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Improved single-molecule methods can largely increase our understanding of underlying molecular mechanism during cellular signal transduction. In contrast to conventional bulk methods, monitoring molecules one at a time can circumvent averaging effects and acquire unique information. With single-molecule techniques, quantitative characterizations can be achieved at microscopic level, especially for biochemical systems with strong heterogeneity. Here we review four fundamental single-molecule techniques including total internal reflection fluorescence imaging, single-molecule fluorescence recovery after photobleaching, single-molecule Förster resonance energy transfer, and fluorescence correlation/cross-correlation spectroscopy. These techniques are frequently employed in quantitatively investigating the molecular translocation, protein-protein interactions, aggregations, and conformational dynamics involved in the signal transduction both in vitro and in vivo. We also summarized the basic principles and implementations of these single-molecule techniques, as well as the conjunct applications extending the single-molecule measurements to multiple dimensions.
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INTRODUCTION
Signal transduction governing cellular activities is a complex system of communication. It plays key roles in the ability of cells to perceive environmental cues and correctly response to the microenvironment (pH, temperature, pressure, ions, etc.), which is the basis of development, tissue repair, immunity, and other necessary life activities [1–4]. The execution of signal transduction requires the coordination of many biomolecules, the processes including but not limited to molecular diffusion, conformational changes, inter- and intra-molecular interactions. Monitoring individual behavior of each molecule and resolving the relationship between molecules involving in signal transduction in situ can help us illuminate the mechanism of signaling pathways.
Protein-protein interactions (PPIs) are at the core of signaling pathway studies. Currently, bulk biochemical measurements, such as Western Blot [5] or immunofluorescence [6], are still the gold standards for PPI investigations. However, these techniques suffer from disadvantages such as limited spatial resolution, false positive, and lack of time-resolved information. With the advent of single-molecule detection (SMD) techniques [7–9], it is now routine to image and track conformational changes, dynamics, and interactions of biomolecules at single-molecular level. Compared with conventional bulk methods, monitoring one molecule at a time can avoid averaging effects which may smear out the dynamical characteristic of individual molecules [10]. Especially for the highly complex and dynamic signal transduction processes in living cells, real-time analysis on physiological and kinetic characteristics of biomolecules at single-molecule level can further our understanding of the regulation mechanisms of life activities [11, 12].
SMD methods can be classified into two categories: fluorescence-based methods and force-based methods. The former includes fluorescence imaging, single-molecule tracking [13], single-molecule fluorescence resonance energy transfer (smFRET) [14], etc.; the latter includes optical tweezers [15], magnetic tweezers [16, 17], atomic force microscopy (AFM) [18], etc. In this review, we will focus on the fluorescence-based single-molecule techniques. Among which, total internal reflection fluorescence (TIRF) microscopy, fluorescence spectroscopy techniques, fluorescence recovery after photobleaching (FRAP) [19], fluorescence resonance energy transfer (FRET) [20], fluorescence correlation spectroscopy (FCS) [21], are especially suitable for cellular signal transduction studies. We will briefly summarize the basic principles, short-comings, and major biological applications of SMD methods for the quantitative investigation of biological signal transduction mechanisms.
TIRF
Total internal reflection fluorescence (TIRF) microscopy has a long history in cell biological applications [22]. The basic principle of TIRF is to utilize the evanescent wave appears at the interface of optically rarer medium (aqueous buffer) and optically denser medium (glass slide) when the excitation beam is incident at an angle greater than the critical angle. Owing to the non-propagating nature of evanescent wave, the illumination volume would be contained within a thin layer about half the wavelength (∼200 nm) around the glass slide interface. This can effectively reject the background fluorescence contributed by the contaminations in the buffer or other native pigments within the live cell to achieve better signal-to-noise level for single-molecule detection. Nowadays, TIRF microscopy is one of the most basic approaches for single-molecule observation in laboratories.
