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Membrane receptors provide interfaces of various extracellular stimuli to transduce the signal into the cell.
Receptors are required to possess such conflicting properties as high sensitivity and noise reduction for the cell to
keep its homeostasis and appropriate responses. To understand the mechanisms by which these functions are
achieved, single-molecule monitoring of the motilities of receptors and signaling molecules on the plasma
membrane is one of the most direct approaches. This review article introduces several recent single-molecule
imaging studies of receptors, including the author's recent work on triple-color single-molecule imaging of G
protein-coupled receptors. Based on these researches, advantages and perspectives of the single-molecule imaging
approach to solving the mechanisms of receptor functions are illustrated.
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e d Significance W
Cells sense a variety of extracellular signals and respond appropriately. The interfaces for sensing extracellular
signals are membrane receptor molecules. Receptors have mechanisms to sense their cognate signals with high
sensitivity while eliminating noise. A most direct approach to investigate the mechanisms of the conflicting
functions of receptors is single-molecule observation in living cells. Recent advances in statistical and
mathematical methods realize detailed motility analysis in single molecule imaging. In this review, potential of
single-molecule imaging for solving problems in signal transduction mechanisms is illustrated through recent
several works on single-molecule live-cell imaging.

Introduction

Membrane receptors are essential for biological investigations from basic sciences in cell and molecular biology and
applied sciences such as drug discovery. The receptors sense extracellular stimuli and initiate intracellular signaling events
by transmitting the signal to downstream intracellular signaling proteins. Downregulation of the signaling will prevent
appropriate cellular processes, whereas overactivation of the receptor function often causes such diseases as tumorigenesis.
Identification of signaling networks and molecules involved in the network have been performed intensively through
biochemical and molecular biological analysis, and now blueprints on complex signaling networks are available [1]. On
the other hand, it is still obscure how the molecules in the network function in living cells. The dynamics of the molecules
of interest in living cells will provide essential clues to solve the problem. Single-molecule imaging is one of the most
direct approaches to obtaining information on the target molecule dynamics in living cells [2]. This review introduces
examples of single-molecule imaging studies, mainly the triple-color single-molecule imaging of FPR1 [3], a species of
G protein-coupled receptors (GPCRs), and overviews prospects of the single-molecule imaging. This review article is an
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extended version of the Japanese article [4].
Single-Molecule Imaging of Signaling Molecules on the Plasma Membrane

Single-molecule imaging is a unique technique among fluorescence imaging methods, which helps obtain information
on the unaveraged behavior of individual molecules in real-time [2,5]. This feature of single-molecule imaging realizes
monitoring such state of individual molecules as oligomerization [6] and motility [7] in addition to phenomena occurring
in short-time and small numbers of molecules [8] hidden in time and number averaging in ensemble imaging methods. In
other words, single-molecule imaging is a powerful tool for analyzing the formation and dissociation of each short-term
molecular interaction, detecting molecular states that are the minority in number, and identifying the clustering and
complex formation of individual molecules.

Single-molecule imaging, however, has several limitations in comparison to other live-cell imaging techniques. Single-
molecule imaging usually requires intense excitation light and, therefore, is suffered by rapid photobleaching. Single-
molecule spots detection is difficult in the high-density condition of the target molecules. Moreover, single-molecule
fluorescence intensity severely fluctuates, making it difficult to estimate the number of molecules included in a single
fluorescent spot with accuracy. These limitations often restrict the experimental conditions to perform analysis of single-
molecule motility and assembly states in living cells.

For single-molecule live imaging, total internal reflection fluorescence microscopy is often adopted because it reduces
background light, which helps detect weak single-molecule fluorescent spots [9]. Since evanescent light produced by total
internal reflection illumination can reach just the vicinity of the basal plasma membrane of the sample cell, molecules in
and on the plasma membrane like receptors are suitable targets for single-molecule imaging studies. Various findings
have been obtained on the mechanism of extracellular signal transduction through receptor molecules based on the
analysis of receptor motility [10-12].

Membrane receptors are generally trans-membrane proteins that transport extracellular stimuli into the cell. When a
ligand binds to the extracellular domain of a receptor molecule in the plasma membrane, the intracellular domain interacts
with cytoplasmic signaling proteins to transmit the signal into the cell. Notably, a simple model of receptor function based
on one-to-one binding of a ligand and a receptor is not sufficient to explain the mechanisms of the properties required to
receptors, such as a wide dynamic range or an acute response in signaling activity with a threshold at a specific ligand
concentration, and a combination of high sensitivity and low noise [13]. Various factors are known to regulate receptor
function, such as the dimer or oligomer formation of receptors and related proteins [14,15], the dependence of lipids in
the plasma membrane [16], and actin meshwork located just below the plasma membrane [17]. However, the detailed
regulation mechanisms of receptor function are not fully understood yet.

