel (d1) and of 5.6 nm in x, 5.0 nm in y, and 12.7
nm in z in the donor channel (d2) with an exposure time of 100 ms.
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estimated by full width at half-maximum (2.35σ) along the x-,
y-, and z-axes was 11.8, 12.5, and 32.2 nm in the acceptor
channel (Figure 2d1) and 13.2, 11.8, and 29.8 nm in the donor
channel (Figure 2d2) with an exposure time of 100 ms,
indicating that the dual-color 3D localization-FRET micro-
scope can be used for localizing two spectrally distinct particles
in three dimensions with nanometric precision. The local-
ization accuracy in the z position is significantly worse than
that in the x and y positions, which is consistent with previous
reports.16,20,33 The temporal resolution of the dual-color 3D
localization-FRET microscope is limited by the readout rate of
EMCCD camera and the number of collected photons. Since
the lower number of collected photons during the exposure
time of less than 100 ms resulted in a deterioration of the
localization precision, we estimated 100 ms as the minimum
exposure time for accurate three-dimensional tracking in our
microscope. The range of axial localization in our dual-color
3D localization-FRET microscope was from −600 to 600 nm.
The images of TetraSpeck microspheres were also used to
generate a three-dimensional mapping file to register the
locations of fluorophores in the acceptor channel onto the
donor channel using 3D local weighted mean (LWM)
transformation, similar to the previously reported two-
dimensional mapping (see details in Supporting Informa-
tion).53,54

To test whether our dual-color 3D localization-FRET
microscope can be used for measuring real-time FRET, we
performed real-time single-molecule FRET experiments.
Figure 3a shows the schematic diagram of FRET measurement
of single double-stranded DNA molecules labeled with ATTO
550 (donor) and ATTO 647N (acceptor) (see details in the
Supporting Information). The biotin−NeutrAvidin interaction
was used to immobilize biotinylated DNA molecules to the
surface of a coverslip. Figure 3b shows fluorescence intensity
time traces of a double-stranded DNA molecule labeled with

ATTO 550 and ATTO 647N in the donor and acceptor
channels excited by a 532 nm laser and separated by a dichroic
mirror (T647lpx). The fluorescence intensity time traces of
ATTO 550 and ATTO 647N show an anti-correlated behavior,
which indicates the fluorescence resonance energy transfer
between ATTO 550 and ATTO 647N molecules. We
observed one-step photobleaching in the acceptor channel at
10 s, suggesting that the fluorescence in the acceptor channel
was from a single ATTO 647N molecule. FRET efficiency is
defined as the energy transfer fraction from a donor
fluorophore to an acceptor fluorophore, and can be calculated
in principle by the fraction of acceptor fluorescence intensity
(IDA) to the total fluorescence intensity of donor and acceptor
(IDD + IDA) under the illumination of a donor excitation
laser41,55,56

=
+

E
I

I I
DA

DD DA (2)

The calculated real-time trace of FRET efficiency of single
DNA molecules showed high-FRET efficiency (∼0.9) between
single ATTO 550 and ATTO 647N molecules before
photobleaching of ATTO 647N (Figure 3c). This high
FRET efficiency implies that ATTO 550 and ATTO 647N
were in close proximity, which is in good agreement with our
proximate labeling of ATTO 550 and ATTO 647N in the
double-stranded DNA molecules. After photobleaching of
ATTO 647N, the FRET efficiency decreased to nearly zero,
indicating no FRET. Thus, the FRET measurement of single
ATTO 550 and ATTO 647N labeled double-stranded DNA
molecules demonstrates that our microscope can be used for
measuring FRET efficiency between a donor fluorophore and
an acceptor fluorophore in real time at the single-molecule
level.
Furthermore, we applied the dual-color 3D localization-