TIRF microscope (TIRFM [23, 24]) is relatively low cost and easy to set up in the laboratory. Depending on the nature of specimen, TIRFM can be set up in an objective style (easier to set up) or prism style (lower background, but requires thin samples), which illuminate from the bottom or from the top, respectively.
Despite the simple principle behind TIRF, it can do far more than merely imaging. To study signaling pathways, one is usually interested in the interaction partner, reaction stoichiometry, or even rate constants. These can be acquired when you design your TIRF experiment properly [25]. We will illustrate this with the single-molecule study on plant hormone brassinosteroid (BR) signaling pathway.
Song et al. [26] monitored the signaling transduction between BES1, BIN2, and 14-3-3 of the Arabidopsis BR pathway with TIRF microscopy. To study the interactions between several proteins, they used a TIRF setup accommodating multiple-color excitations as shown in Figure 1A [27]. For a single fluorophore, the photo-bleaching profile will appear as a step-wise trace in the time vs intensity trajectory (Figure 1B). Therefore, by counting the number of steps, we can determine the number of labeled molecules in the observation location. Based on this, Song et al. have found that BIN2 will bind stably on BES1 until the arrival of ATP to phosphorylate BES1 before dissociation (Figure 1C). 14-3-3 dimers would come afterwards to interact with phosphorylated BES1 (Figure 1B).
[image: Figure 1]FIGURE 1 | Signal transduction of the Arabidopsis BR pathway monitored with TIRF microscopy. (A) Schematic of multi-colored mirror-based TIRFM [27]. In mirror-based TIRFM, the excitation laser (blue) will be reflected by the mirror and then refracted by the objective lens, finally incident on the sample surface at a total reflection angle. The fluorescent signal (orange) will be collected by the objective and divided into two channels (green: donor; red: acceptor) by a dichroic before being detected by EMCCD. (B) Time-dependent fluorescent intensity traces tracking the interactions between BIN2 and 14-3-3. These two traces are collected by a multi-colored TIRFM design shown in A. The blue plateau represents the binding duration of BIN2, and green steps (with two photobleaching steps) means the arrival of 14-3-3 dimer. (C) Number changes of BIN2 after ATP arriving. Three intensity images show the distribution i.e. density of BIN2 binding stably on BES1at different times. The numbers of BIN2 have been counted and plotted in the inset. The TIRF images are the screen shots showing the number of bound BIN2 at time equals 120 (shown in green), 540 (red), and 540.8 (purple) sec, respectively. ATP was added at t = 540 s. Panel (C) is adapted from Ref. [26].
With properly proposed kinetic model, a series of single-molecule interaction assays at different conditions, i.e., reactant concentrations or other related parameters, can derive the rate constants for critical steps in the interaction reaction. A rather simple example of estimating the binding affinity with fluorophore bleaching effect can be found in Ref. [25]. For the case of BIN2 phosphorylating BES1, a mean rate constant is measured to be 2.3 ± 1.4 s−1. When the experiment is done in vitro, the chemical environment can be precisely controlled. For gaseous molecules that are vital for plant signaling pathways, such as ethylene or oxygen, an air-tight flow cell can provide tunable amount of soluble gases for the experiments. In Ref. [26], the researchers have found that BIN2 and BES1 interaction is activated by oxygen while trying to scavenge oxygen to prolong fluorescent probes’ photo-bleaching lifetime. This surprising finding may indicate a role of BIN2 in the stress response mechanism of plants.
