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Chapter 10
Molecular Dynamics Revealed by  
Single- Molecule FRET Measurement

Tomohiro Shima and Sotaro Uemura

FRET techniques have been widely used for measuring the dynamics of biomole-
cules because of its high sensitivity as a nanoscale distance sensor. Between two 
closely located fluorescent molecules, energy in an excited donor fluorescent probe 
is resonantly transferred to an adjacent acceptor fluorescent probe, thereby decreas-
ing the donor’s fluorescence intensity and increasing the acceptor’s fluorescence 
intensity. The efficiency of this energy transfer is inversely proportional to the sixth 
power of the distance between the two fluorescent molecules. Accordingly, FRET is 
an extremely sensitive measurement system for detecting changes in the distance 
between two fluorescent probes, particularly around what is called the Förster dis-
tance, namely, a distance that yields a FRET efficiency of 0.5 (4–7 nm for a pair of 
typical fluorescent probes) (Lakowicz 2006). As such, FRET measurement is ide-
ally suited for detecting changes in the distance between domains or subunits within 
a protein or nucleic acids during conformational changes. Moreover, based on the 
ratio of fluorescence intensities of two fluorescent molecules, it can achieve high 
signal-to-noise ratio in measurements of binding and dissociation reactions com-
pared with measurements involving a single fluorescent molecule. These advan-
tages have made FRET an extensively used technique for researching the dynamics 
of biomolecules.

Conventional bulk FRET measurements, however, only yield mean measure-
ment values of a large number of molecules. Therefore, these measurements are 
unable to extract information on the distribution of multiple molecules. The devel-
opment of single-molecule imaging technologies, capable of distinguishing fluores-
cence intensities from individual molecules, has overcome this limitation. In 
combination with the single-molecule imaging techniques, FRET measurements 
are able to distinguish the state of each molecule in real time. This combination has 
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led to the discoveries of diversities in dynamics and states of biomolecules in the 
same conditions.

In this chapter, we first outlines the single-molecule imaging techniques, which 
provide the basis for establishing smFRET measurement, then presents examples of 
protein dynamics research employing smFRET, and finally introduces some state- 
of- the-art smFRET applications.

10.1  Single-Molecule Fluorescence Imaging

To detect single molecule fluorescent probes using optical microscopy, the tech-
niques to reduce background light combined with an intense illumination and highly 
sensitive camera systems are required. By the late 1980s, illumination and imaging 
systems had already been refined to the point of theoretically being able to detect 
single molecules of fluorescent probes. Nevertheless, the influence of background 
light from non-observed fluorescent probes had stalled the development of a system 
capable of identifying fluorescence from a single molecule. In 1990, Shera et al. 
succeeded in distinguishing fluorescent signals emitted from a single fluorescent 
probe molecule using pulsed light to induce photoexcitation of a low-concentration 
fluorescent probe solution streaming through a flow cell (Shera et  al. 1990). 
However, this technique is arguably more pertinent to classifying as flow cytometry 
rather than microscopic imaging. Later, in 1993, Betzig et al. paved the way for the 
technology of single-molecule fluorescence imaging by employing near-field scan-
ning optical microscopy (Betzig and Chichester 1993). Their method took advan-
tage of the phenomenon in which illuminating a small hole with a diameter less than 
the wavelength of the light results in the light emerging only in the immediate vicin-
ity of the hole. By limiting the area of illumination to a minimum, that is, reducing 
the background light from fluorescent probes outside the observation area, they 
achieved single-molecule fluorescence imaging. Thereafter, total internal reflection 
fluorescence microscopy (TIRFM) also has realized single-molecule fluorescence 
imaging by employing a similar strategy (Funatsu et al. 1995). TIRFM uses evanes-
cent waves that occur in the immediate vicinity (~200 nm) of the interfacial surface 
between glass and water. Thus, only fluorescent probes present within ~200  nm 
from the glass surface were illuminated under TIRFM (Axelrod 1981). Compared 
with the near-field scanning microscopy, TIRFM is easy to set up and eligible for 
high-speed imaging. TIRFM requires only a standard fluorescence laser microscope 
with the ability to adjust the incidence angle of excitation light. Moreover, unneces-
sity of the scanning process makes TIRFM capable to swiftly capture images of an 
extensive area in a single shot. These two advantages have contributed to the wide-
spread usage of TIRFM in the single-molecule imaging field. Today, modified epi-
fluorescence microscopy (Sase et al. 1995), confocal microscopy (Nie et al. 1994), 
oblique illumination microscopy (Tokunaga et al. 2008), and light sheet microscopy 
(Ritter et al. 2010), which have a deeper range of photoexcitation than TIRFM, can 
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also be applied to single-molecule imaging. Furthermore, the availability of increas-
ingly bright commercial light-emitting diodes means that laser lighting equipment 
is no longer a prerequisite. These technical advances provide many options for 
building up a single-molecule microscopy appropriate for each experiment.