Since the realization of single-molecule fluorescence imaging in living cells, several studies have been reported on the
mechanism of receptors and signal transduction through single-molecule live imaging. A prominent single-molecule
imaging study of membrane protein and signal transduction in living cells was conducted on a GPI-anchored protein
CD59 [16]. In this study, the single-molecule diffusion motility of CD59 on the plasma membrane was tracked and
analyzed in the monomer and crosslinked states, respectively. The analysis results showed that the sub-second temporary
arrest of lateral diffusion, named STALL, increased by crosslinking of CD59. The dual-color single-molecule imaging of
CD59 with downstream molecules Gai2 or Lyn showed that the STALL was initiated by colocalization of CD59 and
Gai2. Then Lyn colocalized to the CD59 cluster during the STALL. These observation results suggest that a single CD59
cluster introduces a pulsed signal into the cell that is shorter than one second, which is much shorter than the duration
time of the cellular signaling response. These findings were made possible by single-molecule live-cell and demonstrated
the potential of single-molecule imaging to reveal the mechanism of signal transduction.

In another example, single-molecule monitoring of epidermal growth factor receptor (EGFR) was reported.[18] In this
report, the variable Bayes-hidden Markov model (VB-HMM) was used to analyze the motility of and clustering states in
single EGFR trajectories before and 15, 30, 60 seconds after EGF stimulation. The motility the EGFR was categorized
into three classes: immobile, slow mobile, and fast mobile. Before the stimulation, EGFR in the immobile and slow
mobile modes showed confined diffusion motions, whereas the fast-mobile EGFR exhibited free diffusion on the plasma
membrane. Interestingly, the confinement condition of the EGFR diffusion altered upon the EGF stimulation; the
confinement of the slow-mobile EGFR dissolved in 15-30 seconds after the stimulation, and then the diffusion area was
narrowed again to be smaller than the initial value at 60 seconds. This alteration of the confinement area may help
accelerate the EGFR association to form dimers or clusters required for signaling reaction. Recently, the mechanism of
Son of Sevenless (SOS) activation, which is an upstream molecule of the MAP kinase pathway, on the membrane was
reported [19]. In this study, the dwell time of SOS localization on the artificial membrane was estimated by single-
molecule imaging. The dwell time analysis of single SOS molecules exhibited 'activation lag time' in which SOS kept
localizing on the membrane before activation. After the lag time, activated SOS then crosslinked a transmembrane protein
LAT to induce phase separation, which provides a scaffold of Ras activation. The presence of the lag time would help to
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proofread SOS activation. Such proofreading manner of SOS activation using the lag time and scaffold formation that
would contribute acceleration and preciseness in signal transduction was revealed by an unaveraged motion of each SOS
molecule on the membrane monitored by single-molecule imaging. Another investigation used single-molecule imaging
to understand the wide dynamic range of membrane receptors. Miyanaga et al [20]. performed FRET analysis and single-
molecule imaging of cAMP receptor (cAR1) and G proteins in Dictyostelium discoideum to understand the mechanism
of its wide dynamic range. In the FRET analysis, dissociation of Ga-Gpy was detected upon cAMP stimulation. Single-
molecule imaging of Ga and cAR1 demonstrates that more than 50% of Ga showed the slower diffusion dynamics upon
cAMP stimulation. The diffusion coefficient of the slower fraction was comparable to that of cARI, the suggesting
interaction of Go and cAR1. Moreover, the localization duration time of Go to the plasma membrane became longer
under the administration of cAMP. While the EC50 values of cAMP concentration on the Ga-Gfy dissociation were
estimated to be 2.3 nM, the appearance of Ga fraction showing the slow diffusing and the longer membrane-localization
duration has 12 nM and 270 nM of half maximum, respectively. This inconsistency of cAMP dependency in the Ga
dynamics events may realize the wide dynamic range of the cell to respond to the stimulation of cAMP.

Thus, the single-molecule imaging technique elicits non-averaged motion and clustering states of the target membrane
molecules. Such approaches through single-molecule imaging have been used to monitor and analyze receptor clustering
on the plasma membrane. Dimerization and oligomerization of membrane receptors are involved in precise signal
induction through the receptors. Understanding the detailed molecular mechanism and roles of receptor oligomerization
requires direct monitoring of receptor dynamics on the plasma membrane in living cells. Some previous studies
demonstrated single-molecule observation to analyze dimerization/oligomerization and signal transduction. Méller et al.
performed single-molecule imaging of a GPCR, p opioid receptor (LOR), to monitor its clustering after stimulation [21].
The motion of pOR exhibited rapid diffusion 1 min after agonist stimulation and then became slower than before
stimulation. Oligomers of HOR were also generated along with the diffusion became slower after an agonist DAMGO
stimulation that induces internalization with B-arrestin, whereas another agonist morphine, which does not induce
internalization of wOR, did not lead the oligomer formation. Considering the similar time course of pOR oligomer
formation and interaction B-arrestin after DAMGO stimulation, pOR large oligomer formation may be involved in
complex formation with B-arrestin that results in endocytosis of HOR oligomers. Another GPCR, dopamine D2 receptor
(D2R), was also investigated to analyze its dimerization [22]. Whereas Moller analyzed diffusion coefficient and
interaction with B-arrestin of HOR, Kasai et al. performed the single-molecule analysis of D2R mainly focusing duration
time of D2R transient dimer formation upon stimulation. Kasai and coworkers analyzed colocalization of D2R spots on
the plasma membrane in living CHO cells based on single-molecule imaging. Based on the analysis, single-molecule
spots of D2R colocalized with each other with the lifetime of 68 ms before stimulation, which elongated to 99 ms upon
dopamine stimulation. Similar elongation of the duration time occurred upon another agonist, quinpirole, stimulation (104
ms), but the antagonist did not induce such duration time elongation. These results imply that the elongation of duration
in the D2R dimer formation would involve the signaling event through D2R in the plasma membrane. In a recent study,
Nishiguchi et al. investigated the role of oligomerization of a species of GPCRs, FPR1, in signal transduction from the
GPCR to G proteins using triple-color single-molecule imaging in living cells [3]. In the following, this research is
introduced in detail.