Besides in vitro inquisitions described above, TIRFM is inherently suitable for in vivo observations especially for biological events happening around the cell membrane. For plant cells with a thick cell wall, a variation of TIRF named Variable-Angle TIRF (VA-TIRF) can be implemented [28, 29]. In fact, one of the first in vivo single molecule detections was done with TIRFM. Sako et al. [30] investigated the early signaling events of epidermal growth factor receptor (EGFR) on living A431 carcinoma cells. Instead of labeling the EGFR, Sako et al. designed the experiment with organic dye labeled epidermal growth factor (EGF). From TIRFM, they observed the binding event of Cy3-labeled EGF and EGFR. Two activated EGFR forming dimers were captured on the camera and an influx of Ca2+ were reported by calcium indicator, Fluo-3. When the ligand EGFs were labeled both with Cy3 and Cy5, single-molecule FRET can be detected when a pair of EGFRs bounds with Cy3-EGF and Cy5-EGF formed a dimer. Single-molecule FRET can provide distance measurements around molecular length scale, which we will discuss in further details in the following sections. Single-molecule fluorescence spectroscopy allows dynamics measurement on a fluidic substrate such as live cell-membrane or synthetic lipid bilayers. Srinivasan et al. [31] utilized a nano-disc [32], which is an artificial supported lipid bilayer, to confine a full-length EGFR monomer. Using smFRET, they reveal a conformational change upon EGF binding which transduces across the membrane.
TIRF microscopy can be readily augmented into a super-resolution imaging platform. In fact, techniques like PALM/STORM are usually performed on TIRF microscopes [33, 34]. In order to adapt for live cells with denser fluorophores, techniques like SOFI [35] or SRRF [36] can also be conducted on TIRFM. Recently, Sankaran et al. combined FCS [37], SRRF, and TIRF to study EGFR in a multi-parametric manner [38]. They use mApple labeled EGFR expressed in Chinese hamster ovary (CHO)-K1 cell, which is free of native EGFR. Some mApple-EGFRs are uniformly distributed on the cell surface and others are found in clusters. FCS analysis indicates that the diffusion constant and oligomeric states are distinctive for these two kinds of EGFRs. By observing mApple-EGFR and eGFP labelled Lifeact [39] simultaneously, they do not see any correlation between EGFR diffusion and cytoskeletal structures. The integration of different single-molecule techniques provides powerful means to extract critical information from signaling molecules. We will discuss this further in the FCS section.
FRAP
Fluorescence recovery after photobleaching (FRAP) is a microscopy technique for measuring the diffusion and reaction properties of fluorescently labeled molecules based on bleaching and recovery of the fluorescent signals. It has be widely applied to monitor the location, mobility, interaction, and translation process of molecules on both in vitro and in vivo systems [40–42]. To perform FRAP, one would first densely saturate the observation field of view with labeled specimens, bleach a certain spot with intense laser illumination, and then closely monitor the process of other unbleached molecules diffusing back into the spot. Basically, the translation diffusion coefficient of the labeled molecules can be fitted from the time-dependent fluorescence intensity recovery curves generated by the molecules moving back into the focal volume of the laser beam. There are three common FRAP methods: conventional FRAP, multi-photon FRAP (MPFRAP) [43, 44], and FRAP with spatial Fourier analysis (SFA-FRAP) [45, 46]. With the development of super-resolution imaging and local-illumination technology, single-molecule FRAP (smFRAP) was newly developed and enables the researchers to measure the dynamics, spatial locations, and relative concentrations of proteins on single-molecule level. FRAP has been widely applied to study various membrane protein dynamics on the lipid bilayer. Particularly, the technique has been combined with two-photon microscopy to restrict the photobleaching area and provide a better spatiotemporal resolution [47]. By combining single-point illumination and single-molecule fluorescence recovery after photobleaching (smFRAP), Mudumbi KC et al. [48] demonstrated a single-point single-molecule FRAP microscopy technique that enables determination of distribution and translocation rates for nuclear envelope transmembrane proteins (NETs) in vivo with a spatial resolution of less than 10-nm in real-time.
The nuclear envelope (NE) consists of the outer nuclear membrane (ONM) and the inner nuclear membrane (INM) (Figure 2A). NE transmembrane proteins (NETs) are embedded in either the ONM or the INM, playing crucial roles in both nuclear structure and functions. In order to fully understand the functional mechanisms of NETs undergoing various signaling transduction processes, quantitative determination of the spatial locations of NETs along the NE and translocation rates between the two membranes is essential.