FRET microscope to live-cell FRET using mClover3-mRuby3
FRET pair (a bright and photostable fluorescent proteins
FRET pair)57 in living HEK293T cells. We observed a
significantly higher FRET efficiency of mClover3-2aa-mRuby3
compared with mClover3-80aa-mRuby3 (Supporting Figure
S1), demonstrating the capability of this microscope to
measure FRET in living cells.
To test whether the capability of the dual-color 3D

localization-FRET microscope to simultaneously localize two
spectrally distinct particles in three dimensions and to measure
FRET between them can be used to study biological processes,
we applied the dual-color 3D localization-FRET microscope to
an in vitro single-vesicle fusion assay where two different types
of reconstituted vesicles containing a FRET pair undergo
membrane fusion using a set of proteins called SNAREs (soluble
N-ethylmaleimide-sensitive factor attachment protein recep-
tors).58,59 We reconstituted one group of vesicles with target
SNAREs (t-SNAREs) and the other group of vesicles with
vesicle SNARE (v-SNARE). Due to the strong overlap
between the emission spectrum of DiI (a yellow membrane-
intercalating dye; donor) and the absorption spectrum of DiD
(a red membrane-intercalating dye; acceptor) with Förster
radius (R0) = 5.2 nm,60 a DiI-DiD FRET pair was used for
measuring intervesicular FRET. Figure 4a shows the schematic
diagram of the in vitro single-vesicle fusion assay (see detailed
methods in the Supporting Information). Vesicles containing
DiI and t-SNAREs (t-vesicles) were tethered to the surface of a
coverslip through the interaction between the biotinylated lipid

Figure 3. Single-molecule FRET of single double-stranded DNA
molecules. (a) Schematics of immobilization. Biotinylated double-
stranded DNA molecules containing ATTO 550 and ATTO 647N
were immobilized to coverslips by the interaction between
NeutrAvidin and biotinylated PEG (Biotin-PEG). (b) Fluorescence
intensity time traces in the donor (ATTO 550) and acceptor (ATTO
647N) channels excited by a 532 nm laser. The fluorescence intensity
trace in the ATTO 647N channel showed one-step photobleaching at
10 s, indicating that the fluorescence in the acceptor channel was from
a single ATTO 647N molecule. (c) The trace of FRET efficiency
shows that FRET efficiency decreased to almost zero after
photobleaching of ATTO 647N.
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on the liposome membrane and NeutrAvidin bound to
biotinylated polyethylene glycol (PEG) on the surface of the

coverslip. After adding vesicles containing DiD and v-SNARE
(v-vesicles), we observed the fusion between t-vesicles and v-
vesicles using the dual-color 3D localization-FRET microscope.
We illuminated these two types of vesicles using alternating
illumination of 532 and 640 nm lasers with a 100 ms camera
exposure time to simultaneously localize them in donor and
acceptor channels and measure intervesicular FRET. A
dichroic mirror (T647lpxr) was used for splitting fluorescence
signals from vesicles labeled with DiI or DiD. Separate images
of single vesicles containing DiI or DiD under alternate
illumination of 532 or 640 nm lasers were used to localize
these distinct vesicles in three dimensions in real time by fitting
PSFs to eq 1 and by using the calibration curve. FRET
efficiency was calculated by the ratio of acceptor intensity (IDA)
to the total intensity of donor and acceptor (IDD+IDA). Figure
4b−c display the three-dimensional trajectories, fluorescence
intensity time traces, and FRET efficiency traces of vesicles
undergoing different fusion pathways. Real-time three-dimen-
sional trajectories and a FRET efficiency trace in Figure 4b
show one-step fusion at 15.1 s, indicating that the v-vesicle (an
acceptor vesicle) moved to the immobilized t-vesicle (a donor
vesicle) and underwent rapid fusion without any intermediate
step. Three-dimensional trajectories and a FRET efficiency
trace in Figure 4c show two-step fusion, revealing one
intermediate step before fusion. That is, the sudden increase
of the acceptor fluorescence followed by a plateau in
fluorescence intensity indicates that the v-vesicle moved
suddenly toward the t-vesicle and underwent a docking step.
Three-dimensional trajectories of the v-vesicle and the t-vesicle
show that the centroids of two vesicles were located 42 nm
away during the docking step. Then, these vesicles underwent
full fusion at 32.1 s with the rapid increase of FRET efficiency.
These traces reveal the detailed motion of single vesicles in the
process of fusion. The combined three-dimensional trajectories
of the v-vesicle and t-vesicle are shown in Figure S2. The
motion of the v-vesicle was followed by the anti-correlation in
fluorescence intensity between the v-vesicle and t-vesicle,
implying that the motion of the v-vesicle toward the t-vesicle
was closely trailed by the interactions between these pairs of
the v-vesicle and t-vesicle. We also observed multiple-step
fusion events (Figure S3), including three-step and four-step
fusion, in the process of vesicle fusion. The prevalence of the
one-step fusion event drastically increased at a higher ratio of
protein to lipid (Figure 4d), which indicates that the high
concentration of SNAREs in vesicles induces more full fusion
without any intermediate step. Finally, control experiments
further confirmed that vesicle-fusion was induced by mixing of
v-vesicles and t-vesicles, not by mixing of the same types of
vesicles (Figure 4e). Thus, the simultaneous three-dimensional
tracking and FRET measurement of two distinct vesicles using
the dual-color 3D localization-FRET microscope demonstrates
its capability to provide detailed information about the
dynamics of vesicle fusion from transport to full fusion,
which has not been accessible with existing methods.
In this work, we introduce a new microscopy technique