FPR1

GPCRs are a large family of proteins and the most significant drug discovery target. There are more than 800 species
of GPCRs in mammalian, and about 30% of medical drugs target GPCRs [23,24]. The target molecule in the study was
formyl peptide receptor 1 (FPR1), a GPCR existing prominently in immune cells such as phagocytic and leukocyte cells
and functions as an immune receptor activated by N-formyl peptides [25-27]. While FPR1 plays an essential role in the
immune response against bacteria, overactivation of this GPCR is involved in malignant tumor progression and severe
drug eruption of the skin [28]. Thus, the activation and signal transduction of FPR1 should be strictly regulated in the
cells, and the mechanism of signaling regulation is an important target for drug discovery. A single-molecule imaging
approach was used in the investigation of the FPR1 activation mechanism especially addressed to analyze the role of
oligomerization of FPR1 in the signal transduction [29].

FRET Assay System for FPR1 Signaling Estimation

Consecutive observation of single-molecule motion for tens of seconds is technically difficult because of the rapid
photobleaching of fluorophore. Therefore, determining the time to perform a single-molecule observation after ligand
stimulation is necessary before conducting single-molecule imaging. The time course of signal transduction was
monitored after ligand stimulation using a FRET technique to estimate the appropriate time to conduct single-molecule
FPR1 observation. In this FRET experiment, cyan fluorescent protein (CFP)-fused Ga and yellow fluorescent protein
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(YFP)-fused Gy were expressed in FPRI1-expressing
HEK?293 cells. When FPR1 receives ligands and transmits
the signal to G proteins, dissociation of the trimeric G is
induced, and FRET from CFP to YFP disappears (Fig. 1).
Stimulation of the cell sample with FPR1's ligand, fMLP,
induced rapid FRET decay that was maximal 30 seconds
after the stimulation. Considering this result and that
Arrestin recruitment to FPR1, which prevents the signaling
activity of G proteins, will occur after the G protein
activation, the single-molecule observations were B
performed within 30 seconds after ligand stimulation in

future experiments.

Plasma membrane

CFP(
Dual-Color Single-Molecule Imaging of FPRI1 v

Oligomers and G proteins FRET

Figure 1 A Schematic of the FRET analysis. Ga and

Next, dual-color single-molecule imaging of FPR1 and G~ Gy were fused with CFP and YFP, respectively. By
protein in living cells was performed to monitor activation of FPR1 upon ligand binding, the trimeric G
oligomerization of FPR1 and the signal transduction from protein dissociated, and FRET is resolved.

FPR1 to G proteins simultaneously in the same cells. Two

fusion proteins were prepared for this observation: FPR1 fused with a SNAPf-tag on its extracellular NH, terminus
(FPR1-SNAPY), and Ga conjugated with a Halo-tag in its flexible region (Ga-Halo). The expression vectors of these
fusion proteins were introduced into HEK293 cells. The produced SNAPf-FPR1 and Ga-Halo were then labeled with
Setau647 and tetramethylrhodamine (TMR), respectively. These proteins showed the same localization features as
endogenous FPR1 and Ga.

In single-molecule imaging to investigate the role of FPR1 oligomer formation in the signal transduction, the density
of FPR1 should be optimized to be the same as the endogenous FPR1 in immune cells because the formation of oligomers
is strongly affected by the concentration of the molecule. In this study, we established an FPR1 stably-expressing cell line
in which the density of SNAP{-FPRI1 in the plasma membrane was 2.1 molecules/um?;[29] the same density of FPR1 as
in neutrophils in which FPR1 functions in the immune system. In this density of FPR1, however, fluorescent spots are
often overlapping, and precise detection, tracking, and intensity analysis of the spots are difficult. In the single-molecule
FPR1 observation experiments, the labeling efficiency was lowered to be about 20% to overcome the difficulty in
detecting and tracking fluorescent spots. Under this labeling condition, each fluorescent spot potentially includes FPR1
molecules without labeling, which causes underestimation of the number of the FPR1 molecules in a single spot from the
calculation based on the fluorescence intensity. Considering this difficulty in estimating the accurate number of FPR1 in
the fluorescent spots, the FPR1 spots were roughly classified into two categories: small oligomers that showed the same
fluorescence intensity as a single-fluorescent molecule and large oligomers that emitted stronger fluorescence than a
single-fluorescent molecule.