[image: Figure 2]FIGURE 2 | Study on NET distribution along the NE by single-point smFRAP. (A) Schematic of the GFP-tagged NET along the NE visualized in HeLa cell transfected system. The bright half circles represent the NE. The purple circle indicates the illumination area usually used in bulk FRAP experiments and the red circle indicates single-point illumination area limited to 0.5 μm used on single molecule level. (B) Photobleaching of both GFP-fused INM and ONM by excitation laser at a high power. (C) Single-molecule photorecovery of the unbleached NETs diffused into the laser excitation area again, as well as those that diffuse into the area are photobleached. (D) Locations and diffusion events of NETs along the ONM and INM of NET are compiled. Adapted from Ref. [48].
In Mudumbi KC et al., the single-point illumination by a high numerical aperture microscope objective was realized to generate a diffraction-limited illumination volume. First, the GFP-tagged NETs were quickly photobleached in the illumination area (Figure 2B). Then, the individual fluorescent GFP-NETs diffused into this photobleached area from outside the regions, the molecules were imaged with a regulated on-off laser excitation mode (Figure 2C). Finally, the two-dimensional super-resolution images showing all detected locations of GFP-NETs were reconstructed (Figure 2D). Through measuring the diffusion coefficients and the immobilized fractions of these NETs, the in vivo translocation rates and concentrations of NETs along the ONM and INM can be determined.
SMFRET
Fluorescence resonance energy transfer (FRET) is widely applied to study PPIs both in vitro and in vivo [49]. It is one kind of dipole-dipole interactions between a pair of fluorophores occurring when the excitation spectrum of the acceptor overlaps with the emission spectrum of the donor. When donor and acceptor are in close proximity to each other, donor will transfer energy to acceptor resulting in acceptor emission. The energy transfer efficiency is related to the distance between donor and acceptor. The typical FRET distance between dipole-dipole centers is from 2 to 10 nm [50, 51].
In FRET experiments, the distance between two fluorophores is described by the FRET efficiency (E) as in the formula:
[image: image]
Here, R is the actual distance between two fluorophores. R0 is Förster radius defined by the nature of chosen FRET pair. When R equals to R0, the FRET efficiency is 0.5.
FRET efficiency can be experimentally measured as the fluorescence intensity ratio between the FRET pairs or as the fluorescence lifetimes of the donor with/without FRET. When detecting in vivo PPIs using FRET, we shall choose a FRET donor-acceptor pair with overlapping spectrums away from the emissions of cellular native pigments. For protein conformational changes measurement, one should choose a FRET pair with an R0 close to expected distances for best sensitivity. The FRET pair (donor and acceptor) must be carefully selected for the best experimental results.
Ha et al. [52] were the first to apply FRET to a single-molecule protein. Since then, rapid developments in microscopy and advanced fluorescent dyes allow researchers conduct single molecule FRET experiments as a routine in the laboratory. Besides TIRFM introduced in the previous section, confocal-based fluorescence lifetime imaging microscopes (FLIM) are also frequently used [53–55]. FLIM can detect smFRET events through both the intensities or lifetimes changes of fluorescence. Fluorescence intensity is more easily affected by the microenvironments around the fluorophore than fluorescence lifetime. Therefore, FLIM is better suited for smFRET detection in living cell with complex environment [56].
For a complete understanding of signaling pathways, it is desirable to have a real-time access to the activities of signal receptors and downstream signaling events, not only in vitro, but also in biologically relevant in vivo systems. Single-molecule FRET techniques are capable of realizing such detections owing to its characteristics of high sensitivity to small distance changes and time-scales matching the typical proteins dynamics and interactions.
G protein-coupled receptors (GPCRs) constitute the largest membrane superfamily involving in fundamental physiological processes of neurotransmission, immune reaction, behavioral regulation, and responses to external environments [57, 58]. As the cellular plasma membrane protein, GPCRs can transduce extracellular signals into the interior of the cell membrane, where downstream effector proteins are recruited and activated. In pharmacology, GPCRs signaling has been studied extensively, since GPCRs are the targets for as much as one-third of all therapeutic drugs today. Therefore, understanding how GPCRs works in signal transduction pathways is a significant and popular research area.