(dual-color 3D localization-FRET microscope), which enables
us to simultaneously localize two spectrally distinct particles in
three dimensions with nanometric precision and to measure
FRET between them in biological processes in real time. Using
this microscope, we observed the real-time three-dimensional
nanoscale motion of single reconstituted vesicles in the process
of vesicle fusion, which demonstrates the capability of this
microscope to provide new dynamic information on three-

Figure 4. Simultaneous three-dimensional localization and FRET
measurement of DiI-labeled and DiD-labeled vesicles in real time. (a)
Schematic diagram of single DiI-labeled and DiD-labeled vesicles
fusion assay. DiI-labeled vesicles containing t-SNAREs (t-vesicles)
were immobilized to PEGylated coverslip using the NeutrAvidin−
biotin interaction. DiD-labeled vesicles containing v-SNARE (v-
vesicles) were added to a sample chamber to induce vesicle fusion.
(b) Real-time three-dimensional trajectories of a single reconstituted
DiD-labeled vesicle (b1) and a DiI-labeled vesicle (b2), fluorescence
intensity time traces and a FRET efficiency trace (b3) showing one-
step fusion without any intermediate step in vesicle fusion. Vertical
gray bar: fusion. (c) Real-time three-dimensional trajectories,
fluorescence intensity traces and a FRET efficiency trace showing
two-step fusion with one intermediate. The intermediate represents
the docking step. Vertical orange bar: docking. Vertical gray bar:
fusion. (d) Prevalence of single-step, two-step and multiple-step
fusion at different ratios of protein to lipid (1:500 (n = 24 fusion
events) and 1:200 (n = 36 fusion events). (e) Fusion rate of vesicles
by mixing t- and v-vesicle pair (N = 5 movies) or v-vesicles alone (N =
5 movies) or t-vesicles alone (N = 5 movies).
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dimensional nanometric locations, motion, and their inter-
actions of two particles in biological processes. Thus, this
microscopy technique will be useful for investigating detailed
mechanisms of biological processes because many biological
processes are involved in simultaneous nanoscale motion and
interactions in three dimensions. Furthermore, it can
potentially be used for estimating a wide range of the distances
between two particles in biological processes starting from a
few nanometers to hundreds of nanometers. Owing to these
capabilities, this dual-color 3D localization-FRET microscope
will allow us to address important questions related to dynamic
biological processes including how stromal interaction
molecule 1 (STIM1 - a Ca2+ sensor in the endoplasmic
reticulum (ER) membrane) and Orai1 (a Ca2+ release-
activated Ca2+ channel subunit in the plasma membrane)
move, bind each other, and activate store-operated Ca2+

channels at the ER-plasma membrane junction following
depletion of Ca2+ store in the ER14 and how G protein-coupled
receptors (GPCRs) move and interact during the G-protein
signaling in living cells.61 Hence, the dual-color 3D local-
ization-FRET microscopy will enable new discoveries about
the dynamics and underlying mechanisms of biological
processes.
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