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Abstract: Single-molecule fluorescence resonance energy
transfer (sm-FRET) has become a widely used tool to reveal
dynamic processes and molecule mechanisms hidden under
ensemble measurements. However, the upper limit of fluores-
cent species used in sm-FRET is still orders of magnitude lower
than the association affinity of many biological processes
under physiological conditions. Herein, we introduce single-
molecule photoactivation FRET (sm-PAFRET), a general
approach to break the concentration barrier by using photo-
activatable fluorophores as donors. We demonstrate sm-
PAFRET by capturing transient FRET states and revealing
new reaction pathways during translation using mm fluoro-
phore labeled species, which is 2–3 orders of magnitude higher
than commonly used in sm-FRET measurements. sm-
PAFRET serves as an easy-to-implement tool to lift the
concentration barrier and discover new molecular dynamic
processes and mechanisms under physiological concentrations.

Single-molecule techniques have become widely used tools
to reveal unique properties of individual molecules hidden
under ensemble measurements. Total internal reflection
fluorescence (TIRF) microscopy based single-molecule fluo-
rescence resonance energy transfer (sm-FRET) is commonly
used to examine internal conformational dynamics of surface-
attached molecules or interactions between attached and
freely-diffusing molecules.[1] TIRF microscopy restricts its
excitation volume to a thin layer of evanescent field, which
decays within a few hundred nanometers above the micro-
scope coverslip surface, and presents a better signal-to-noise
ratio (SNR) than Epi-illumination. However, to obtain
optimal SNR under TIRF illumination, the concentrations
of fluorophore-labeled freely-diffusing species are limited to

10 nm or lower, which are still orders of magnitude lower than
the association affinity of many biological processes under
physiological conditions. To address this conflict, several
techniques have been developed,[2] however, a simple method
to perform sm-FRET at mm concentrations or higher in a non-
confined environment is still lacking. In this work, using
photoactivatable organic fluorophores as donors, we devel-
oped a new general and easy-to-implement approach named
single molecule photoactivation FRET (sm-PAFRET), which
lifts the concentration barrier by 2–3 orders of magnitude. We
demonstrated that sm-PAFRET can reveal new molecular
mechanisms at close to physiological concentrations.

The concept of sm-PAFRET is shown in Figure 1A. A
photoactivatable fluorophore serves as the donor, which can
be converted into an activated form by a laser pulse. Unbound
activated fluorophores quickly diffuse out from the glass
surface and are diluted by non-activated molecules, whereas
activated fluorophores attached onto the microscope slide are
continuously excited by the excitation laser and give out
fluorescence and FRET signals. Alternating illumination
between activation and excitation lasers is used to avoid
exciting unbound activated fluorophores and to swiftly
activate photoactivatable fluorophores once they bind.

To achieve our concept, the photoactivatable fluoro-
phores need to have extremely low fluorescence signals in
their non-activated form, their photoactivation rates have to
be fast enough to capture initial dynamic processes upon
binding to surface attached molecules, and the activated
fluorophores need to be bright and stable enough for single-
molecule fluorescence measurements. We tested two com-
mercial photoactivatable fluorophores, CAGE 552 and
CAGE FAM. Once activated, their excitation and emission
spectra are similar to the commonly used Cy3 and Alexa 488,
respectively. The fluorescence signals of non-activated
CAGE 552 and CAGE FAM were (1.03: 0.07) X 104 and
790: 90 fold lower than their counterparts as measured with
a fluorescence spectrometer (Figure 1B,C). Similarly, TIRF-
based single-molecule fluorescence and FRET measurements
showed that the concentrations of free CAGE 552 and CAGE
FAM can be 2–3 orders of magnitude higher than Cy3 and
Alexa 488, respectively, while maintaining similar SNR (Fig-
ure 1D, E, Figures S1–S6 and Tables S1,S2 in the Supporting
Information). In addition, the photoactivation rates of
CAGE 552 and CAGE FAM increased almost linearly with
increasing activation laser (405 nm) power (Figure 1F, G,
Figure S7, and Table S3), whereas activation by the excitation
laser (532 nm or 488 nm) was almost negligible. Although the
brightness, photostability, and SNR of single-molecule tra-
jectories of activated CAGE 552 and CAGE FAM were not
as good as their commonly used counterparts (Figure 1H),
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they still could serve as decent fluorophores for single-
molecule fluorescence and FRET measurements (Figure S8).