Although the above-mentioned high-speed single-molecule imaging techniques 
incorporate methods to reduce background light, it is necessary to limit the concen-
trations of fluorescent probes in solution up to the nanomolar order to distinguish 
single molecules from each other. Any higher concentrations render it difficult to 
distinguish single molecules. However, most biomolecules have a dissociation con-
stant within the micromolar range, necessitating measurement at concentrations 
approximately 1000 times higher than the maximum detection limit of TIRFM tech-
niques. To address this issue, zero-mode waveguides (ZMWs) have been developed 
(Levene et al. 2003). A ZMW is an optical wave guide that uses a glass foundation 
onto which a metallic lamina with numerous pores with a diameter of less than 
100 nm is attached through vapor deposition. In a ZMW, only fluorescent probes 
present very close to the glass surface, approximately 10–20 nm in depth, are pho-
toexcited. Therefore, ZMWs method can distinguish single-molecule signals under 
far higher fluorescent probe concentrations compared with TIRFM (Fig.  10.1). 
Indeed, Uemura et al. succeeded in visualizing the dynamics of tRNA that binds and 
dissociates from single-molecule ribosomes in the presence of fluorescently labeled 
tRNA at a high concentration of 2 μM during translation, thereby resolving a long- 
standing mystery regarding the timing of tRNA binding and dissociation from the 
three tRNA binding sites (Uemura et  al. 2010). In addition to the capability of 
single- molecule imaging in the presence of high concentration probes, high- 
throughput data acquisition ability makes ZMWs prominent among the 

Fig. 10.1 Schematic diagrams of typical illumination systems using a fluorescence microscope
(a) Conventional epi-illumination. Fluorescent probes (magenta stars) that exist outside the focal 
plane are also photoexcited, making it difficult to eliminate background light
(b) Total internal reflection (TIR) illumination. Fluorescent probes that exist within the 100–
200 nm distance from the glass surface are photoexcited. The fluorescent probes that exist outside 
of this range (white stars) do not interfere with observation
(c): Zero-mode waveguide illumination. An aluminum lamina with pores with a diameter of 
approximately 100 nm is attached to the glass surface through vapor deposition. Only the fluores-
cent probes that exist within the 10–20 nm distance from the glass surface are photoexcited. This 
trait gives this system the ability to measure single molecules under the presence of fluorescent 
probes at much higher concentrations compared with total internal reflection fluorescence 
microscopy
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 single- molecule imaging techniques. A large number of small pores in a ZMWs cell 
enables the simultaneous and parallel acquisition of single-molecule reaction data 
in huge quantities. Taking advantage of these high-throughput data acquisition 
capabilities, one of the third-generation sequencers now incorporate ZMWs. The 
single-molecule real-time sequencers of Pacific Biosciences, for instance, monitor 
and quantify hundreds of thousands of molecular reactions simultaneously, thus 
achieving a throughput that is one to ten million times faster than conventional 
Sanger sequencing (Perkel 2016). Therefore, using ZMWs, we can now acquire 
data of a large number of single molecules even in the presence of high concentra-
tion fluorescent probes.