To study helix movements during GPCR activation, Gether et al. [59] labeled purified 2-adrenergic receptors (β2AR) with fluorophores to see if fluorescence signals would be influenced by receptor ligands. Their studies directly monitored conformational changes in a G-protein-coupled receptor and confirmed the notion of agonist-induced relative movements of helices 6 and 3. Using a series of β2ARs with a limited number of cysteines available for fluorophores labeling, they observed agonist-induced changes in fluorescence for labeled transmembrane helix 3 and helix 6. Using different ligands, the partial agonists caused only partial changes in the receptor fluorescence (for review, see Gether et al. [60]; Bissantz et al. [61]). In the first single-molecule conformational heterogeneity study of β2AR by Peleg et al. [62], the observation times were limited to a few milliseconds per molecule because the experiments were performed on diffusing molecules. In 2017, Lamichhane et al. [63] reconstituted labeled β2AR in nanodiscs, tethered them to a surface and monitored the structural changes of the G protein binding domain at single molecule level by TIRFM, which prolonged the observation time of individual molecules in the native-like environment of phospholipid nanodiscs, and uncovered the spontaneous transitions between two distinct inactive and active-like conformational states of G proteins.
Compared to in vitro experiments, in vivo smFRET assays have serval limitations due to the basic principle behind the technique: it is a spectrally dependent technique. It could be hard to distinguish fluorescent protein signals from autofluorescence background if the expression levels of the proteins are very low [64]. In addition, an external laser source may induce cell autofluorescence and the photobleaching of the donor and acceptor, which might interfere with the signal and lead to a serious problem when interactions are measured [65, 66]. In fact, with the development of super-resolution image and synthesis of new fluorescent probes, the signal to noise ratio have been improved, overcoming the interferences from autofluorescence.
Besides, GPCRs are known to form stable functional homodimers or heterodimers [67, 68], but the role of oligomeric status of class A and B receptors is debatable. The stoichiometry of the dimers versus higher-order oligomers is yet to be determined.
In 2021, Asher WB et al [69]. reported generally applicable method for using smFRET to detect and track transmembrane proteins diffusing within the plasma membrane of mammalian cells. They obtained the evidence for existences of receptor monomers, density-dependent dimers, and constitutive dimers, respectively. They also combine smFRET with FRAP to track individual complexes at high receptor density to address that dimerization is a rare event at low receptor concentrations. To perform the specific labeling of cell surface receptors, a self-labeling SNAPfast tag (SNAPf) was used to bind fluorophores covalently. They generated expression constructs that encode amino-terminally SNAPf-tagged (Sf)-mGluR2, which forms covalent disulfide-bonded receptor dimers, and showed that the receptor was functional. For single-molecule imaging, the CHO cell lines were used to express Sf-mGluR2 stably. The membrane-impermeant self-healing Lumidyne 555p and 655 dyes (Figure 3A) were chosen as the donor and acceptor fluorophores, respectively, because of their photostability as well as low levels of nonspecific labeling. In the smFRET-FRAP approach, active donor- and acceptor-labeled receptors in the TIRF-illumination field are selectively photobleached in TIRF mode (Figure 3B), producing an analysis region within the plasma membrane defined by the TIRF field. Unbleached acceptor- and donor-labeled receptors subsequently diffuse from the apical membrane outside the TIRF field into the analysis region, so that single molecules can be resolved and imaged under normal single-molecule TIRF imaging conditions (Figure 3C).