Next, we demonstrated that sm-PAFRET can break the
traditional concentration barrier and be applied to a broad
range of concentrations for labeled species. 10 nm–3 mm of
CAGE FAM labeled single-stranded DNA were applied to
the immobilized complementary strand to capture appear-
ance of FRET caused by duplex formation, and 10 nm–1 mm of
CAGE FAM labeled aminoacyl tRNA (aa-tRNA) were
applied to immobilized ribosomal post-translocation com-
plexes to capture the accommodation rates of aa-tRNA
through the appearance of FRET between adjacent tRNAs
(Figure 2A–C). The appearance rates of sm-PAFRET signals
in both assays increased almost linearly with increasing
concentrations of CAGE FAM labeled species for two
orders of magnitude (Figure 2C). The second-order reaction
rates for duplex formation and aa-tRNA accommodation
under our experimental conditions were 0.19: 0.01 mm@1 s@1

and 1.24: 0.09 mm@1 s@1, respectively, which are generally
consistent with reported values.[3] We did notice that the

accommodation of CAGE FAM la-
beled aa-tRNA was several-fold
slower than Cy5-labeled aa-tRNA
(3.3: 0.2 mm@1 s@1, Figure S9),
which might due to the steric hin-
drance caused by the larger molec-
ular size of CAGE FAM over Cy5.
The highest concentration (3 mm)
used here, which was a couple of
hundred times higher than the tra-
ditional concentration barrier, was
no longer restricted by the amount
of fluorescence background we
could tolerate, but was limited by
the amount of labeled materials we
could afford.

Under the highest activation
laser power of our microscope, the
maximum activation rates were
45: 2 s@1 (CAGE 552) and 18:
1 s@1 (CAGE FAM), which set the
upper limit for the fastest dynamic
process we can track upon the
binding of photoactivatable fluoro-
phore labeled species. These acti-
vation rates were fast enough and
would not compromise the time
resolution of our microscope, the
highest full-frame collecting rate of
which is 40 Hz. As a demonstration
for the capture of fast dynamic
processes upon binding, we exam-
ined aa-tRNA accommodation
through FRET between adjacent
tRNAs again. Aa-tRNA transiently
stays in an A/T site before it is fully
accommodated into the ribosomal
A site.[4] Therefore, sm-FRET
between Cy5-labeled tRNA in the

ribosomal P site and Cy3-labeled aa-tRNA delivered to the
ribosome showed a transient low FRET state upon Cy3–aa-
tRNA binding, which corresponds to the intermediate state
containing aa-tRNA in the A/T site, and its evolution to
a stable high FRET state representing the fully accommo-
dated complex (Figure 2 D, E).[5] The transition rate from the
initial low FRET to the stable high FRET was 3.6: 0.2 s@1. A
similar FRET pattern was found when CAGE FAM replaced
Cy3 to serve as the donor on aa-tRNA (Figure 2F). The
transient low FRET state was still captured by sm-PAFRET.
The transition rate from low to the high FRET was 6.6:
0.9 s@1 and was barely changed when doubling the activation
laser power (Figure S10), which implies that the photoacti-
vation was fast enough to fully capture the transient dynamics
during aa-tRNA accommodation. The difference between
transition rates might be caused by different properties
between Cy3 and CAGE FAM attached to aa-tRNA.

Under normal physiological conditions, aa-tRNA and
elongation factor G (EF-G) were present at mm concentra-
tions or higher to support rapid protein synthesis.[6] However,

Figure 1. A) A cartoon demonstrating the alternating activation and excitation lasers to perform sm-
PAFRET measurements. B, C) Standard curves of fluorescence intensity versus concentration for Cy3
and CAGE 552 (B), and for Alexa 488 and CAGE FAM (C). The insets show intensity and
concentration, both on a log scale. D) Average signal-to-noise ratio (SNR) of individual Cy3
fluorophore. E) Width of the observed FRET distribution of Cy3/Cy5 obtained from dye-labeled DNA
duplex standards in the presence of free Cy3 or CAGE 552 in solution. Distributions of SNR and FRET
are shown in Figure S3 and S4, respectively. F) Photoactivation curves for CAGE 552 at various
activation laser (405 nm) powers. G) Photoactivation rates of CAGE 552 and CAGE FAM under
various activation laser powers. H) Fluorescence brightness, photostability, and average SNR of
individual fluorophores attached to a DNA duplex standard collected at 100 ms per frame. Standard
error of mean (SEM) is shown.

Angewandte
ChemieCommunications

6883Angew. Chem. Int. Ed. 2017, 56, 6882 –6885 T 2017 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org


due to the concentration barrier, most smFRET experiments
had to be performed with labeled aa-tRNA and EF-G at
around 10 nm, are far below the physiological concentrations.
Now, with sm-PAFRET, we captured transient FRET
between A-site Cy5–aa-tRNA and CAGE 552 labeled EF-G
during translocation (Figure 3A), with concentrations of
labeled EF-G ranging from 14 nm to 1.4 mm. A mixture of
Cy5–aa-tRNA and CAGE-552–EF-G was supplied to immo-
bilized ribosomal post-translocation (POST) complexes while