10.2  Molecular Dynamics of Proteins Measured by smFRET

Advances in single-molecule fluorescent imaging technology have made it possible 
to perform smFRET measurements. smFRET measurements have revealed diversi-
ties in behavior of individual molecules in many types of bio-reactions, overturning 
the conventional view that molecules in same conditions show uniform reaction and 
dynamics. Inhibition of protein synthesis mediated by aminoglycoside antibiotics 
presents an example of such diversity among similar molecules revealed by 
smFRET.  The three aminoglycoside antibiotics, apramycin, paromomycin and 
gentamycin, are known to inhibit protein synthesis by binding to the A site of the 
bacterial ribosomal small subunit. Until recently, it remained unclear which step of 
the ribosome-mediated protein translation process these antibiotics inhibit. Tsai 
et al. explored steps inhibited by these antibiotics by visualizing behavior of indi-
vidual ribosomes with smFRET and ZMWs methods (Tsai et al. 2013). The major 
conformational changes in ribosomes (rotation of the large and small subunits) and 
tRNA selection processes at the A site were monitored by smFRET in ZMW cells. 
As a result, Tsai et al. found that apramycin inhibited the translocation of tRNA 
from the A site, but not affecting the major conformational change in ribosome that 
precedes the tRNA translocation. Meanwhile, paromomycin and gentamicin 
induced non-cognate tRNA binding and inhibited the ribosomal conformational 
change (Fig. 10.2). These results obtained from smFRET measurements clarify the 
detailed steps of protein synthesis, and reveal the diverse inhibition mechanisms of 
the antibiotics in the same type.

smFRET measurement is an exceptionally versatile technique, capable of track-
ing the dynamics of not only ribosomes but also many other molecules in real time. 
Next, we present some of the latest findings regarding the dynamics of the RNA- 
guided Cas9 endonuclease, which has been recognized as a powerful genome- 
editing tool. Cas9 protein binds to a single-stranded guide RNA (sgRNA) to form an 
sgRNA–Cas9 complex, which then binds to a double-stranded DNA with a specific 
base sequence (NGG for S. pyogenes Cas9), known as the protospacer adjacent 
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motif (PAM). When the DNA sequence preceding the PAM is same as that of the 
sgRNA, the Cas9 complex cleaves both DNA strands. Intriguingly, smFRET mea-
surements revealed that DNA sequences scarcely affect the DNA binding rate with 
sgRNA-Cas9 (Singh et  al. 2016). In contrast, the dissociation rate considerably 
increases on the introduction of mismatches proximal to the PAM sequence. This 
mechanism probably suppresses further reactions against off-target DNAs. Another 
smFRET analysis revealed heterogeneity in the behavior of the Cas9 molecules dur-
ing the DNA cleavage process. In any crystal structures of the DNA-sgRNA-Cas9 
ternary complex solved to date, the active site of the HNH nuclease domain in Cas9 
does not attach to the DNA cleavage site (Nishimasu et al. 2014; Sternberg et al. 
2015; Jiang et al. 2016). Thus, the ternary complex has been predicted to take addi-
tional temporal conformations beyond the solved crystal structures during DNA 
cleavage. Single-molecule measurements of intramolecular FRET between probes 
in the HNH domain and the domain proximal to the DNA cleavage site demon-
strated that the ternary complex shows both static and fluctuating phases (Osuka 
et al. 2018). In the static phase, the HNH domain stays at the DNA-undocked posi-
tion, which is 3-nm away from the DNA cleavage site, for an extended period. 

Fig. 10.2 Action mechanism of aminoglycoside antibiotics revealed by monomolecular FRET 
measurement
Normally, when a second aminoacyl tRNA binds to a ribosome, the large and small ribosomal 
subunits rotate. This is followed by the translocation of tRNA, with the ribosome returning to the 
original conformation. Fluorescently labeling of the two subunits visualizes this inter-subunit rota-
tion. smFRET measurements have revealed that paromomycin and gentamicin inhibit the first 
rotation and apramycin inhibits the tRNA translocation and the second ribosomal rotation, which 
returns the ribosome to its original conformation (Tsai et al. 2013)
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Contrarily, in the fluctuating phase, the HNH domain frequently moves between 
DNA-undocked, semi-docked and cleavage competent docked positions. Because 
the complex cleaves DNA only when the HNH is in the docked position, mutations 
that unstabilize the other HNH positions may enhance the nuclease activity of the 
Cas9. The fact that smFRET detected this temporal cleavage competent conforma-
tion, which is not solved by crystal structures, demonstrates the usefulness of 
smFRET as an analytical tool for investigating polymorphisms and fluctuations in 
protein structures (Fig. 10.3).