[image: Figure 3]FIGURE 3 | Schematics of smFRET combined with FRAP to study the dimerization of membrane proteins. (A) Label strategy for smFRET experiment to study dimerization of membrane proteins. When the membrane proteins (use GPCR as example, denoted by light bule cylinders) labeled with different fluorophores diffuse very close to each other, the acceptor will emit photons (orange stars) with energy transferred from donor (green star) upon donor excitation conditions, or else, the acceptor remain silent (dark orange stars). (B) Representative image of smFRET. The orange and green arrows denote the positions where both photons emitted by donor and acceptor can be collected, indicating FRET events. (C) Schematic of the smFRET-FRAP approach. Firstly, the active donor- and acceptor-labeled proteins in the TIRF-illumination field are selectively photobleached with high laser power. Both the donor and acceptor lasers are turn-on to make sure the thorough photobleaching. Then, unbleached acceptor- and donor-labeled receptors subsequently diffuse into the TIRF-illumination field from outside. Turn on the imaging laser i.e. donor excitation laser at lower power than bleaching one, and the dimerization can be monitored by FRET at single-molecule level.
According to the selection of FRET pairs, FRET can be classified into heteroFRET and homoFRET. HeteroFRET, i.e., conventional FRET described above, uses donor and acceptor labeled with different color fluorophores. Since the emission spectra of donor and acceptor overlap, quantification of molecules is hindered. Special procedures are required to avoid crosstalk and correction for bleed-through of the donor fluorescence into the acceptor channel is needed. On the contrary, homoFRET requires only a single fluorophore moiety for labelling. The labelling strategy is much easier to achieve, and the emission and excitation spectra overlap can be readily analyzed. However, traditional fluorescence intensity and lifetime analyses are not suitable for homoFRET. HomoFRET efficiency is detected via fluorescence anisotropy instead of fluorescence intensities.
HomoFRET has been widely used in complex in vivo experiments [70]. For example, Cameron W.D. et al. [71] studied NADPH-dependent antioxidant pathways in scavenging hydrogen peroxide (H2O2) produced by oxidative phosphorylation. To measure NADPH/NADP+ redox states, they explored genetically encoded sensors based on steady-state fluorescence anisotropy due to homoFRET between homologous fluorescent proteins, and created an Apollo sensor for NADP + called Apollo-NADP+. Using this sensor, they studied pancreatic beta cells responding to oxidative stress and demonstrated that NADPH is significantly depleted before H2O2 accumulation.
FCS/FCCS
Fluorescence correlation/cross-correlation spectroscopy (FCS/FCCS) is a powerful method for detecting diffusion, rotation, intersystem crossing, conformational changes, or other random effects when the fluorescent molecules diffuse through the observation volume based on correlating the fluctuations of the fluorescence intensity (Figure 4A) [72]. For strong signal of intensity fluctuations, the excitation volume should be limited to femtoliter level, making sure only a few molecules can be excited when diffusing through the excitation volume. Although it is not strictly single-molecule measurements, the detection usually reaches single-molecule level. FCS/FCCS is capable of detecting the fast dynamics of proteins, although the results are highly dependent on the data analysis models, which are usually multi-parametric. In FCS/FCCS analysis, the correlation of temporal fluctuations can be evaluated by [image: image], where i,j represent the different intensity channels. In this equation, i = j means autocorrelation, and i [image: image] indicates cross-correlation. [image: image] is the recorded time-dependent intensity trace of the i channel; t means the stamping time; same as [image: image]. τ means the correlation time used in correlation function evaluation. It is related to the time-resolution of detection, and can be determined according to the time scale of the dynamic process monitored. In this sense, the approach is extremely dependent on the fidelity of the model and quality of data fitting. Therefore, to characterize the protein interaction and dynamic changes more accurately, one can combined different techniques to reduce the degree of freedom in the model fitting.
[image: Figure 4]FIGURE 4 | Sub-millisecond dynamics disclosed by smFRET-FCCS method. (A) Principle of FRET-FCCS [75, 76]. The time-dependent fluorescent intensity trajectories will fluctuate due to the labeled molecules diffusing in and out of the focus (light blue area in orange circle), the change of molecule numbers in focus area, photobleaching, blinking of fluorophores, and dynamics of proteins. Every course mentioned here can be described by a relevant model. (B) Experiment design of smFRET detection on Ykt6. (C) Auto- and cross- correlation traces in smFRET-FCCS experiment. The shift between auto- and cross- correlation traces denote that the conformational changes occurred during the diffussion through the focus areas. (AC-d: auto correlation trace of donor channel; AC-a: auto correlation trace of acceptor channel; CC-ad: cross- correlation trace of acceptor and donor channels). Panel (B,C) are adapted from Ref. [73].