collecting sm-PAFRET trajectories, so that CAGE-552–EF-G
could catalyze translocation as soon as Cy5–aa-tRNA accom-
modated on the ribosomes to form pre-translocation (PRE)
complexes (Figure 3A). Interestingly and surprisingly, the
dwell times of FRET between aa-tRNA and EF-G signifi-
cantly decreased as the concentration of EF-G increased from
14 nm to 1.4 mm (Figure 3B). In addition, the distributions of
FRET between them also profoundly changed as the EF-G
concentration varied (Figure 3 C, D). At least three major
FRET states were discovered. A low-FRET state (energy
transfer efficiency, E = 0.37) mainly appeared at low concen-
trations (14 and 45 nm), a high-FRET state (E = 0.80) mainly
appeared at low and medium concentrations (14–450 nm),
and a middle-FRET state (E = 0.54) dominated at high
concentrations (450 nm and 1.4 mm). Due to its flexible
nature,[7] the ribosome has been shown to transit between
several PRE conformational states, from which parallel
translocation pathways can be initiated.[8] Therefore, we
proposed a reaction model to reconcile our new discoveries
(Figure 3E), in which the ribosome starts to transit to
different PRE states once aa-tRNA is fully accommodated.
Binding of EF-G to different PRE states leads to parallel
translocation pathways and results in different FRET dwell
times and FRET values between aa-tRNA and EF-G.
Assuming EF-G binding rates are the same (150 mm@1 s@1)
for all PRE complexes,[9] the transition rates of other steps
were estimated through global fitting and are listed in
Figure 3E (for details, see the Supporting Information).

Here, TIRF microscopy based sm-PAFRET was demon-
strated as a general, powerful, and easy-to-implement
approach to lift the concentration barrier by 2–3 orders of
magnitude. Both sm-PAFRET and PhADE[2c] are methods
based on photoactivation to break the concentration barrier,
however, using photoactivatable organic fluorophores instead
of photoconvertible proteins and optimizing activation laser
power to ensure fast activation of the bound fluorophores are
key elements for performing sm-PAFRET. In addition, our
sm-PAFRET has the potential to combine with zero-mode
waveguides (ZMWs)[2a,f] and convex-lens-induced confine-
ments (CLIC)[2b] to further extend the concentration limit to
the mm range. We expect that single-molecule experiments
performed under physiological concentrations will reveal
more unknown mechanisms.
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Figure 2. A) An illustration of the experimental design. B) Logarithms
of the number of appeared FRET events plotted as a function of time.
Curves represent single-exponential fittings, and number of events in
the first bin were normalized to 1. C) Apparent reaction rates of duplex
formation and aa-tRNA accommodation under various concentrations
of CAGE FAM labeled species. D) An illustration of delivering donor-
labeled aa-tRNA to ribosomal POST complexes with Cy5–tRNA in the
P site to capture transient intermediate state containing aa-tRNA in
the A/T site. E,F) Time-dependent FRET contour plots constructed
from Cy3/Cy5 sm-FRET (E) and CAGE FAM/Cy5 sm-PAFRET (F) to
capture process shown in (D). Data were collected at 25 ms per frame
with 0.80 mWmm@2 532 nm laser excitation (E) or 0.52 mWmm@2

405 nm laser activation and 0.68 mW mm@2 488 nm laser excitation (F).
All single-molecule trajectories were aligned to the beginning of FRET
events as t = 0, when both donor and FRET signals appeared simulta-
neously. Average FRET values of the remaining events at each time
point were calculated and used to plot the black curves, from which
transition rates from the initial low FRET to the stable high FRET were
fitted by single-exponential decay and listed. SEM values are shown.
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Figure 3. A) An illustration of how to use sm-PAFRET between A-site tRNA and EF-G to capture transient interactions between EF-G and the
ribosome. A mixture of Cy5–aa-tRNA and CAGE-552–EF-G was supplied to immobilized POST complexes together so that EF-G could catalyze
translocation as soon as the PRE complex was formed, the lifetime of which would highly depend on EF-G concentration. B,C,D) Dwell-time
distributions (B), time-dependent FRET contour plots (C) constructed from trajectories aligned to the beginning of FRET events as t =0, and FRET
distributions (D) of sm-PAFRET between Cy5–aa-tRNA and CAGE-552–EF-G under various concentrations of CAGE-552–EF-G. Increasing the EF-G
concentration shifts the major FRET population from a low-FRET state (blue, E =0.37) to a high-FRET state (green, E = 0.80), and finally to
a middle-FRET state (red, E = 0.54) as shown in (D). Total numbers of events were normalized to 100% in (B) and (D). E) A proposed reaction
scheme to reconcile EF-G concentration-dependent FRET dwell times and distributions. Assuming EF-G binding rates are the same (150 mm@1 s@1)
for all PRE complexes, transition rates between PRE complexes and dissociation rates of EF-G from three transient intermediate complexes were
estimated through global fitting from our sm-PAFRET measurements and listed. SEM values are shown.
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