In the single-molecule fluorescence movies, the small and large oligomers of FPR1 coexisted even before stimulation
with the ligand fMLP. Upon stimulation with fMLP, the large oligomers fraction was increased after 10 seconds from the
stimulation. This oligomer formation was much earlier than the GPCR-Arrestin complex formation that induces the
generation of the clathrin-coated pit. In the dual-color imaging, the dwell time of FPR1—Ga, colocalization is expected
to be longer than that without signal transduction because the dissociation of trimeric G protein occurred on the FPR1
when the signal was transmitted from the FPRI1 to the trimeric G proteins. Based on a hypothesis that the large oligomer
formation involves activating signal transduction, the colocalization dwell time was analyzed and compared between the
small and large oligomers before and after stimulation. Contrary to the expectations, no significant differences in the
dwell time were detected between the large oligomers before and after the fMLP stimulation, even though the dwell time
becomes slightly longer upon the stimulation.

V
\
FP

O

Triple-Color Single-Molecule Imaging of FPR1, Ligand, and Ga

A potential reason why no significant difference was obtained in the dwell times of FPR1—Ga colocalization in the
dual-color imaging is that ligand-bound and unbound FPR1 coexists even after fMLP addition. FPR1s in the ligand-bound
and unbound states cannot be distinguished in the dual-color single-molecule imaging of FPR1 and Ga. To distinguish
ligand-bound and unbound FPR1 in single-molecule imaging, the ligand molecule was fluorescently labeled and observed
simultaneously with FPR1 and Goa. A TMR-labeled FPR1 ligand, fNLFNYK-TMR, was prepared to perform this
observation. SNAP{f-FPR1 and Ga-Halo were stained with Setau647 and R110, respectively (Fig. 2A). Triple-color
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Figure 2 (A) a schematic of the observed molecules in the triple-color single-molecule imaging [4]. (B) microscope
setup for the triple-color single-molecule imaging.

single-molecule observation of ligand, FPR1, and Ga was conducted using these molecules under a TIRF microscope
equipped with multiple excitation laser lines and three scientific complementary metal-oxide semiconductor (sCMOS)
cameras to acquire the fluorescence signals of each of the three colors (Fig. 2B) [30,31]. In the observation, the laser
lights of 488, 561, and 647 nm were introduced to the sample as a TIRF illumination to the sample as excite R110, TMR,
and Setau647, respectively. The emitted fluorescence was separated through dichroic mirrors and bandpass filters to green,
red, and deep red fluorescence lights and introduced to each sSCMOS camera. The captured images were overlayed using
a method previously reported by Koyama-Honda et al [32]. The precisions of localization and superimposition of the
fluorescent spots were about 30 nm and 35 nm respectively.

In this triple-color observation (Fig. 3), FPR1 spots were categorized into four classes: ligand-unbound small oligomer,
ligand-bound small oligomer, ligand-unbound large oligomer, and ligand-bound large oligomer (still noteworthy that the
ligand-unbound oligomers possibly include ligand-bound oligomers in which the fluorescence-labeled ligand is invisible
because of decomposition of the fluorophore by photobleaching, etc.). Through the triple-color single-molecule imaging,
FPR1 oligomer formation and the FPR1—Gua. colocalization dwell time were analyzed before and after ligand stimulation.

Firstly, the stimulation dependency on the FPR1 oligomer .
formation was estimated by analyzing fluorescence intensity
on the individual spots. In this analysis, the large-oligomers
were significantly increased in the ligand-bound FPR1 spots
compared to the ligand-unbound spots. Moreover, the
FPR1—Gua colocalization dwell time was analyzed on the
four classes of FPR1 categorized based on the ligand
binding states and oligomer sizes. In the analysis results,
whereas no significant dwell time difference was detected
between small and large oligomers in the ligand-unbound
state, the dwell time became significantly longer on ligand-
bound large oligomers than ligand-bound small oligomers.
These results indicated that intense signal transduction to G
proteins occurred on the ligand-bound large oligomer FPR1
compared to other classes of FPR1 spots.

Figure 3 A snapshot of triple-color single molecule
imaging of FPR1, fNLFNYK-TMR, and Ga. Cyan,
magenta, and green spots represent SNAPf-FPR1
(Setau647), INLFNYK-TMR, and Ga-Halo (R110),
respectively [4]. The arrowheads represent the spots of
triple-color colocalization. The right panel is an

Summary and Future Perspective . et
y P enlarged view of the colocalization spot.

In the research introduced here, analyses of ligand-binding states and colocalization dwell time of FPR1 and G proteins
were performed through triple-color single-molecule imaging. From the single-molecule observations, ligand-bound large
FPRI1 oligomers are suggested to be a highly active form for the signal transduction compared with the other ligand
binding and oligomerization forms (Fig. 4A). This result implies that FPR1 functions as an AND logic gate for the signal
transduction; simultaneous two inputs, ligand binding and large oligomer formation, trigger the significant signal output
to the G proteins (Fig. 4B). This mechanism may help achieve both quick response to the extracellular stimulations and
highly accurate noise reduction. The single-molecule observation showed that large FPR1 oligomers existed even before
the ligand stimulation. If the large oligomers introduce the signal into the cell immediately after their formation, noise
signals are always introduced independently of ligand stimulation. On the other hand, if the large oligomer forms only
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Figure 4 Summary of the results of triple-color single-molecule imaging of FPR1, Ga and the ligand. (A) schematic
of relationship among oligomer size, ligand binding state, and signaling efficacy [4]. (B) Logic gate of FPRI.
Activation of FPR1 requires both ligand binding and large oligomer formation, which means that FPR1 functions as
AND logic gate.

after ligand binding to FPR1, the response to the ligand will be delayed because FPR1 collision to form large oligomers
will take time. Thus, basal equilibration of small and large oligomers and the AND logic gate system would help the
precise signal transduction through FPR1.