10.3  Advances in smFRET Methods

The smFRET techniques presented in this chapter have been advancing further by 
incorporating other methodologies. For instance, attempts are being made to apply 
luminescent probes to observe single-molecule dynamics. Luminescent probes do 
not require illumination light, surmounting the obstacles of fluorescence imaging: 
autofluorescence, photo-damage to the samples and the strict limitations in the use 
of optogenetic tools. However, low brightness of the luminescent probes has limited 
the application of luminescent imaging. Recently, several bright and multicolor 

Fig. 10.3 Dynamics of the DNA cleavage domain of Cas9. (Reproduced from Osuka et al. 2018)
smFRET measurements have revealed that HNH nuclease domain of Cas9 assumes two different 
phases: (a) a static phase in which the HNH domain remains stationary for an extended period 
(over 100 s) and (b) a fluctuating phase in which the domain moves frequently between multiple 
positions (Osuka et al. 2018). Only during the fluctuating phase, the Cas9 takes structure capable 
to cleave DNA strands. In addition, the measurement has also suggested that the HNH domain 
needs to temporarily translocate into the undocked position during transitions between the semi- 
docked and docked positions
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luminescent probes were developed by employing resonance energy transfer from 
luminescent probes to fluorescent proteins (Suzuki and Nagai 2017). The developed 
probes have greatly improved the sensitivity of luminescent imaging. In addition to 
the luminescent probes, various biosensors using FRET technique have been devel-
oped, enabling elucidation of the localization and dynamics of diverse intracellular 
molecules in single-molecule sensitivities.

Now, efforts are also underway to accelerate the smFRET measurement process. 
While conventional smFRET is able to detect the dynamics of biomolecules within 
10–100 millisecond order, a recent study demonstrated that smFRET can track pro-
tein conformational changes at the microsecond level (Otosu et  al. 2015). When 
FRET occurs, the donor fluorescent probe shows a decreased fluorescence intensity 
as well as a shortened cycle of time before returning to the ground state after photo-
excitation (fluorescence lifetime). Compared with conventional intensity measure-
ments, the lifetime measurements require fewer fluorescent photons to monitor 
FRET efficiency, and hence, can improve the temporal resolution of FRET mea-
surements. The study using this method revealed the detailed process of conforma-
tional changes in cytochrome c protein at a sub-microsecond temporal resolution 
(Otosu et al. 2015).

Although the FRET techniques presented above are premised on the labeling of 
samples with two (or more) probes in different colors, smFRET can be measured 
using a fluorescent probe. Using non-fluorescent quenchers allows experimenters to 
perform an analysis similar to two-colored FRET measurement simply by measur-
ing the fluorescence intensity of one fluorescent probe. When the donor fluorescent 
probe approaches a quencher, the fluorescence intensity decreases due to resonance 
energy transfer from the donor to the quencher. Therefore, one can observe confor-
mational changes, bindings, and dissociations of labeled biomolecules simply by 
measuring the change in fluorescence intensity of the donor probe (Chen et  al. 
2012). Moreover, not only between heterologous molecules, FRET between homol-
ogous probes (referred to as homo-FRET) can be measurable. When illuminated by 
polarized light, only fluorescent probes in specific orientation are photoexcited and 
emit polarized fluorescence. If two identical fluorescent probes locate close together, 
because of FRET between the probes, the probes not in the photo-excitable orienta-
tion also emit fluorescence light polarized differently than that from the photoex-
cited donor probe, resulting in decreased anisotropy of the fluorescence. Therefore, 
distance changes between identical probes can be monitored by measuring the 
polarization components of fluorescence. This homo-FRET technique expands the 
application of FRET measurement in the studies of dynamics of biomolecules 
which can be labeled with only one-type of fluorescent probe, such as oligomeriza-
tion processes of an endogenous protein (Bader et al. 2011). These advanced optical 
techniques have further sophisticated the smFRET method, so that we can elucidate 
more detailed behaviors of wider range of biomolecules.
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10.4  Conclusion

smFRET is a particularly useful technique for investigating the behavior of indi-
vidual biomolecules. Its applications have been steadily expanding by incorporating 
various other optical technologies. The strength of smFRET lies in its ability to 
track dynamic conformational changes and bindings/dissociations of ligands under 
near physiological conditions in real-time. Although smFRET measurements only 
detect distances and angles between a few positions labeled with FRET probes, this 
drawback can be complemented by X-ray crystal structure and electron microscopic 
analyses that visualize entire structures at high resolution. The appropriate combi-
nations of technologies will further deepen our understanding of the molecular basis 
of biological phenomena.
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