For example, the interaction of lipids and proteins plays an important role in plasma membrane bioactivities and signaling transduction, much can be learned from their diffusion characteristics appropriately determined by FCS/FCCS method. Ykt6 plays a critical role in the membrane-trafficking process especially in brain neurons. Previous studies gave a potential model that an auto-inhibited conformation of single-lipidated Ykt6 existed, and a stable complex formed after the lipid dodecylphosphocholine (DPC) binding. However, the further details on alternative conformations or even the dynamics of Ykt6 protein was difficult to be resolved by traditional methods because of the small-but-fast conformational changes of rYkt6 upon DPC binding. In 2017, Dai Y. et al. [73] used the smFRET combined with FCS/FCCS to study the conformational state distributions and dynamics of Ykt6. In this work, the Ykt6 proteins were labeled at SNARE core and longin domain respectively (Figure 4B). Firstly, two discrete conformations of Ykt6 between the longin domain and the SNARE core were determined by smFRET under apo or saturated DPC conditions. And then, the dynamics between the longin domain and SNARE core with the increasing DPC was measured by FCCS (Figure 4C). Notably, owing to the parameters used to describe the static conformational information of Ykt6 (such as FRET efficiency, the population of different states etc.), which had already determined by smFRET experiment independently, the numbers of fitting parameters were reduced. Making the fitting of FCCS more robust. Finally, the protein dynamics on the microsecond time scale was measured quantitatively. The details on experiment performance and data analysis can be found in a previous protocol paper [74].
FCS/FCCS was also used to reveal the spatiotemporal heterogeneity of lipid interaction in the plasma membrane of living cells. In 2014, Honigmann A. et al. [77] used the beam-scanning STED-FCS to reveal the transient molecular interaction hotspots for a fluorescent sphingolipid analogue in the plasma membrane of live mammalian PtK2 cells. This is a method combining the technique of stimulated emission depletion (STED [78, 79]) super-resolution imaging with FCS and realizing on live cells. The interaction sites are smaller than 80 nm in diameter, and lipids are transiently trapped for several milliseconds in these areas. In their work, more homogenous diffusion of fluorescent phospholipid and cholesterol analogues with improved phase-partitioning properties were discovered. This phenomenon was independent of the preference for liquid-ordered or disordered membrane environments. Besides, compared with the single-point STED-FCS, the beam-scanning STED-FCS approach is capable of high sampling speed and can realize the detection of molecules at different positions and diffusing rates simultaneously.
CONCLUSION AND PERSPECTIVES
In this review, we focused on the applications of single-molecule techniques in exploring various signaling pathways both in vitro and in vivo. The single-molecule techniques discussed here includes TIRF, FRAP, FRET, and FCS. Depending on the method used, the detection specialty includes but not limited to the conformational dynamics, oligomerization, PPIs, chemical modifications, and rates for each critical step.
In practice, in order to obtain more details during signal transduction, different single-molecule techniques are often used in combination. For example, smFRET assays, FCS, and FCCS can also be used to sensitively evaluate the dynamics and interactions of biomolecules. Combined with FRET, it can detect intramolecular conformational dynamics of proteins in a wide range of time scales [80, 81]. Benefiting from smFRET and FRET-FCCS methods, sub-milliseconds (∼200 μs) conformational dynamics measurements of the N-ethylmaleimide sensitive factor attachment protein receptors (SNARE) Ykt6 have been measured quantitatively, and the blocking effect after interacting with lipids has also been monitored by Dai et al. [73]. In addition, TIRF, SRRF, and FCS have been combined to study the localization and dynamics of EGFR [38]; smFRET and FRAP were combined to study the diffusive behavior of mGluR2 [69]; super-resolution STED and FCS were combined to study sphingolipid dynamics on live cell membranes [71], etc.