This work purposely lowered labeling efficiency to create observation conditions that allow separately detecting each
fluorescent spot. In this condition, however, accurate estimation of the number of FPR1 in each fluorescent spot is difficult,
and therefore, the FPR1 spots were roughly categorized into small oligomers and large oligomers. Recently, some
methods have been reported to perform fluorescent spot detection even in dense conditions [33,34]. These methods may
be useful for more accurate spot detection and estimation of the number of target molecules in each spot in sample
conditions closer to the original expression level.

Thus, techniques in single-molecule imaging in living cells have recently been developed to provide clues to understand
the function and mechanisms of the target molecules, and moreover may have an ability to contribute applied sciences.
The recent development of a high-throughput single-molecule imaging system would contribute to single-molecule
imaging to translational and applied chemistry such as drug discovery [35,36]. In addition to the ability of high-throughput
imaging, estimation of activity of the target molecule from its motility is required for the application of single-molecule
imaging to drug discovery. Yanagawa et al. performed an analysis of diffusion motion of a class C GPCR, metabolic
glutamate receptor 3 (mGIuR3), under various ligand conditions through single-molecule live-cell imaging [37]. In this
work, the single-molecule imaging analysis demonstrated increases and decreases in the average diffusion coefficient of
mGluR3 upon ligand-dependent inactivation and activation. Moreover, the same single-molecule imaging analysis was
conducted on a variety of class A and B GPCRs and found that agonists induced decreasing the average diffusion
coefficient of the GPCRs. These results imply that averaged diffusion coefficient of membrane receptors would have the
potential to provide a good index to evaluate drug efficacy in the drug discovery field. The targets of single-molecule
live-cell imaging have been expanding beyond molecules on the plasma membrane. For example, single-molecule
imaging-based observation was performed on cluster formation of chromatin structure components. RNA, in addition to
protein, is becoming a target for single-molecule imaging in living cells due to the development of fluorescent labeling
methods on endogenous RNAs in living cells [12,38-41]. Moreover, a technology to overcome the limitation of
observation time due to the photobleaching was developed, and single-molecule motions during target cellular events
were now possible to be tracked continuously over several minutes [42]. These techniques will be helpful to apply a
single-molecule imaging approach to various fields of basic and applied biology.

The single-molecule imaging approach would be compatible with mathematical modeling and simulation because
parameters provided from single-molecule analysis, such as positional coordinates, frequency of colocalization,
colocalization lifetime, etc., can be used to establish mathematical models and simulation. These are useful for assembling
mathematical models and simulations to solve the mechanism of physiological events. For example, a mathematical
modeling study of receptor assembly, ligand binding, and G protein binding based on the FPR1 single-molecule imaging
study has been reported [43]. Such mathematical modeling and simulation of molecular motion based on single-molecule
analysis would be a powerful approach to solving cellular physiological events' mechanisms based on the view from
molecular motions.

€190007_6



Yoshimura: Triple-color single-molecule imaging of GPCR

Conflict of Interest

The author declares no conflict of interest.

Author Contributions

HY wrote the manuscript.

Acknowledgements

The triple-color single-molecule imaging experiments introduced in this review were mainly conducted by Dr. Tomoki
Nishiguchi, who was a Ph.D. student under my supervision. In addition, Dr. Kasai and Dr. Fujiwara in Kyoto university
kindly provide generous support and advice. I would like to express great gratitude to Prof. Akihiro Kusumi (present
address, OIST), my former supervisor when I was a postdoctoral researcher, as well as the members of the Kusumi lab as
I am now able to explain single-molecule imaging even though I had never conducted microscope observation or living
cell sample treatment before I obtained my doctorate. It has been a long time since I first received guidance from them,
but I am happy to express my gratitude here. I would also like to express my gratitude to Professor Takeaki Ozawa, the
PI of the laboratory I belong to, and the members of the Ozawa lab for their fruitful support during I carried out this
research.

References

(1]

(2]

Wentker, P., Eberhardt, M., Dreyer, F. S., Bertrams, W., Cantone, M., Griss, K., et al. An interactive
macrophage signal transduction map facilitates comparative analyses of high-throughput data. J.
Immunol. 198, 2191-2201 (2017). https://doi.org/10.4049/jimmunol.1502513

Kusumi, A., Tsunoyama, T. A., Hirosawa, K. M., Kasai, R. S., Fujiwara, T. K. Tracking single
molecules at work in living cells. Nat. Chem. Biol. 10, 524-532 (2014).
https://doi.org/10.1038/nchembio.1558

Nishiguchi, T., Yoshimura, H., Kasai, R. S., Fujiwara, T. K., Ozawa, T. Synergetic roles of formyl
peptide receptor 1 oligomerization in ligand-induced signal transduction. ACS Chem. Biol. 15, 2577-
2587 (2020). https://doi.org/10.1021/acschembio.0c00631

Yoshimura, H. Triple-color single-molecule imaging of receptor accumulation and signal transduction
in living cells. SEIBUTSU BUTSURI 61, 245-247 (2021). https://doi.org/10.2142/biophys.61.245

Liu, Z., Lavis, L. D., Betzig, E. Imaging live-cell dynamics and structure at the single-molecule level.
Mol. Cell 58, 644-659 (2015). https://doi.org/10.1016/j.molcel.2015.02.033

Calebiro, D., Rieken, F., Wagner, J., Sungkaworn, T., Zabel, U., Borzi, A., et al. Single-molecule
analysis of fluorescently labeled G-protein-coupled receptors reveals complexes with distinct dynamics
and organization. Proc. Natl. Acad. Sci. U.S.A. 110, 743-748 (2012).
https://doi.org/10.1073/pnas.1205798110

Das, R., Cairo, C. W., Coombs, D. A hidden Markov model for single particle tracks quantifies dynamic
interactions between LFA-1 and the actin cytoskeleton. PLoS Comput. Biol. 5, €1000556 (2009).
https://doi.org/10.1371/journal.pcbi. 1000556

Slator, P. J., Burroughs, N. J. A hidden Markov model for detecting confinement in single-particle
tracking trajectories. Biophys. J. 115, 1741-1754 (2018). https://doi.org/10.1016/1.bpj.2018.09.005
Manzo, C., Garcia-Parajo, M. F. A review of progress in single particle tracking: From methods to
biophysical insights. Rep. Prog. Phys. 78, 124601 (2015). https://doi.org/10.1088/0034-
4885/78/12/124601

[10] Boka, A. P., Mukherjee, A., Mir, M. Single-molecule tracking technologies for quantifying the

dynamics of gene regulation in cells, tissue and embryos. Development 148, dev199744 (2021).
https://doi.org/10.1242/dev.199744

[11] Calebiro, D., Grimes, J. G protein—coupled receptor pharmacology at the single-molecule level. Annu.

Rev. Pharmacol. Toxicol. 60, 73-87 (2020). https://doi.org/10.1146/annurev-pharmtox-010919-023348

[12] Yoshimura, H. Potential of single-molecule live-cell imaging for chemical translational biology.

190007 7


https://doi.org/10.4049/jimmunol.1502513
https://doi.org/10.1038/nchembio.1558
https://doi.org/10.1021/acschembio.0c00631
https://doi.org/10.2142/biophys.61.245
https://doi.org/10.1016/j.molcel.2015.02.033
https://doi.org/10.1073/pnas.1205798110
https://doi.org/10.1371/journal.pcbi.1000556
https://doi.org/10.1016/j.bpj.2018.09.005
https://doi.org/10.1088/0034-4885/78/12/124601
https://doi.org/10.1088/0034-4885/78/12/124601
https://doi.org/10.1242/dev.199744
https://doi.org/10.1146/annurev-pharmtox-010919-023348

Biophysics and Physicobiology Vol. 19

Chembiochem 22, 2941-2945 (2021). https://doi.org/10.1002/cbic.202100258

[13] Huang, W. Y. C., Yan, Q., Lin, W.-C., Chung, J. K., Hansen, S. D., Christensen, S. M., et al.
Phosphotyrosine-mediated LAT assembly on membranes drives kinetic bifurcation in recruitment
dynamics of the Ras activator SOS. Proc. Natl. Acad. Sci. U.S.A. 113, 8218-8223 (2016).
https://doi.org/10.1073/pnas. 1602602113

[14] Asher, W. B., Geggier, P., Holsey, M. D., Gilmore, G. T., Pati, A. K., Meszaros, J., et al. Single-
molecule FRET imaging of GPCR dimers in living cells. Nat. Methods 18, 397-405 (2021).
https://doi.org/10.1038/s41592-021-01081-y

[15] Salavessa, L., Lagache, T., Malard¢, V., Grassart, A., Olivo-Marin, J.-C., Canette, A., et al. Cytokine
receptor cluster size impacts its endocytosis and signaling. Proc. Natl. Acad. Sci. U.S.A. 118,
€2024893118 (2021). https://doi.org/10.1073/pnas.2024893118

[16] Suzuki , K. G. N., Fujiwara , T. K., Sanematsu , F., lino , R., Edidin , M., Kusumi , A. GPI-anchored
receptor clusters transiently recruit Lyn and Ga for temporary cluster immobilization and Lyn
activation:  Single-molecule tracking study 1. J. Cell Biol. 177, 717-730 (2007).
https://doi.org/10.1083/jcb.200609174

[17] Sil, P., Mateos, N., Nath, S., Buschow, S., Manzo, C., Suzuki, K. G. N., et al. Dynamic actin-mediated
nano-scale clustering of CD44 regulates its meso-scale organization at the plasma membrane. Mol. Biol.
Cell 31, 561-579 (2020). https://doi.org/10.1091/mbc.E18-11-0715