Besides, single-molecule manipulation techniques, such as AFM, are often applied to study on biomolecular interactions, mechanical property, and biochemical reaction kinetics with pulling force. However, various crucial details, such as the stoichiometry of active molecular interaction complex, the existence of functional internal conformations, as well as the activities of deformed states are not directly accessible via force measurements [82, 83]. To overcome these limitations, coupling with AFM, Lu’s group used smFRET to study the conformational change of 6-hydroxymethyl-7,8-dihydropterin protein kinase with specific coordination under mechanical pulling force [83].
From the examples illustrated above, we have seen a trend of combining several single-molecule fluorescent spectroscopy techniques to make the study of signal transduction more powerful and versatile. Table 1 lists some of the mainstream fluorescent single molecule techniques, together with their suitable applications and advantages. Through the combination of one or more techniques, it will be possible to monitor several parameters of different properties simultaneously and to further identify and characterize the signal transduction mechanisms under a precisely controlled experimental environment or during developmentally regulated events in living cells.
TABLE 1 | Classification and advantages of different fluorescent single-molecule detection technique.
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AFM atomic force microscopy
ATP adenosine-triphosphate
BR brassinosteroid
BES1 bri1-ems-suppressor 1
BIN2 brassinosteroid insensitive 2
Cy3 cyanine 3
Cy5 cyanine 5
Cy3-EGF cyanine 3-labeled epidermal growth factor
Cys cysteine
CHO chinese hamster ovary
Cy5-EGF cyanine 5-labeled epidermal growth factor
DNA deoxyribonucleic acid
DPC dodecylphosphocholine
EGFR epidermal growth factor receptor
EGF epidermal growth factor
ER endoplasmic reticulum
EMCCD electron multiplying charge coupled device
FLIM fluorescence lifetime imaging microscope
FRAP fluorescence recovery after photobleaching
FCS fluorescence correlation spectroscopy
FRET fluorescence resonance energy transfer
FRET-FCCS fluorescence resonance energy transfer combine with fluorescence correlation spectroscopy
FCCS fluorescence cross-correlation spectroscopy
GPCR G protein-coupled receptor
GFP green fluorescent protein
GFP-NET green fluorescent protein-labeled nuclear envelope transmembrane protein
INM inner nuclear membrane
NPC nuclear pore complex
NET nuclear envelope transmembrane protein
NE nuclear envelope
ONM outer nuclear membrane
PPI protein-protein interaction
TIRF total internal reflection fluorescence
TIRFM total internal reflection fluorescence microscopy
VA-TIRF variable-angle total internal reflection fluorescence
smFRET single-molecule fluorescence resonance energy transfer
PALM photoactivated localization microscopy
STORM stochastic optical reconstruction microscopy
sm single molecule
SMD single-molecule detection
SOFI super-resolution optical fluctuation imaging
SRRF super-resolution radial fluctuations
mApple-EGFR mApple labeled epidermal growth factor receptor
MPFRAP multi-photon fluorescence recovery after photobleaching
SFA-FRAP fluorescence recovery after photobleaching with spatial fourier analysis
smFRAP single-molecule fluorescence recovery after photobleaching
R0 the Förster distance between the donor and acceptor fluorophore at which FRET efficiency is 0.5
β2AR 2-adrenergic receptors
SNAPf SNAP fast tag
Sf SNAPf-tagged
mGluR2 metabotropic glutamate receptors 2
Sf-mGluR2 SNAPf-tagged metabotropic glutamate receptors 2
smFRET-FRAP single-molecule fluorescence resonance energy transfer combine with fluorescence recovery after photobleaching
SNARE soluble NSF attachment protein receptor
STED-FCS stimulated emission depletion combine with fluorescence correlation spectroscopy
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