[18] Hiroshima, M., Pack, C.-G., Kaizu, K., Takahashi, K., Ueda, M., Sako, Y. Transient acceleration of
epidermal growth factor receptor dynamics produces higher-order signaling clusters. J. Mol. Biol. 430,
1386-1401 (2018). https://doi.org/10.1016/j.jmb.2018.02.018

[19] Huang, W. Y. C., Alvarez, S., Kondo, Y., Lee, Y. K., Chung, J. K., Lam, H. Y. M., et al. A molecular
assembly phase transition and kinetic proofreading modulate Ras activation by SOS. Science 363, 1098-
1103 (2019). https://doi.org/10.1126/science.aau5721

[20] Miyanaga, Y., Kamimura, Y., Kuwayama, H., Devreotes, P. N., Ueda, M. Chemoattractant receptors
activate, recruit and capture G proteins for wide range chemotaxis. Biochem. Biophys. Res. Commun.
507, 304-310 (2018). https://doi.org/10.1016/].bbrc.2018.11.029

[21] Mdller, J., Isbilir, A., Sungkaworn, T., Osberg, B., Karathanasis, C., Sunkara, V., et al. Single-molecule
analysis reveals agonist-specific dimer formation of micro-opioid receptors. Nat. Chem. Biol. 16, 946-
954 (2020). https://doi.org/10.1038/s41589-020-0566-1

[22] Kasai, R. S., Ito, S. V., Awane, R. M., Fujiwara, T. K., Kusumi, A. The class-A GPCR dopamine D2
receptor forms transient dimers stabilized by agonists: Detection by single-molecule tracking. Cell
Biochem. Biophys. 76, 29-37 (2018). https://doi.org/10.1007/s12013-017-0829-y

[23] Hauser, A. S., Attwood, M. M., Rask-Andersen, M., Schioth, H. B., Gloriam, D. E. Trends in GPCR
drug discovery: New agents, targets and indications. Nat. Rev. Drug Discov. 16, 829-842 (2017).
https://doi.org/10.1038/nrd.2017.178

[24] Pierce, K. L., Premont, R. T., Lefkowitz, R. J. Seven-transmembrane receptors. Nat. Rev. Mol. Cell
Biol. 3, 639-650 (2002). https://doi.org/10.1038/nrm908

[25]Raabe, C. A., Groper, J., Rescher, U. Biased perspectives on formyl peptide receptors. Biochim. Biophys.
Acta Mol. Cell Res. 1866, 305-316 (2019). https://doi.org/10.1016/j.bbamcr.2018.11.015

[26] Weil3, E., Kretschmer, D. Formyl-peptide receptors in infection, inflammation, and cancer. Trends
Immunol. 39, 815-829 (2018). https://doi.org/10.1016/].it.2018.08.005

[27] Osei-Owusu, P., Charlton, T. M., Kim, H. K., Missiakas, D., Schneewind, O. FPR1 is the plague
receptor on host immune cells. Nature 574, 57-62 (2019). https://doi.org/10.1038/s41586-019-1570-z

[28] Saito, N., Qiao, H., Yanagi, T., Shinkuma, S., Nishimura, K., Suto, A., et al. An annexin A1-FPR1
interaction contributes to necroptosis of keratinocytes in severe cutaneous adverse drug reactions. Sci.
Transl. Med. 6, 245ra95 (2014). https://doi.org/10.1126/scitranslmed.3008227

[29] Kasai, R. S., Suzuki, K. G. N., Prossnitz, E. R., Koyama-Honda, I., Nakada, C., Fujiwara, T. K., et al.
Full characterization of GPCR monomer-dimer dynamic equilibrium by single molecule imaging. J.
Cell Biol. 192, 463-480 (2011). https://doi.org/10.1083/jcb.201009128

[30] Yoshimura, H., Ozawa, T. Chapter Three-Monitoring of RNA dynamics in living cells using PUM-HD
and fluorescent protein reconstitution technique. in Methods in Enzymology. (Filonov, G. S., Jaffrey, S.

€190007 8


https://doi.org/10.1002/cbic.202100258
https://doi.org/10.1073/pnas.1602602113
https://doi.org/10.1038/s41592-021-01081-y
https://doi.org/10.1073/pnas.2024893118
https://doi.org/10.1083/jcb.200609174
https://doi.org/10.1091/mbc.E18-11-0715
https://doi.org/10.1016/j.jmb.2018.02.018
https://doi.org/10.1126/science.aau5721
https://doi.org/10.1016/j.bbrc.2018.11.029
https://doi.org/10.1038/s41589-020-0566-1
https://doi.org/10.1007/s12013-017-0829-y
https://doi.org/10.1038/nrd.2017.178
https://doi.org/10.1038/nrm908
https://doi.org/10.1016/j.bbamcr.2018.11.015
https://doi.org/10.1016/j.it.2018.08.005
https://doi.org/10.1038/s41586-019-1570-z
https://doi.org/10.1126/scitranslmed.3008227
https://doi.org/10.1083/jcb.201009128

Yoshimura: Triple-color single-molecule imaging of GPCR

R. eds.) vol. 572, pp. 65-85 (Academic Press, Cambridge, MA 2016).

[31] Yoshimura, H., Ozawa, T. Real-time fluorescence imaging of single-molecule endogenous noncoding
RNA in living cells. Methods Mol. Biol. 1649, 337-347 (2018). https://doi.org/10.1007/978-1-4939-
7213-5 22

[32] Koyama-Honda, 1., Ritchie, K., Fujiwara, T., lino, R., Murakoshi, H., Kasai, R. S., et al. Fluorescence
imaging for monitoring the colocalization of two single molecules in living cells. Biophys. J. 88, 2126-
2136 (2005). https://doi.org/10.1529/biophysj.104.048967

[33] Gustafsson, N., Culley, S., Ashdown, G., Owen, D. M., Pereira, P. M., Henriques, R. Fast live-cell
conventional fluorophore nanoscopy with Imagel through super-resolution radial fluctuations. Nat.
Commun. 7, 12471 (2016). https://doi.org/10.1038/ncomms12471

[34] Takeshima, T., Takahashi, T., Yamashita, J., Okada, Y., Watanabe, S. A multi-emitter fitting algorithm
for potential live cell super-resolution imaging over a wide range of molecular densities. J. Microsc. 271,
266-281 (2018). https://doi.org/10.1111/jmi.12714

[35] Yasui, M., Hiroshima, M., Kozuka, J., Sako, Y., Ueda, M. Automated single-molecule imaging in living
cells. Nat. Commun. 9, 3061 (2018). https://doi.org/10.1038/s41467-018-05524-7

[36] Yanagawa, M., Sako, Y. Workflows of the single-molecule imaging analysis in living cells: Tutorial
guidance to the measurement of the drug effects on a GPCR. Methods Mol. Biol. 2274, 391-441 (2021).
https://doi.org/10.1007/978-1-0716-1258-3 32

[37] Yanagawa, M., Hiroshima, M., Togashi, Y., Abe, M., Yamashita, T., Shichida, Y., et al. Single-molecule
diffusion-based estimation of ligand effects on G protein—coupled receptors. Sci. Signal. 11, eaaol917
(2018). https://doi.org/10.1126/scisignal.aa01917

[38] Yamada, T., Yoshimura, H., Inaguma, A., Ozawa, T. Visualization of nonengineered single mRNAs in
living cells using genetically encoded fluorescent probes. Anal. Chem. 83, 5708-5714 (2011).
https://doi.org/10.1021/ac2009405

[39] Yamada, T., Yoshimura, H., Shimada, R., Hattori, M., Eguchi, M., Fujiwara, T. K., et al. Spatiotemporal
analysis with a genetically encoded fluorescent RNA probe reveals TERRA function around telomeres.
Sci. Rep. 6, 38910 (2016). https://doi.org/10.1038/srep38910

[40] Yoshimura, H. Live cell imaging of endogenous RNAs using pumilio homology domain mutants:
Principles and applications. Biochemistry 57, 200-208 (2018).
https://doi.org/10.1021/acs.biochem.7b00983

[41] Yoshimura, H., Inaguma, A., Yamada, T., Ozawa, T. Fluorescent probes for imaging endogenous beta-
actin mRNA in living cells using fluorescent protein-tagged pumilio. ACS Chem. Biol. 7, 999-1005
(2012). https://doi.org/10.1021/cb200474a

[42] Tsunoyama, T. A., Watanabe, Y., Goto, J., Naito, K., Kasai, R. S., Suzuki, K. G. N., et al. Super-long
single-molecule tracking reveals dynamic-anchorage-induced integrin function. Nat. Chem. Biol. 14,
497-506 (2018). https://doi.org/10.1038/s41589-018-0032-5

[43] Watabe, M., Yoshimura, H., Arjunan, S. N. V., Kaizu, K., Takahashi, K. Signaling activations through
G-protein-coupled-receptor aggregations. Phys. Rev. E 102, 032413 (2020).
https://doi.org/10.1103/PhysRevE.102.032413

This article is licensed under the Creative Commons Attribution-NonCommercial-ShareAlike 4.0 International License. @@@@
BY NC SA

To view a copy of this license, visit https://creativecommons.org/licenses/by-nc-sa/4.0/.

190007 9


https://doi.org/10.1007/978-1-4939-7213-5_22
https://doi.org/10.1007/978-1-4939-7213-5_22
https://doi.org/10.1529/biophysj.104.048967
https://doi.org/10.1038/ncomms12471
https://doi.org/10.1111/jmi.12714
https://doi.org/10.1038/s41467-018-05524-7
https://doi.org/10.1007/978-1-0716-1258-3_32
https://doi.org/10.1126/scisignal.aao1917
https://doi.org/10.1021/ac2009405
https://doi.org/10.1038/srep38910
https://doi.org/10.1021/acs.biochem.7b00983
https://doi.org/10.1021/cb200474a
https://doi.org/10.1038/s41589-018-0032-5
https://doi.org/10.1103/PhysRevE.102.032413



